
	 1	

 

	
	
	
	

	
	
	

APPROACHES TO DISCOVERY OF DISEASE-GENES AND BIOMARKERS IN 

RARE NEUROLOGICAL DISORDERS:  

FROM DISCOVERY TO TRANSLATION INTO THERAPEUTIC RESEARCH 

ADVANCES AND IMPROVED CLINICAL CARE 

	
	

Thesis submitted for the degree of Doctor of Philosophy (PhD) 
 

by Viorica Chelban  
 
 

Supervisors Prof Henry Houlden,  
Prof Nicholas Wood, Dr Jana Vandrovcova 

 
 
 
 
 
 

UCL, Queen Square Institute of Neurology 
2020 

	



	 2	

 
 
 
 
 
 
 
 
 
 
I, Viorica Chelban, confirm that the work presented in this thesis is my own. Where 
information has been derived from other sources, I confirm that this has been indicated 
in the thesis. Collaborative work is also indicated in this thesis.  
 
Signature  
 
 
 
 
Date: 08 September 2020



	 3	

Abstract		
	
These are exciting times for studying the molecular basis of diseases. However, despite 

performing ever-increasing numbers of genome sequencing, the diagnostic rate in 

clinical practice is currently estimated at around 25%, an important improvement, but 

ultimately unsatisfactory.  

As a neurologist, I set out to answer the question: How can we help the remaining 75% 

of unsolved cases, after extensive investigations for known causes have failed to find 

the definite diagnosis. Two strategies were prioritised: the first looking for new disease-

causing genes; the second to establish new approaches for investigating known 

disease-genes. 

The unifying theme of this thesis is that the research starts from a patient-centred 

perspective. I show how studying the patient’s phenotype provides insights into the 

underlying genetics causing disease, yielding a powerful combination of clinical 

research with genome-wide discovery. This simple, yet powerful tool for disease-gene 

discovery can advance our understanding of the gene and the protein function that 

they encode, providing an efficient model for studying genes and their functions, 

alongside the potential for new therapeutic approaches.  

 The combination of basic research in the field of high-throughput genome analysis, 

functional work, biomarkers and in-depth clinical validation in a series of extensively 

investigated but undiagnosed patients, is a model for disease-causing gene discovery 

and the translation of results into improved diagnosis, treatment and drug trials in rare 

neurological conditions.  

Using these strategies, I discovered three new disease-causing genes, two of which 

have since been independently validated and catalogued as new diseases by the Online 

Mendelian Inheritance in Man (OMIM). The first is PDXK-related Neuropathy, 
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hereditary motor and sensory, type VI C, with optic atrophy (OMIM: 618511). The 

second is NKX6-2-related Spastic ataxia 8, autosomal recessive, with hypomyelinating 

leukodystrophy (OMIM: 617560). Remarkably, in the PDXK-related neuropathy, by 

defining the disease-mechanism, I was able to identify the effective therapy that led to 

patients who had been wheelchair-bound for several years being able to walk 

independently again, treatment that proved life changing for the patients involved and 

others now being treated around the world. The third example of a disease-causing 

gene, described here, is NAA60-related primary familial brain calcifications. The 

phenotype of patients and associated functional work has led me to define the role of 

this previously functionally uncharacterised gene.  

Secondly, I show that a large proportion of recent rare disease genes’ discoveries are 

associated with mutations in previously known genes rather than new disease genes. 

Here, using the example of a group of neurodegenerative disorders called hereditary 

spastic paraplegias (HSPs), I show a wider perspective of how a genetic variant in a 

known gene that is responsible for a new disease or phenotype may be identified.  

Finally, I take the experience accumulated working with genetic conditions into 

studying molecular pathways and biomarkers in multiple system atrophy, a rare 

sporadic neurodegenerative condition that currently can have a definite diagnosis only 

at post-mortem. I show that a combination of genomics, clinical, imaging and fluid 

biomarkers can help improve diagnosis and quantify progression, helping to facilitate 

the first disease-modifying clinical trials in MSA.  

In conclusion, in this thesis I show new insights for disease-gene discovery that enable 

the identification of disease-mechanisms, reflect specific facets of neuropathology and 

address knowledge gaps of major importance for translational research into rare 

neurological diseases. 	  
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Impact Statement  
 
	
The impact of the work presented in this thesis is described for the new disease 

discovery and for multiple system atrophy separately.  

The impact in new disease discovery 

For patients and health: Soon after we published the PDXK- and the NKX6-2-related 

diseases, the Online Mendelian Inheritance in Man (OMIM) catalogued them as new 

diseases –HMSN type VI C (OMIM: 618511) and SPAX8 (MIM: 617560). Convincing 

evidence in our papers and my commitment to raising awareness about these new 

diseases at national and international conferences, has led centres around the world to 

include NKX6-2 and PDXK in diagnostic panels. Subsequently, less than a year from 

publication of the NKX6-2-related disease, a definite molecular diagnosis has been 

achieved in at least 35 individuals worldwide and 7 more in our care - evidence for a 

high NKX6-2 mutation burden. This record number of diagnosed cases throughout the 

world, for a gene unknown a year previously, has provided significant patient benefits. 

Similarly, less than a year from the identification of the PDXK- related disease we 

rescued the clinical and biochemical profile of several individuals in different families 

using PLP supplementation. All patients showed improvement, some even regaining 

their ability to walk during the first year of PLP normalization.  

For therapeutic development: Together with the validation of PDXK mutations as the 

genetic cause for HMSN type VI C, the identification of replacement therapy with the 

phosphorylated form of vitamin B6 helped patients around the world benefit from a 

definitive genetic diagnosis and access to PLP replacement. This highlights the 

importance of our findings for patients and for the clinical neurology and neuroscience 

community.   
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Furthermore, since the NKX6-2-related disease was published a specific call for 

research projects has been launched by Ataxia UK, with the aim of funding research to 

find a cure for this condition. Consequently, the discovery of the NKX6-2 link with a 

specific disease is advancing research towards finding targeted therapies. 

 For the academic community: The disease discovery work presented in this thesis has 

placed UCL at the heart of the next stage of collaborative research by generating human 

cell models and providing the ideal patient group to attract industry collaborations for 

discovery and validation of targeted therapies. Our collaboration with different 

departments within UCL, other institutions in the UK and other countries, involving 

neurologists, radiologists, bioinformaticians and basic scientists, combined with the 

scale of the HSP registry, can be used as an example for future research into rare 

diseases.  

 
The impact for the MSA research  

 
For the academic community: Providing an increased understanding of the clinical, 

neuroimaging and fluid biomarkers that correlated with disease progression and 

severity in MSA will benefit not only the global MSA research community but also the 

broader neurodegenerative disease field, since MSA can serve as a model for the 

earliest and rapidly progressive events in neurodegeneration. 

For therapeutic development: This thesis generated meaningful CSF and blood 

biomarkers and an understanding of how these biomarkers can be used to assess 

progression. This will enable the efficient conduct of clinical trials through 

pharmacodynamic biomarkers of CNS alpha-synuclein-lowering and inhibition. More 

broadly, these biomarkers may prove useful for stratification to determine which 

patients should enter clinical trials and when. This research established reliable 
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methods for monitoring progression in MSA using NfL and laid the foundation for the 

UK MSA Biobank and the UK MSA Network as part of the PROSPECT-M study. This has 

established pilot data values for MSA biomarkers that will be applied in the upcoming 

UCL clinical trials for MSA.  

For patients and health: MSA patients will ultimately benefit through the accelerated 

development of disease-slowing therapeutics. The main motivation behind this thesis is 

to benefit the global community of MSA patients and family members through 

accelerating the development of therapies for the disease. 

 
The research presented in this thesis was awarded the 2017 Best of Science platform 

presentation by the American Academy of Neurology, the Reviewers’ choice best 

abstract and platform presentation award by the American Society of Human Genetics 

in both 2018 and 2019, the 2018 Young Researcher Prize by the Multiple System 

Atrophy Coalition and received the runner-up award in the European Academy of 

Neurology, 2019 Tournament of Neurologists in Training competition. The PDXK paper 

was amongst the top 10% of most downloaded papers published in Annals of Neurology 

within the first 12 months of publication. These awards coupled with the publications 

highlight the high level of engagement with the international academic community and 

the contribution that this work has made in both the research and clinical fields of 

neurology and neurogenetics. 	  
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SCA Spinocerebellar ataxia 
sCJD Sporadic Creutzfeld-Jakob disease 
SD Standard deviation 
SIM Structured-illumination microscopy 
Simoa Single molecule array 
SKAT  Sequence-based kernel association test 
SKAT-O  Optimal SKAT 
SND Striatonigral degeneration 
SNP Single nucleotide polymorphism 
SNV  Single nucleotide variation 
SP Spastic paraplegia 
SPRS Spastic paraplegia rating scale 
TIV Total intracranial volume 
UCL  University college london 
UK United kingdom 
UMSARS Multiple system atrophy rating scale 
UPLC-MS/MS Liquid chromatography-tandem mass spectrometry 
USA/US United States (of America) 
UTR Untranslated region 
VBM Voxel-based morphometry 
VCF Variant call format 
VQSR  Variant quality score recalibration 
VUSs Variants of unknown significance 
WB Western blot 
WES Whole exome sequencing 
WGCNA Weighted gene co-expression network analysis 
WGS Whole genome sequencing 
WM White matter 
WT Wildtype 
α-syn Α-synuclein 
1000g 1000 Genomes project 
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Chapter 1. General Introduction: Why does this matter? 

 

1.1 Rationale of the thesis  

	

This thesis combines basic research in the field of high-throughput genome analysis, 

functional work, biomarkers and in-depth clinical validation, as a model for disease-

causing gene discovery and the translation of results into improved diagnosis, 

treatment and enabling of drug trials in rare neurological conditions. The examples 

used here are from rare genetic and sporadic disorders.  

1.2 The use of Next Generation Sequencing in untangling rare neurological genetic diseases 

	

These are some of the most exciting times for genomic medicine and the study of the 

molecular basis of diseases. This is of particular interest for those studying or treating 

rare genetic diseases (RGD) caused by abnormalities in single genes, also known as 

Mendelian disorders. A rare disease is a health condition that affects less than 1/2,000 

in the general population17.  Rare diseases are typically severe, mostly genetic in origin; 

the majority of cases are with very early onset and with a probability of diagnostic rate 

of only 33% within 5 years from onset. 23 24 Although they are characterized by their 

rarity, the total number of patients affected is large (e.g. 25–50 million in the United 

States 25), 27–36 million in the EU 26, and 16.8 million in China 27. Although separately 

they are rare, combined together these diseases are common, affecting at least 1 in 50 

people of European ancestry. Being largely undiagnosed, associated with high 

morbidity and mortality, and in most cases without available disease-modifying 

treatment, these conditions are associated with unsatisfactory provision of care and a 

high social and economic burden 28; 29. 
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Until the advent of next-generation sequencing, phenotypic and genotypic 

heterogeneity and low-throughput technologies for genetic testing (primarily Sanger 

sequencing) meant that most patients did not receive a molecular diagnosis, even if 

they had disorders with undisputed genetic aetiology 30. Around a decade ago, next-

generation sequencing technologies came into use 31 and their effectiveness was 

quickly tested for diagnosing neurological disorders 32. By adopting and leveraging next 

generation sequencing, clinical laboratories are now performing an ever-increasing 

catalogue of genetic testing spanning genotyping, single genes, gene panels, exomes, 

genomes, transcriptomes and epigenetic assays for genetic neurological disorders. By 

virtue of increased complexity, this paradigm shift in genetic testing has been 

accompanied by new challenges in sequence interpretation 33. 

In its vision, the International Rare Diseases Research Consortium (IRDiRC) states that 

all patients with genetic conditions should receive a genetic diagnosis by 202034. 

However, the diagnostic rate in clinical practice across all groups of conditions, 

achieved by the addition of next-generation sequencing (NGS), is currently estimated at 

25% (Figure 1), an important but still unsatisfactory improvement from traditional 

single gene, microarrays or low-resolution genome-wide cytogenetic tests evaluated at 

around 10% 17. 
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Since 2010 we have seen an unprecedented rate of discovery of disease genes and 

subsequent introduction of new diagnoses. However, there is evidence that the rate of 

disease gene discovery is slowing (Figure 2); perhaps inevitable since the remaining 

unsolved cases are more complex and/or rarer 8. Dissecting the trend of novel RGD 

discovery based on the two catalogues documenting the genotypic and phenotypic 

diversity of human genetic diseases, the Online Mendelian Inheritance in Man (OMIM) 

Adapted from17. In this Figure, the number of currently published probands analysed 
using different NGS techniques is plotted on the x-axis, and the percentage of the 
genome examined is plotted as a logarithmic scale on the y-axis. The diagnostic rate 
was obtained from the published literature. Trio-based WGS has the highest diagnostic 
yield but is also the most informatically demanding and expensive approach; hence, 
fewer studies have been reported to date. Given that most currently known 
pathogenic variants are in the coding portion of the genome, using WES only slightly 
lowers the diagnostic yield in severe intellectual disability (from ~42% for WGS to 
~40% for WES) but hugely reduces the cost. On the other hand, although moving from 
a family trio-based approach to a proband-only approach has practical and financial 
advantages, it substantially reduces the diagnostic yield (to ~28%) because de novo 

status or phase cannot be directly assigned to observed genomic variants to determine 
if they are on the same or different chromosomes. NGS of gene panels or of single 
genes is the most common approach, but the rate of diagnosis varies considerably 
depending on phenotype and patient ascertainment, as this determines the prior 
likelihood of a detectable genetic cause for the clinical presentation, and on the 
proportion of patients with a given phenotype that can be explained by known disease 
genes.  
 

Figure	1	Diagnostic	rate	for	different	DNA	sequencing	methods 
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35 and Orphanet 36 shows the extent of work that still remains to be done. Currently 

(February 2019), OMIM lists 6357 phenotypes for which the molecular basis is known 

and 4040 genes with known phenotype-causing mutations, which represents only 

about 20% of all protein-coding genes. Furthermore, a larger proportion of recent RDG 

discoveries are new diseases associated with mutations in previously known genes 

rather than new disease genes (43% versus 38% respectively 8). Interestingly, this 

correlates with the new emerging data from OMIM showing that over 1/3 of all known 

disease genes have been associated with two or more clinical diseases. As the 

guidelines for clinical variant interpretation require a clear link to disease phenotype, 

even for mutations that are highly deleterious by all other criteria 2, it is extremely 

important to establish the unambiguous link to disease, especially in rare variants.  

Consequently, the task of assigning a pathogenicity status for all variants is extremely 

critical for informed patient care.  

Since the introduction of WES and WGS in 2010, the pace of the discovery of genes 
underlying RGDs per year has increased, and the proportion of discoveries made by WES or 
WGS (blue) or by conventional approaches (red) has steadily increased. Since 2013, WES 
and WGS have discovered nearly three times as many genes as conventional approaches, 
but the rate of discovery appears to be declining. Adapted from Buycott et al8 

	

Figure	2	Approximate	number	of	gene	discoveries	made	by	WES	and	WGS	versus	

conventional	approaches	since	2010	according	to	OMIM	Data. 
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1.3 Why not all patients sequenced with NGS have yet been solved 

	

The gap between our ability to generate whole exome/whole genome sequencing 

(WES/WGS) data and the provision of a molecular diagnosis using massive parallel 

sequencing of multiple genes is due to a combination of technical challenges (accurate 

variants calling 37; 38, annotation 39, structural variation), complex biology (non-coding 

and synonymous variation, tissue mosaicism, allelic and locus heterogeneity) and 

variant interpretation40; 41 for their role in diseases (Table 1 .1 and Figure 3). 

Table 1.1. Factors contributing to bottlenecks in the gene-discovery pipeline  

Adapted from Buycott et al8 

Clinical data Non-specific clinical presentations (e.g. developmental delay 
and hypotonia) 
Ultra-rare and unrecognized genetic diseases 
Lack of ontology encompassing the complete spectrum of 
human phenotypes 
Insufficient utilisation of ontologies or 3D facial-gestalt analysis 
in phenotyping 
Inconsistent multidisciplinary approaches to patient evaluation 
Inability to account for and compare age-specific disease 
presentations 

Genomic data 
  

Technical limitations of WES (e.g. copy-number variants and 
structural variation are not captured well) 
Lack of standardized technical and informatics approaches and 
incompleteness of population-specific control datasets 

Data discovery and 
sharing 

Lack of a widely adopted data-sharing framework 
Lack of common data-sharing standards 
Lack of a systematic way to record data-use conditions 
Lack of a privacy-preserving linkage system for each research 
participant 

Genetic evidence Siloed datasets 
Lack of and use of data-sharing infrastructure 

Functional evidence Lack of standardized and moderate-throughput analyses of 
variant impact 
Lack of biological insight into the function of most human 
genes 

Novel disease 
mechanisms 

Lack of expertise in the analysis of non-coding variants 
Other mechanisms including tissue-specific mosaicism, 
methylation, and di- or oligogenic inheritance 
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In many neurological phenotypes, molecular diagnosis even with NGS is consistently 

less than 40%, and it is important to consider the underlying reasons. Some are 

technical, generally due to incomplete or non-uniform depth of sequencing coverage, 

sometimes due to low capture efficiency, or because of genomic regions that are 

difficult to sequence, such as GC-rich regions, highly repetitive elements, and 

pseudogenes. Furthermore, some variant types, such as repeat expansions, complex 

copy number variants, or other variants causing structural abnormalities in the 

genome, are challenging to identify, requiring specialised testing or additional 

bioinformatics pipelines that are still in development 42. However, recent studies show 

that analysis of WES data can also identify CNVs and STRs 43. While this practice has yet 

to be adopted widely in the clinical laboratory setting, it is likely that WES analysis will 

soon include detection of CNVs, with further improved diagnostic yield and cost-

effectiveness profile of WES. The functional evidence is also an issue for the precise 

molecular diagnosis, due to the lack of standardized and moderate-throughput 

analyses of variant impact and the lack of biological insight into the function of most 

human genes. In addition, variants occurring in non-coding sequences and tissue-

specific mosaicism, methylation, and di- or oligogenic inheritance will typically not be 

detected by WES.  

Interpretation pipelines might differ in their stringency of variant interpretation for the 

target clinical population. Furthermore, prior identification of a variant in a patient 

does not establish its 100% pathogenicity, as some published variants have been later 

reclassified as benign 44. Finally, insufficient clinical information, with non-specific 

clinical presentations (e.g. developmental delay and hypotonia), ultra-rare or 

unrecognized genetic diseases, lack of ontology encompassing the complete spectrum 

of human phenotypes, insufficient utilisation of ontologies or 3D facial-gestalt analysis 



	 30	

in phenotyping, inconsistent multidisciplinary approaches to patient evaluation, the 

inability to account for and compare age-specific disease presentations and the 

inability to identify all known disease-associated genes are some of the most common 

reasons hindering diagnosis.  n engl j med 379;14 nejm.org October 4, 20181358

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

Figure 2. Laboratory and Analytic Workflow of Clinical NGS.

The term dbSNP denotes Database of Single-Nucleotide Polymorphisms, ExAC Exome Aggregation Consortium, and PolyPhen-2 Poly-
morphism Phenotyping, version 2.
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Challenges to Diagnosis by Clinical Genome and Exome Sequencing Example

Initial Testing Strategy

• Affected or unaffected status may be assigned incorrectly

• More common for disorders with incomplete penetrance

• Sequence variants detected in family members labeled as
    unaffected may be mistakenly discarded

Generation of Sequencing Data

• Source of false negative results

• Regions that cannot be sequenced will not generate 
    variants for downstream analysis 

Short-Read Alignment

• Source of false positive results

• If a short read is aligned to an incorrect position, any
    difference between the short read and the reference
    sequence at the new position may be incorrectly
    identified as a mutation 

Genotyping

• Certainty decreases in regions with low coverage, which
    causes low-confidence genotype calls that are discarded
    during analysis

Annotation

• Errors may occur owing to outdated information

• Some annotations are based on errors in software predictions

Variant Filtration

(Essential for reducing large number of variants generated 
 by clinical genome and exome sequencing to an analytically
 tractable number)

• Errors occur when filtration assumptions are violated

Interpretation

• Often incorporates a considerable amount of judgment 
    and extrapolation, which is particularly true for rare and
    newly discovered variants

Alignment

Two population assessment tools wrongly predict that the mutation 
associated with sickle cell anemia is benign:

Gene:          HBB (hemoglobin locus)
Complementary DNA: c.20A→T (longest transcript)
Protein:       p.Glu7Val
Identifier:    rs334 (dbSNP)

Pathogenicity Prediction:
      PolyPhen-2:        Benign
      MutationTaster: Polymorphism

Frequency
      ExAC:     0.0044 (aggregated populations)
      dbSNP:   0.0000 (1000 genomes European)
                     0.0998 (1000 genomes African)

Known Disease Associations: Sickle cell anemia

Filtration Ruleset:

1. Exclude all variants with a frequency of >5%
    in any human population

2. Exclude all variants for which an unaffected
    family member is homozygous

Assessment Categories Used by the
American College of Medical
Genetics and Genomics:

1. Pathogenic
2. Likely pathogenic
3. Variant of unknown significance
4. Likely benign
5. Benign

Rule 1 would incorrectly discard the 
p.Cys282Tyr hemochromatosis 
mutation, which occurs in 11% of
North Americans

!
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Adapted from 1 Legend: dbSNP denotes Database of Single-Nucleotide Polymorphisms, 
ExAC Exome Aggregation Consortium, and PolyPhen-2 Polymorphism Phenotyping, 
version 2. 

Figure	3	NGS	workflow:	challenges	and	limitations 



	 31	

It is clear that as the more straightforward RGDs have been solved these challenges 

must be addressed by implementing new strategies involving international 

collaborations for data sharing and analysis, detailed multidisciplinary clinical 

description of phenotypic spectrum, functional validation of genetic data to establish 

exact mechanisms of diseases and implementation of such results in clinical practice. 

The ultimate aim of course, is to improve the care and treatment of patients. 

Achieving a diagnosis in all patients with rare genetic conditions is crucial for patients 

and families. It is only once the underlying cause of the disease is known that they can 

have access to accurate genetic counselling and prognosis, access to tailored 

healthcare services and prevention of harmful or unnecessary investigations and 

treatments.  

1.4 The choice of sequencing platforms and their applications in solving suspected genetic 

conditions  

 

Before introducing next-generation sequencing (NGS), various strategies including brain 

and nerve’ biopsies, karyotype, chromosomal microarray analysis (CMA), Sanger 

sequencing, and multiplex ligation-dependent probe amplification (MLPA) were used to 

elucidate the molecular aetiologies. However, these methods had low rates of 

molecular diagnosis 45. Additionally, only the genes already linked to diseases were 

screened using these methods, while novel disease-causing genes were not detected 46. 

Next-generation sequencing (NGS) using exome sequencing (ES), copy number variants 

(CNVs) array analysis, and whole-genome sequencing (WGS) has been greatly used in 

clinical practice over the past decade with improved diagnostic rate. ES is further 

divided into targeted next-generation sequencing panels (Panel), clinical exome 

sequencing (CES), and whole-exome sequencing (WES) according to the analytical genes 
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included. Copy number variants diagnosed through chromosomal microarray analysis 

(CMA) may identify the aetiology in 5%-16% of patients investigated, 47 whereas gene 

panels and/or whole exome sequencing (WES) tend to have a higher yield, elucidating 

an underlying diagnosis in 25%-40% of cases 48. However, Sanger sequencing, 

quantitative PCR, and MLPA continue to be implemented to validate results in 

diagnostic clinical settings. 

The advantages of next generation sequencing include higher sensitivity to detect low-

frequency variants, 49 faster turnaround times for high sample volumes, comprehensive 

genomic coverage, lower limit of detection, higher throughput with sample 

multiplexing, and the ability to sequence hundreds to thousands of genes or gene 

regions simultaneously 50. NGS is also more cost-effective, 51 streamlined and allows 

easy expansion of the number of target genes analysed. Panel, WES, and WGS are all 

designed for patients with suspected genetic disorders; however, WGS is not widely 

used because of its higher cost and larger data volumes (Table 1.2) 46. 

Table 1.2. Comparison of different DNA sequencing methods.  

Adapted from1 Legend: * False negatives are rare, and the test result documentation 
includes a clear description of what is covered. † There are two major approaches. In the 
first, exome-like capture technology is used, but only a subset of genes is captured. In the 
second, full exome data are collected, but only a sub-set of the genes is returned to the 
analyst. ‡ The laboratory may indicate that some regions may be missed by the 
sequencing technology. In many cases, regions that are not well sequenced by next-
generation sequencing will be assessed with Sanger sequencing to avoid false negative 
results. § A minority of coding regions will not be sequenced by next-generation 
sequencing. Laboratories do not define these missed regions precisely. ¶Variable 
practices include degree of adherence to American College of Medical Genetics and 
Genomics guidelines, return of carrier-status results, and other factors. Patients may be 
given choices in this regard during the consenting process.  
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The data volume of a Panel is lower than that of WES, but the average depth is greater, 

and the cost is considerably lower 52. However, clinicians must be cognizant of 

variability in panels offered by different companies, as well as potential challenges in 

interpretation. The number of genes tested varies between companies, ranging from 

less than 100 to well over 400, as does coverage 53. The latter means, simply put, that 

there may be a higher or lower chance of a variant being missed depending on how well 

a given panel interrogates specific regions of the genome. 

To maximise efficiency and minimise cost, gene panel testing has been used to focus 

attention on those genes most often associated with a specific disease or key 

phenotype. Initially, this approach included targeted capture of the regions of interest 

followed by sequencing. Subsequently, an alternative and increasingly prevalent 

strategy has been to do panel testing using filtered exome/genome sequencing data. An 

advantage of this method is its improved cost-effectiveness, since a pathogenic variant 

in a known gene can be found quickly and fewer variants of unknown significance 

(VUSs) requiring review will be identified. This approach also gives flexibility in the 

laboratory to expand the panel as needed if the initial analysis is negative or if new 

candidate genes are identified. 

As the cost of whole exome sequencing (WES) drops, it is replacing broad and/or 

targeted gene panel testing 54. However, WES may not capture all exons in clinically 

implicated genes in the human genome and is challenging for CNV analysis 55. 

Therefore, gene panel testing, whether for a single gene or for hundreds of candidate 

genes, is still a clinically useful measure where false negatives due to suboptimal 

coverage are likely and better for CNV identification. Tools specifically designed for 

interrogating whether all genes of interest are comprehensively covered by WES 55 or 

evaluating in real time which tests and testing strategies are most cost-effective for 
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specific patient populations have been developed to address these issues 25. The 

combination of WES and CNV array analysis can be used as a diagnostic strategy to 

increase the clinical diagnostic yield in patients with otherwise undiagnosed or less 

obvious disorders suspected to be genetic in aetiology and linked to copy number 

variants 56. Apart from cost-effectiveness, other factors such as delay in providing 

results can influence the preference for a genetic test. Results from CMA are usually 

returned to clinicians in 1–3 months on average, from EP in 2–4 months, and from WES 

in 3–6 months 25.	

1.5 Reference versus consensus genome  

	

Unlike traditional molecular sequencing tests, the initial processing of next-generation 

sequencing data requires computationally sophisticated bioinformatics analysis to align 

target sequences to reference sequences in the human genome, regardless of whether 

the test encompasses only a few genes (targeted capture), the exome, or the genome 

57. When patient and reference sequences are aligned for comparison, any deviations 

from the reference genome are noted, and a list of these variants is generated 2. 

The Human Genome Project was a gargantuan effort for its time, costing close to 3 

billion US dollars to complete. The first draft genome was published in 2001 58, along 

with the competing project from Celera 59. The ‘complete’ genome, meaning 99% of 

the euchromatic sequence with multiple gaps in the assembly, was announced in 2003 

60. Beyond launching the field of human genomics, the Human Genome Project also 

prompted the development of many of the principles behind public genomic data 

sharing, set out in the Bermuda Principles that ensured that the reference genome was 

a public resource 61. 



	 35	

In time, single-molecule technologies generating longer reads 62 and algorithmic 

advancements 63 have been used to improve the reference significantly. Currently, the 

human genome is at version 38 (GRCh38), which now has fewer than 1000 reported 

gaps, driven by the efforts of the Genome Research Consortium (GRC) 64. 

Of the 20 initial donors the reference was meant to sample from, 70% of the sequence 

was obtained from a single sample, ‘RPC-11’, from an individual who had a high risk for 

diabetes 65. The remaining 30% is split: 23% from 10 samples and 7% from over 50 

sources (see https://www.ncbi.nlm.nih.gov/grc/help/faq/). After the sequencing of the 

first personal genomes in 2007, the emerging differences between genomes suggested 

that the reference could not easily serve as a universal or ‘gold-standard’ genome 66. 

This observation extends to other populations, where higher diversity can be observed 

67. The HapMap project and the subsequent 1000 Genomes Project were a partial 

consequence of the need to sample broader population variability 68. 

In addition, the reference genome can stray far from the average not just randomly 

(because of the presence of minor alleles) but also systematically, reflecting variation 

drawn from a particular population. A recent pan-assembly of African genomes directly 

spoke to the necessity for population-specific references, because approximately 10% 

of DNA sequence (~ 300 Mbp) from these genomes was ‘missing’ from the GRCh38 

reference 69. Indigenous and minor populations are understudied in general, a 

shortcoming that will need to be remedied in order to provide adequate clinical and 

medical care to individuals from these populations 70. 

Therefore, the actual human reference genome does not represent what would be 

considered a typical genome, but instead represents the sequence and chromosomal 

location data for most of the human genome. It is therefore not complete and requires 

continuous updating to improve its accuracy 64. As population datasets become 
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broader and individual datasets become deeper, it appears to be time to think about 

both the virtues of the current reference and the potential options to replace or 

augment it. The switch to a consensus genome would not be a transformational change 

to current practice and would provide a far from perfect standard, but because it would 

offer incremental, broad-based, and progressive improvement, some believe that it is 

time to make this change 71. 

Early analysis of next generation sequencing data showed that the human genome was 

vastly more variable than expected, necessitating interpretation and then filtering of 

these sequence variations 72. Up to 30000 variants are detected in an exome analysis, 

and a typical genome sequence contains approximately 3–4 million variants 73. The 

immense value that WES offers in identifying novel disease genes often remains 

unexplored 74. 

A large proportion of recent rare diseases genes’ discoveries were new diseases 

associated with variants in previously known genes rather than new disease genes 

(43% versus 38% respectively) 8. Interestingly, this correlated with the new emerging 

data from OMIM showing that over 1/3 of all known disease genes have been 

associated with two or more clinical diseases. This is why; in this thesis I took the wider 

perspective of how a genetic variant that is responsible for a disease might be 

identified 75 76. 

1.6 Interpretation of NGS variants and their impact on clinical management and disease-

causing gene discovery efforts 

	

In routine clinical practice, only variants in genes that are already causally associated 

with disease and considered to be pathogenic on the basis of predefined criteria are 

routinely reported. The difficulties of interpretation due to the volume of next-
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generation sequencing data and concerns about over-interpretation of variants led the 

American College of Medical Genetics and Genomics (ACMG) and the Association for 

Molecular Pathology (AMP) to publish a series of consensus guidelines on variant 

interpretation for clinical practice (Figure 4) 2. These guidelines incorporate detailed 

information on the variant’s phenotype, mode of inheritance for the disease gene, 

disease mechanism (i.e., haploinsufficiency, dominant negative, loss-of-function), 

protein structure and function, and evidence of the gene–disease relationship based on 

available literature and population data. 

According to the ACMG guidelines, variants are classified according to clear rules as 

“pathogenic”, “likely pathogenic”, “uncertain significance”, “likely benign”, or “benign” 

on the basis of this information.  

Although there is no quantitative definition of the term "likely", guidance has been 

proposed in certain variant classification settings. The terms ‘likely pathogenic’ and 

‘likely benign’ should be used when there is greater than 90% certainty of a variant 

either being disease-causing or benign in order to provide laboratories with a common, 

albeit arbitrary, definition. Therefore, more genetic changes are likely to be classified as 

“variants of uncertain significance” (VUS; e.g. a variant where bioinformatics analysis in 

patients or the general population cannot reach a conclusion on disease pathogenicity) 

on the basis of these guidelines. In cases where a variant cannot be interpreted as 

causative for a particular disease, its definitive classification might require detecting it 

in other affected individuals and additional functional research testing. It should be 

noted that some laboratories may choose to have additional tiers (e.g. sub-

classification of variants of uncertain significance (VUSs), particularly for internal use) 

and this practice is not considered inconsistent with these recommendations. 2 In the 

United Kingdom, the Association for Clinical Genomic Science (ACGS) has published 
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best practice guidelines for the use of the ACMG criteria. The ACGS guidance presents 

the use of a posterior probability to assist in the sub-classification of VUSs, though they 

do state that these should not be included in genomic laboratory reports.         

 

In-silico predictive pathogenicity computer programs can help with variant 

interpretation, particularly of missense variants 77. These tools are based on various 

parameters, such as the structural or biochemical effects of an amino acid substitution 

and/or the conservation of a nucleotide or amino acid residue. However, the results of 

such computer-based algorithms can vary substantially, with contradictory 

Adapted from2. This chart organizes each of the criteria by the type of evidence as well 
as the strength of the criteria for a benign (left side) or pathogenic (right side) 
assertion. BS, benign strong; BP, benign supporting; FH, family history; LOF, loss of 
function; MAF, minor allele frequency; path., pathogenic; PM, pathogenic moderate; 
PP, pathogenic supporting; PS, pathogenic strong; PVS, pathogenic very strong. 

Figure	4	Evidence	framework	for	variant	classification 



	 39	

interpretations compounded by the complexities of reduced penetrance, variable 

expressivity, mosaicism, epigenetics, modifying genes, or environmental influences. 78 

Therefore, programs for pathogenicity prediction are best used to provide supporting 

evidence to clinical and other data 28.  When using in-silico predictions as evidence for 

pathogenicity in a clinical setting, all programs considered should be in agreement. If 

the programs used give conflicting information, the evidence cannot be used.  

Consequently, there is now a move in the UK towards meta-predictor tools such as 

REVEL that collates information from multiple tools, giving a single score 79.   

When considering protein-truncating variants, it is important to observe that some 

genes are able to tolerate them without clinical consequences 80. Identification of a 

protein-truncating variant is not sufficient to establish pathogenicity in itself, even if 

the gene looks biologically promising. This narrative potential can bias variant 

interpretation and lead to falsely ascribing genes to disease 80. The ClinGen Sequence 

Variant Interpretation group developed additional guidance to support the 

interpretation of protein-truncating or loss of function variants 81. This guidance 

clarifies the evidence required to consider loss of function a ‘known mechanism of 

disease’ in a given gene as well as advice on the weighting to be attributed to the 

evidence 2. 

When classifying and reporting a variant, clinical laboratories may find valuable 

information in databases, as well as in published literature. A large number of 

databases contain a growing number of variants that are continuously being discovered 

in the human genome. These can be useful for gathering information but should be 

used with caution 2. 

The functions of some genes are not yet known, and inferences must be made from 

patterns of expression and evolutionary conservation 82. Analysis of the functional 
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effects of genetic variants is rarely used in clinical practice. In research settings, 

however, providing extensive evidence of a variant’s pathogenicity through functional 

studies is typically a prerequisite to verify that it causes disease. A common method is 

testing the effect of a genetic variant in model systems, including various organisms or 

patient-derived cultured cells. Gene-specific or biochemical assays can also be used. 

Research using functional studies is important for clinical practice because it can 

validate newly described disease-associated genes and support the interpretation of 

specific variants. When using functional studies as evidence in clinical practice, one 

must critically evaluate the studies to assess the data quality and reliability before 

assigning a weighting to the evidence – supporting, moderate or strong. 

Rare variants can be fixed in certain populations due to well known “bottle neck” 

effects or “genetic drift”. Such limitations can give rise to false positive results, 

especially when case-control populations are not ethnically matched, or are small in 

size 83. For example, using publicly accessible exome data, Manrai et al. 84 identified 

variants that had previously been considered causal in hypertrophic cardiomyopathy 

and that were overrepresented in the general population. Multiple patients, all of 

whom were of African or of unspecified ancestry, received positive reports, with 

variants misclassified as pathogenic on the basis of the understanding at the time of 

testing. Subsequently, all reported variants were re-categorized as benign. The variants 

that were most common in the general population were significantly more common 

among black Americans than among white Americans (P<0.001). Simulations showed 

that the inclusion of even small numbers of black Americans in control cohorts 

probably would have prevented these misclassifications 84.  

Additional information to assist in variant interpretation in clinical practice and 

research settings can include familial segregation data, particularly in larger families 
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with multiple affected individuals (Figure 5). The strength of this evidence can be 

evaluated using a basic Bayesian approach that considers the number of meioses rather 

than the number of informative individuals 85.  Segregation analysis can be performed 

at the start of sequencing (i.e. trio sequencing of proband and parents), or post hoc in 

individual cases, only analysing plausible variants. Trio sequencing can rapidly exclude 

irrelevant variants, even if they are rare. The trio analysis paradigm – sequencing the 

child and both parents to identify de novo variants – has been particularly successful. 

The most notable successes of this type have been in identifying de novo variants in a 

wide variety of neurodevelopmental disorders, including early-onset epilepsy 

syndromes, intellectual disabilities, autistic spectrum disorder, and ataxia syndromes70. 

However, in smaller families, this method might still prove inconclusive, particularly in 

cases of apparent de-novo inheritance, since not all such variants are pathogenic. 
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Males are indicated by squares, and females by circles. Purple symbols indicate 
individuals affected by the rare disease. A dot in the centre of a symbol indicates that 
the individual is a carrier of the rare-disease-causing mutation. Stars highlight the 
search space that is predicted to contain the disease-causing gene. Selection of the 
appropriate gene discovery approach is contingent on whether the mutations are 
anticipated to be inherited, de novo or mosaic. When there is either a familial 
recurrence of a rare phenotype or the presence of consanguinity, the likelihood of a 
monogenic disease is high. The mode of inheritance influences the selection and 
number of individuals sequenced and the analytical approach used. A. For autosomal 
recessive disorders, sibpair analysis is often needed to reduce the number of gene 
variants to one or a few candidates; this is true even in consanguineous families. For 
X-linked recessive diseases, the favoured strategy is to analyse the two most 
remotely related male family members. For autosomal dominant disorders, the 
mapping of the gene to a discrete chromosomal region (for example, <2 Mb) may 
allow gene identification from the analysis of one individual; larger genomic regions 
or diseases which are not mapped require the analysis of a greater number of 
individuals. B Analysis of whole-exome sequencing data from unaffected parents and 
affected child trios generally produces a handful of de novo variants for further 
analysis. Comparison of these variants between as few as two families will generally 
reduce these to a single candidate gene. C The comparison of sequence data from a 
patient's affected and unaffected tissue is frequently sufficient to identify de 

novo mosaic disease-causing mutations. Adapted from Boycott et al22. 
 

Figure	5		Representative	family	structures	are	indicated	by	the	pedigrees	for	each	type	

of	mutation 
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In research practice, novel disease-gene discovery for Mendelian diseases may involve 

additional steps (Figure 6). One approach involves sequencing a cohort of affected and 

unrelated people who have the same phenotype. In the variant filtering step, one 

would search for variants in the same gene shared by all affected individuals. This 

approach relies on having very specific phenotype features that would help 

homogenise the patient cohort. The second approach in novel disease-gene discovery 

is based on very informative, large families. Using this method, one would sequence all 

affected individuals from one family, filtering for variants that are shared amongst 

them. At the later stage, excluding the variants that are also present in unaffected 

family members gives the list of novel variants shared exclusively by affected 

individuals from the family, thus providing the novel disease-causing gene candidate. 

Once the candidate gene is found using the family approach, this can be validated by 

screening variants in the same gene in unrelated patients presenting with similar 

phenotype. Sequencing parent-child trios is a powerful method for identifying new-

disease genes with de novo variants. Collecting a large cohort of trios with matching 

phenotype and identifying different de novo variants in more than one family is a 

strong indication for the link of that gene to the phenotype, when mutated. The fourth 

approach involves sequencing very large cohorts of patients and controls and 

comparing the most extreme phenotypes filtering for variants that are highly enriched 

in the most affected cases and absent from unaffected individuals.  
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1.7 The de novo phenomenon 

De novo variants (DNM) represent the most unique form of rare genetic variation due 

to their low incidence. These “low hanging fruit” have been practically considered as 

pathogenic, in both small family-based and in large case-control trio studies. In genetic 

classification guidelines of the American College of Medical Genetics and Genomics 

(ACMG) these variants have been considered strong evidence for pathogenicity 86. 

However, the analysis of de novo variants for novel genes requires more statistical 

rigour. Firstly, de novo implies both maternity and paternity confirmed in a patient with 

A. Sequencing and filtering across multiple unrelated, affected individuals (indicated 
by the three coloured circles). This approach is used to identify novel variants in the 
same gene (or genes), as indicated by the shaded region that is shared by the three 
individuals in this example. B. Sequencing and filtering among multiple affected 
individuals from within a pedigree (shaded circles and squares) to identify a gene (or 
genes) with a novel variant in a shared region of the genome. C. Sequencing parent–
child trios for identifying de novo mutations. D. Sampling and comparing the extremes 
of the distribution (arrows) for a quantitative phenotype. As shown in panel d, 
individuals with rare variants in the same gene (red crosses) are concentrated in one 
extreme of the distribution. Adapted from Bamshad et al21.  
 

Figure	6	Four	main	strategies	in	NGS	sequencing	and	filtering	for	disease-gene	discovery. 
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the disease and no family history. Confirmation of paternity only is insufficient. Egg 

donation, surrogate motherhood, errors in embryo transfer, etc. can contribute to non-

maternity 2. Previously, it was believed that de novo variants did not explain the 

recurrence of the disease in families and consequently their pathogenicity could not be 

verified by segregation analysis. Now, we know that recurrent de novo variants due to 

parental cell lines do occur. De novo variants that occur early may result in mosaicism 

of both somatic and germ cells. Such early variants can cause recurrence of disease in 

several offspring. Depending on the properties of the DNM, the recurrence probability 

ranges from 0.011% to 28.5% 87. 

More recently, the presence of numerous disease-associated de novo variants in public 

databases of genetic variation (dbSNP, gnomAD), has generated doubt about their 

pathogenicity 88. Given the current size of the human population (~7 billion), and the 

expectation of one de novo variant per exome (1 in ~30 million bases), every non-

embryonic lethal coding variant is likely present as a de novo variant at least once in the 

human population. Using aggregated data from 9246 trio families with autism 

spectrum disorder, intellectual disability, or developmental delay, it was found that 

~1/3 of de novo variants were independently observed as a standing variation in the 

Exome Aggregation Consortium’s cohort of 60,706 adults, and therefore these de novo 

variants did not contribute to neurodevelopmental risk 88. Consequently, the ACGS 

guidance for the interpretation of de novo variants now seeks to take this into account. 

Now, if the patient’s phenotype is not highly specific to the gene or there is evidence of 

significant genetic heterogeneity this evidence should be used at a reduced weighting 

89.  
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Reanalysis of variants of unknown significance (VUSs) or otherwise negative exomes at 

regular intervals could be useful as new disease genes are identified and variants 

become reclassified over time on the basis of new evidence 89.  

1.8 The genotype-phenotype paradox  

 

The increasing complexities of genotype–phenotype correlations create a paradox. 

Careful clinical phenotyping is especially important in the genomic era as identifying 

subtle or unexpected distinguishing features of specific genes might help identify the 

underlying genetic mechanisms 90. 

Variant interpretation in clinical practice must be stringent and generally must exclude 

reporting of a gene for which there is currently no known clinical relevance. However, 

when new candidate genes are identified, it is essential that their association with 

disease is validated and transitioned into clinical practice as soon as possible. In the UK, 

Genomics England created ‘PanelApp’, an online knowledgebase that enables virtual 

gene panels to be created, stored and queried. PanelApp allows experts from the 

international scientific community to add and review genes included on these virtual 

panels, creating a traceable, evidence-based system of transitioning genes from the 

research environment into clinical practice as soon as possible.   

Ultimately, the decision on how to classify each variant is made through consensus 

interpretation and is beyond the training and expertise of most clinicians. Many centres 

have developed multidisciplinary teams who meet on a regular basis to discuss the 

interpretation and reporting of NGS variants 91. These teams can comprise laboratory 

clinical scientists, bioinformaticians, clinical and research geneticists, neurologists, 

pathologists, genetic counsellors, and other clinical specialists. Whenever possible, 
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disease-specific or phenotype-specific specialists should be involved in these 

discussions. 

The main characteristic of rare diseases is their rarity. Therefore, the international 

collaboration between physicians and researchers working in rare diseases is essential. 

Tools such as GeneMatcher (https://genematcher.org/) 92 and PhenoDB 

(http://researchphenodb.net and http://phenodb.org) are specifically designed to 

facilitate international collaborations aiming to advance novel gene discovery in rare 

diseases 93.  

The provision of a genetic diagnosis in a particular family, or at-risk community, allows 

for sequencing for diagnosis and screening 94 in the newborn. Therapies evolving from 

understanding the mechanisms of diseases have always been some of the greatest 

aspirations of geneticists. However, this has not been possible in most genetic 

conditions even those that have had well-defined causal-gene mutations and 

mechanisms for many years. Recently, a surge of new therapeutic approaches using 

genomic data has emerged.  Straightforward examples of how genetics can impact 

therapy comes from genetic metabolic disorders where treatments based on enzymatic 

replacement therapies, through recombinant therapies, have the potential to halt the 

disease if administered early. However, the successful implementation of such 

treatment relies on the identification of the exact disease-causing mutation and 

mechanism. A molecular diagnosis will allow patients to participate in research cohorts 

and novel clinical and drug trials that would further benefit the wider community. 

Ultimately, deciphering the molecular bases of genetic conditions gives us an 

unprecedented opportunity to gain fundamental insights into the biological processes 

and mechanisms in common disorders. 
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Chapter 2. Introduction to Multiple System Atrophy  
	

2.1 Presentation, clinical features and diagnostic certainty in MSA  

	

Multiple system atrophy (MSA) is a sporadic, adult-onset, progressive, rare 

neurodegenerative disorder of uncertain aetiology. It manifests with diverse clinical 

features, characterized mainly by a combination of parkinsonism with a poor response 

to levodopa treatment, cerebellar features, and autonomic failure. The definite 

diagnosis of MSA can still only be established pathologically with the presence of glial 

cytoplasmic inclusions (GCI) at postmortem 95-97.  

In the past a variety of terms were used to describe MSA. In 1900, Joseph Jules 

Dejerine and André Thomas first reported two cases presenting with cerebellar ataxia 

and pathological lesions in the cerebellum and brainstem, described as 

olivopontocerebellar atrophy. Sixty years later, Shy and Drager described two patients 

with parkinsonism and autonomic symptoms including orthostatic hypotension 98 and 

Van der Eecken et al. reported cases with parkinsonism and striatonigral degeneration 

at autopsy in the same year. The term ‘MSA’ was first introduced in 1969 by Graham 

and Oppenheimer to represent all three neurological entities: olivopontocerebellar 

atrophy (OPCA), the Shy-Drager syndrome, and striatonigral degeneration (SND) 99. 

Papp et al. first demonstrated the presence of argyrophilic glial cytoplasmic inclusions 

in the central nervous system of patients diagnosed with MSA in 1989 100. These 

inclusions were later reported to be positive for α-synuclein and nowadays alpha-

synuclein inclusions in oligodendroglia are the recognized neuropathologic hallmarks of 

MSA and may even represent a primary pathologic event 101. Together, Parkinson’s 

disease, dementia with Lewy bodies and MSA are called α-synucleinopathies 102. The 

mechanisms by which α-synuclein, a neuronal protein ends up in the oligodendroglia 
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causing pathology in MSA remains unclear. There is growing evidence that 

oligodendroglial pathology and “prion-like” spreading of misfolded α-synuclein may be 

the primary events in MSA leading to neurodegeneration 101-104. In addition, 

proteasomal and mitochondrial dysfunction 105, dysregulation of myelin lipids 106; 107, 

genetic factors 108, microglial activation 109, neuroinflammation 110, proteolytic 

disturbance, autophagy 111 and other factors contributing to oxidative stress  112 have 

been reported as part of the pathogenisis of  MSA. 

MSA is an orphan disease 36 with an estimated incidence of 0.6 to 0.7 per 100,000 

person-years 113; 114. The incidence increases with age 115, with no difference between 

men and women 116; 117. Prevalence estimates range from 1.9 to 4.9 118 and may reach 

up to 7.8 per 100,000 after the age of 40 114; 116; 117. 

Given its varied clinical manifestation, MSA is frequently misdiagnosed, especially at 

disease onset. An autonomic presentation of MSA can be indistinguishable from pure 

autonomic failure (PAF). PAF is currently considered an idiopathic, sporadic, rare 

neurodegenerative disorder characterized by autonomic failure without other 

neurological symptoms or signs 119. Recently PAF has received more attention from 

researchers, partly due to shared common features with other forms of 

synucleinopathy. Furthermore, recent studies show that a significant proportion of 

patients with PAF eventually develop DLB, PD or MSA over time. There are certain 

features that could predict these conversions 120; 121 raising the question of whether 

PAF is indeed a distinct disease entity or simply a prodromal disease stage of alpha-

synucleinopathies.   

A patient presenting with parkinsonism with autonomic involvement may be 

misdiagnosed as suffering from Parkinson’s disease. Ataxias resulting from diverse 

etiologies such as toxins, immune-mediated or genetic forms – for example fragile X–
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associated tremor ataxia syndrome, spinocerebellar ataxia (especially type 6), or late-

onset Friedreich’s ataxia 96 - can all mimic the cerebellar MSA phenotype. False positive 

MSA diagnoses are also frequent. About 20% of cases diagnosed in life as MSA 

subsequently have a pathology confirming PD or DLB122. 

MSA is characterized by worsening of motor and non-motor features over an average 

of 10 years, with a fast progression from disease onset, helping to distinguish it from 

similar degenerative conditions, described above 123. Approximately 50% of patients 

require walking aids within 3 years from the onset of motor symptoms 124; 60% require 

a wheelchair after 5 years 125 with a median time to becoming bedridden of 6 to 8 years 

124. However, a more benign MSA variant with longer survival of over 15 years has been 

reported in pathology-confirmed cases 96; 126, as well as an aggressive MSA phenotype, 

with a very short disease duration of less than 3 years127. Older age at onset 124; 125; 128-

130, a parkinsonian phenotype 123; 129, early development of severe autonomic failure, 

124; 129; 131; 132 severe urinary retention and nocturnal stridor 133; 134 are all negative 

prognostic factors, whereas a cerebellar phenotype 128 and later onset of autonomic 

failure 126 predict slower disease progression. Bronchopneumonia, urosepsis and 

sudden death are the main causes of death in MSA. Sudden death, which often occurs 

at night, is thought to result from either acute bilateral vocal-cord paralysis or acute 

disruption of the brain-stem cardiorespiratory drive. 

Striatonigral degeneration (SND) and olivopontocerebellar atrophy (OPCA) are 

pathological subtypes of MSA. Four levels of pathological severity have been described 

on autopsy of MSA brains. The typical α-synuclein immunoreactive inclusion pathology 

(GCIs) within oligodendrocytes 135 are at the most severe end and are required for a 

definite postmortem diagnosis of MSA. Less frequent are neuronal cytoplasmic (NCI) 

and neuronal nuclear inclusions (NNI), glial nuclear (GNI), astroglial cytoplasmic 
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inclusions and neuronal threads, also composed of α-synuclein. The next level of 

severity is characterized by selective neuronal loss and axonal degeneration involving 

multiple regions of the nervous system with predominant involvement of the 

striatonigral and OPC systems, followed by myelin degeneration with pallor and 

reduction in myelin basic protein (MBP), with accompanying astrogliosis.  The final and 

most mild form of pathology is microglial activation alone 112. 

Glial cytoplasmic inclusions (GCIs) and the resulting neurodegeneration commonly 

occur across multiple CNS sites. In addition to the striatonigral and OPC involvement, 

CGIs are found in the autonomic nuclei of the brainstem (locus coeruleus (LC), nucleus 

raphe, dorsal vagal nuclei, etc.), spinal cord, sacral visceral pathways 136, and the 

peripheral nervous system 137, defining MSA as a truly multi-system disease 101. 

Currently, MSA is considered an oligodendrogliopathy with a secondary neuronal 

involvement. Both a reactivation of α-syn gene (SNCA) 138 hypothesis and an uptake 

from neurons or from the extracellular environment 139 140 have been proposed. A 

prion-like mechanism of propagation in MSA 141; 142 predicts the existence of “strains” 

with defined incubation times and patterns of neuropathology. Strains of alpha-

synuclein (fibrils and ribbons) represent different conformational polymorphs of the 

protein. The existence of different alpha-synuclein strains may be related to diffent 

phenotypes such as fibrillar α-syn polymorphisms underlying different propagation 

patterns of α-syn pathology 143 while α-synuclein in glial cytoplasmic inclusions (GCI-α-

Syn) forming more compact and about 1,000-fold more potent structures than Lewy 

bodies-α-Syn in seeding α-Syn aggregation, consistent with the highly aggressive MSA 

144. Also, it has been shown that oligodendrocytes, and not neurons, transform 

misfolded α-Syn into a GCI-like strain, emphasizing the fact that different intracellular 
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milieus generate distinct α-Syn strains and the GCI-α-Syn maintains its high seeding 

activity when propagated in neurons.  

The diagnostic criterion for MSA defines three levels of certainty: possible, probable 

and definite MSA 97 (Figure 7). Ever-increasing ranges of pathological and clinical 

presentations have been described in MSA, including several subtypes of MSA that do 

not fit into the current classification (Table 2.1) 145. 

Figure	7	Diagnostic	criteria	for	MSA	

	
	
	
	

Adapted from 15 
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Type Description 

MSA with 

mixed 

pathology 

Abundant α-synuclein inclusions, identified as frontotemporal lobe degeneration 

with α-synuclein (FTLD-synuclein) in the presence of SND and variable OPC 

degeneration, but in the absence of autonomic dysfunction 146. Clinical features 

were consistent with fronto-temporal dementia, progressive non-fluent aphasia 

with no autonomic dysfunction. 

Non-motor 

variant 

MSA 

A non-motor variant of pathologically confirmed MSA showed neither 

parkinsonism nor cerebellar symptoms 147. The case presented clinically with 10 

years history of autonomic failure (orthostatic hypotention, neurogenic bladder), 

RBD and two years history of stridor prior to sudden death.  

“Benign” 

MSA 

Described as cases with prolonged survival up to 15 years or more in 2-3% of 

MSA patients 148. Most of them showed a slowly progressing parkinsonism 

resembling PD in the first 10 years of disease with subsequent rapid deterioration 

after development of autonomic failure, before which correct diagnosis was 

difficult. Many of these patients developed motor fluctuations and levodopa-

induced choreiform dyskinesias, usually an indication for deep brain stimulation, 

a procedure currently not recommended for MSA patients 149. These rare, long 

surviving patients with MSA-P, were considered “benign” forms 126. Pathology 

examination of patients with survival longer than 18 years revealed extensive 

distribution of GCIs in CNS 150. 

“Incidental 

MSA” 

The presence of GCIs may represent an age-related phenomenon not necessarily 

processing to overt clinical disease similar to incidental Lewy body disease 151. 

“Minimal 

change” 

MSA-P 

A rare aggressive form with GCIs and neurodegeneration almost restricted to SN 

and putamen, thus representing “pure” SND 152, suggesting that GCI formation is 

an early event and may be responsible for some of the clinical symptoms of MSA.  
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Table 2.1. Subtypes of MSA that do not fulfil current diagnostic criteria.   
FTLD-synuclein-frontotemporal lobar degeneration; SND- striatonigral degeneration; OPC¬- 
olivopontocerebellar; RBD- REM sleep behaviour disorder; PD- Parkinson disease; MSA-
multiple system atrophy; MSA-P-clinical phenotype of MSA with predominant parkinsonism; 
GCIs- glial cytoplasmic inclusions; CNS-central nervous system; SND- striatonigral degeneration. 

 

Based on the predominant clinical phenotype, MSA is categorized into MSA-P when 

parkinsonism is predominant and is associated with SND, and MSA-C, with OPCA, when 

associated with dominant cerebellar features. The combination of both forms, “mixed” 

MSA, also exists 97. In Asian populations, the majority of MSA cases – about 70 to 80% 

153 are of MSA-C type, whereas in the Caucasian population MSA-P type predominates 

(about 67–84%) 123 154. MSA-P is characterized by parkinsonism with rigidity, postural 

instability with a tendency to fall and poor response to levodopa 15. The motor 

symtoms are usually symmetrical 155. Rest tremor is rare, whereas irregular postural 

and action tremor may occur 156. MSA-C is associated with cerebellar ataxia affecting 

arms, legs, action tremor, downbeat nystagmus and hypometric saccades 157. 

Hyperreflexia and Babinski sign may occur in 30–50% of patients, while abnormal 

postures, such as bent spine, antecollis and hand or foot dystonia are rare 157. 

Dysphonia, repeated falls, drooling, dysphagia, dystonia, and pain occur in advanced 

stages of the disease 158. Spinal myoclonus in MSA-C caused by α-synuclein deposition 

in the spinal cord has also been reported. 159 

The onset of motor symptoms is on average around 56 years of age (±9 years), with 

both sexes equally affected 160. However, up to 75% of MSA cases have a prodromal 

phase with non-motor symptoms, such as cardiovascular autonomic failure, orthostatic 

hypotension, urogenital and sexual dysfunction, REM sleep behavior disorder and 

respiratory disorders. These may precede the motor presentation by months to years. 

161 Furthermore, up to 95% of MSA patients experience non-motor symptoms at some 
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point during the course of the disease with autonomic failure, in particular urogenital 

(urinary incontinence, impaired detrusor muscle contractibility) and cardiovascular 

symptoms being frequent and early features of MSA 162 (Figure 8).		

	

 

2.2 The neuropathology in MSA  

The distribution of neurodegenerative changes in patients with MSA are broadly 

reflected by α-synuclein-positive oligodendroglial cytoplasmic inclusions. 96 During the 

course of the disease most patients present with a combination of gastrointestinal, 

cardiovascular, urogenital or thermoregulatory abnormalities of different severities 96; 

130. Several brain regions of MSA patients are severely depleted of dopamine and 

norepinephrine including the corpus striatum, nucleus accumbens, substantia nigra, 

locus coeruleus, hypothalamus and septal nuclei 163. A severe loss of A5 noradrenergic 

Parkinsonism  

Cerebellar syndrome 

Pyramidal syndrome 

REM sleep behavior 
disorder 

Restless legs syndrome 

Periodic limb movements  

 

Cognitive impairment  with 
frontal executive 
dysfunction 

Emotional lability with 
pathological laughter and 
crying 

Depression 

Anxiety  

Orthostatic hypotension 

Post prandial hypotension 

Exercise-indused hypotension 

Supine hypertention 

Nocturnal hypertension 

Obstructive sleep apnea 

Stridor 

Vocal cord paralysis 

Repiratory dysfunctions 

Reduced gastrointestinal 
motility with delay in 
gastric emptying 

Constipation 

Urinary urgency and frequency 

Nocturia 

Urinary urge incontinence 

Urinary retention 

Recurrent urinary tract 
infections 

 

Sexual dysfunction 

Hypohidrosis or 
anhidrosis 
Reynaud 
phenomenon 

Pupilomotor 
abnormalities 

Figure	8	The	clinical	spectrum	of	multi-organ	involvement	in	multiple	system	

atrophy. 
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neurons in the pontine tegmentum has been shown in MSA, leading to respiratory and 

cardiovascular manifestations, along with similar severe losses of noradrenergic 

neurons in the locus ceruleus 164; 165. The loss of C1-group neurons (neurons that 

synthesize epinephrine) contributes to orthostatic hypotension in MSA, with the 

severity of neuronal loss in MSA being greater than in PD and DLB 166; 167. Impaired 

reflex release of vasopressin in response to hypotension or hypovolemia in MSA may 

be a consequence of degeneration of noradrenergic projections to the magnocellular 

vasopressin neurons from A1 neurons, localized in the caudal ventrolateral medulla 166; 

168. Reduced orexin immunoreactivity, likely associated with sleep apnea syndrome, 

has been observed in the nucleus basalis of Meynert in MSA patients 169. Tyrosine 

hydroxylase neuronal loss in the periaqueductal grey of MSA, similar to Lewy body 

disease, has also been reported 170. 

Involvement of the insular cortex has been related to non-motor symptoms in MSA, 

including autonomic dysfunction and arousal 171. Activation of the subgenual and 

pregenual portions has been associated with cardiovagal responses in normal people; 

activation of the dorsal anterior cingulate cortex (the midcingulate cortex), part of the 

salience network, has been shown to be associated with sympathetic activation related 

to behavioral arousal 172. 

The brainstem regions, in particular those where the respiratory centers are located, 

are frequently affected in MSA. The ventral medullary arcuate nucleus, likely 

responsible for respiratory chemosensitivity, degenerates in MSA 173. In addition, the 

pre-Botzinger complex of the medulla and the neurokinin-1 immunoreactive neurons, 

responsible for respiratory rhythmogenesis, are similarly markedly affected 174 175. The 

neuronal loss in MSA, from the dorsal motor nucleus of the vagus (DMV), located in the 
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dorsomedial medulla 176, may contribute to baroreflex-triggered cardioinhibition and a 

respiratory sinus arrhythmia 177.  

REM sleep behavior disorder (RBD) is commonly seen in this disease and may relate to 

pathology affecting the pontomedullary brainstem nuclei in MSA 178; 179. During REM 

sleep, atonia is controlled by the pontomedullary structures (the magnocellular 

reticular formation (MCRF), sublaterodorsal (SLD), and pedunculopontine and 

laterodorsal (PPN/LDT) nuclei) 178. Elimination of atonia during REM sleep, caused by 

lesions in SLD/SC and MCRF (even unilaterally) likely leads to dream enacting behaviour 

180. Depletion of cholinergic neurons in the PPN/LDN complex has been shown in 

autopsy studies of patients with MSA 181. PPN may have a modulatory role in REM-

related phenomena rather than a primary role for the atonia during REM sleep 176.  

Preganglionic and postganglionic sudomotor denervation probably underlies the 

anhidrosis seen in MSA, with more postganglionic dysfunction seen later in the disease 

177. Postganglionic cardiac sympathetic denervation also has been shown to occur in a 

minority of cases of MSA 182. The preganglionic neurons innervating the detrusor 

muscle 183 and loss of neurons of the Onuf nucleus innervating the sphincter are related 

to early and severe bladder dysfunction. 

2.3 Clinical manifestations of non-motor features  

2.3.1 Cardiovascular failure in MSA   
	
Early symptoms in MSA are frequently related to cardiovascular and autonomic failure 

and precede motor manifestations. In a recent study, the majority of MSA patients 

(77%) recalled early autonomic symptoms, initially not recognized as being a 

manifestation of a neurodegenerative disease 184. 
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Criteria for diagnosis of probable MSA according to Gilman et al. 97; 185 involve 

autonomic dysfunction including urinary incontinence (inability to control the release 

of urine from the bladder, with erectile dysfunction in males) or orthostatic 

hypotension (OH) (decrease of blood pressure within 3 min of standing by at least 30 

mmHg systolic or 15 mmHg diastolic).  

Importantly, autonomic dysfunction may be the only presenting feature in some MSA 

patients 186. Symptomatic OH, the main symptom of cardiovascular autonomic failure, 

often manifests as recurrent syncope, dizziness, nausea, headache and weakness and 

has been reported in 43 to 81% of all MSA patients 187; 188. Cardiovascular autonomic 

failure associated with degeneration of the nucleus ambiguus has been reproduced in a 

MSA mouse model 189. 

An important differential for the autonomic failure in early stage of MSA is the 

diagnosis of pure autonomic failure (PAF). Orthostatic hypotension (OH) and its related 

symptoms, such as lightheadedness or dizziness, and sudomotor dysfunction are the 

most common presenting feature in PAF 190-192. Bladder symptoms are also present in 

some PAF patients but these features are less severe than in MSA 193. While respiratory 

symptoms such as stridor or sighing are common in MSA, these symptoms were not 

reported in patients with PAF 194. There are only a few studies that have reported 

pathology in patients with PAF. Intracytoplasmic eosinophilic inclusions with Lewy 

bodies resembling those in PD patients were reported in the neurons in autonomic 

ganglia and post-ganglionic nerves 192. Although typical PAF patients have no 

parkinsonian features, Lewy body deposition in the substantia nigra, locus coeruleus, 

thoracolumbar and sacral spinal cord with limited neuronal loss has been described in a 

case report 191. Later, pathologically-confirmed studies also demonstrated pre- and 

post-ganglionic autonomic lesions in PAF patients 192; 195. These findings suggest that 
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PAF is a limited and peripheral form of alpha-synucleinopathy, in contrast to more 

central forms in PD and DLB  196.  

PAF patients have hyposmia, reduced cardiac MIBG reuptake and Lewy body 

deposition both in the skin and central nervous system, similar to PD 197-200. There is 

increasing awareness of the progression of patients with the PAF phenotype to other 

alpha-synucleinopathies. In one study, within 4 years of onset, 34% of patients with 

PAF phenoconverted to a manifest CNS alpha-synucleinopathy, either DLB (18%), PD 

(8%), or MSA (8%). The prognostic implications of autonomic failure are unknown and 

predictors of phenoconversion to MSA have yet to be determined 201; 202. However, it 

took on average 5 years for patients with PAF to develop motor deficits leading to the 

diagnosis of MSA, and nearly twice as long (9.5 years) to diagnose PD or DLB. Compared 

to patients who phenoconverted to PD or DLB, onset of symptomatic neurogenic 

orthostatic hypotension in MSA patients occurred at a younger age (≈ 52 years), with a 

shorter median time to diagnosis (≈ 5 years) 201. The presence of RBD and preserved 

olfaction in patients with PAF increased the probability of a future diagnosis of MSA, 

whereas olfactory loss increased the odds of developing PD/DLB 201. These findings 

highlight the need for more research in identifying biomarkers that could be useful in 

aiding earlier diagnosis.  

Supine hypertension 

Supine hypertension occurs in ~50% of patients with autonomic failure and orthostatic 

hypotension, as has been observed in MSA 203. This may be a problem at night if such 

patients lie supine and horizontal as there is often a reversal of the circadian change in 

blood pressure 204.  A recent study also described the occurrence of abnormal circadian 

BP rhythm (absent nocturnal fall or a reversed nocturnal fall of blood pressure) in 

about half of the patients with PD. However, this feature and a reversed nocturnal 
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circadian blood pressure rhythm was found to be much more common in MSA 

compared to idiopathic PD. This finding suggests that autonomic dysfunction plays an 

important contributing role in the control of circadian BP rhythms 205. 

Post prandial hypotension (PPH) 

Food ingestion can lower systemic blood pressure in MSA but not in healthy individuals, 

who have normal compensatory cardiac and regional haemodynamic responses. PPH is 

also an important feature of autonomic failure in patients with MSA 206. PPH is present 

in both MSA-P and MSA-C but the severity in MSA-C is greater than those with MSA-P 

207. PPH is also common in PD, even in those without other features of autonomic 

failure 208.  

Exercise-induced hypotension 

Exercise-induced hypotension has been reported in MSA 209. An increase in sympathetic 

activity to the vasculature of non-exercising muscles and the other organs plays a major 

role in maintaining blood pressure. The consequences of exercise-induced hypotension 

can occur at various stages of exercise. Exercise-induced hypotension in those with 

MSA-C has been found to be greater than those with MSA-P in the supine position, but 

this does not get worse when the MSA-C patient is in the orthostatic position 210. 

2.3.2 Bladder dysfunction in MSA 
	
A recent study showed that 18.2% of MSA patients presented with bladder dysfunction 

as the initial manifestation, on average 2.8 years before any motor manifestation 211. In 

men, urinary symptoms are typically preceded by erectile dysfunction. Bladder 

dysfunction, particularly urinary retention in MSA, may reflect pathology in the sacral 

spinal cord, a common site for MSA pathology.  These findings are important especially 

for patient care. Surgical treatment of bladder outlet obstruction should be avoided, as 
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it often fails in MSA patients, whereas prostatic surgery is not contraindicated in 

patients with PD. 

Three uro-neurological features are important in MSA. These include large post-void 

residual urine volumes of >100 ml without prostatic hyperplasia in men and without 

common neurologic conditions (lumbar spondylosis and diabetes) 212; 213, an open 

bladder neck during filling-phase videourodynamics 214; 215, which is not uncommon in 

stress-incontinent women but is extremely rare in men, and a sphincter 

electromyography (EMG) abnormality - sphincter denervation 214. These are explained 

by the neuronal cell loss in Onuf’s nucleus (a group of anterior horn cells found in the 

sacral spinal cord), which seem to degenerate early in the course of MSA 216. 

Electrophysiologically this leads to prolonged polyphasic sphincteric motor unit 

potentials (MUPs) on anal sphincter EMG testing. Although sphincter EMG 

abnormalities are noted in some patients with PD, dementia with Lewy bodies, pure 

autonomic failure and progressive supranuclear palsy, this test still has an important 

diagnostic value in MSA especially when viewed in the context of other clinical features 

and paraclinical investigations 214. 

2.3.3 Sleep disorders in MSA  
	
MSA patients often present with nighttime sleep problems including rapid eye 

movement (REM) sleep behaviour disorder (RBD) 217, periodic limb movements (PLMs), 

restless legs syndrome (RLS), or RLS-like symptoms 218 and all lead to sleep 

fragmentation and decreased sleep efficiency. However, this aspect of MSA has only 

been investigated in small cohorts with even less data comparing the 

polysomnographic (PSG) parameters 219. One study showed similar nighttime problems 

and PSG results for both MSA-P and MSA-C patients, despite different lesion 

localization of the pathologic processes in the two MSA subtypes 219. Polysomnographic 
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studies reported that in MSA patients, the total sleep time and sleep efficiency is 

reduced and waking after sleep onset is increased 220. 

Rapid eye movement sleep behavior disorder (RBD) is the most common sleep-related 

disorder in MSA 221 and may precede the development of parkinsonism by years 222. 

RBD is characterized by vigorous and injurious behaviors related to vivid, action-filled, 

and violent dreams during nocturnal REM sleep and REM sleep without atonia (RWA) 

223 as determined by a polysomnogram (PSG) 217. In postmortem studies of patients 

with RBD, the most frequent finding is neurodegeneration with abnormal deposition of 

α-synuclein in pontomedullar brainstem nuclei 178. 

The prevalence of RBD, as determined by polysomnography, is very high (88%) in MSA 

patients. RBD signs have been found to be present in about half of MSA patients before 

the onset of motor symptoms and are present equally in both in MSA-P (82%) and 

MSA-C (83%) patients 224 suggesting that RBD may represent a prodromal phase in MSA 

225. However, RBD is not restricted to the prodromal phase, as up to 30 % of MSA 

patients developed RBD before, 7% at the same time and 63% after the onset of motor 

symtoms of MSA 226. Generally, patients with idiopathic RBD are predominantly male 

217. However, patients with MSA having RBD are not predominantly male, 227 similar to 

that seen with PD patients and RBD 228. 

Interestingly, motor control has been shown to be transiently improved during RBD in 

patients with MSA, as confirmed by video recordings.  Up to 80% of patients exhibited 

improvement in their movements, speech, or facial expression during REM sleep 

compared to the awake state. The improvement was present even in the most affected 

patients. There was no difference in the percentage of REM-related motor 

improvement between patients who were affected with MSA-P or MSA-C. However, 
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the rate of motor or vocal improvement during REM sleep was 30–60% greater in PD 

than in patients with MSA, except for hypomimia 226.  

Usually, RBD symptoms in MSA patients exist for a limited period shortly before the 

onset of other neurological symptoms, but generally disappear within a few years of 

the onset of neurological symptoms. This is likely due to progressive degeneration of 

the neuronal structures in the brainstem responsible for the occurrence of RBD 227. 

2.3.4 Respiratory features in MSA 
	
Respiratory problems, including stridor, sleep-disordered breathing (eg. obstructive 

sleep apnoea - OSA) and respiratory insufficiency, are known to occur in MSA220. Of 

these, stridor is part of the second consensus diagnostic criteria 97 and sleep apnoea 

represents a major cause of death in MSA 229; 230. Nocturnal stridor and obstructive 

sleep apnoea are the most common sleep-related breathing disorders in MSA patients 

231. 

OSA affects between 15% to 37% of MSA patients 220 nocturnal stridor (a strained, high-

pitched, harsh respiratory sound) varies from 13% to 69% 232. In one study, stridor was 

more frequently detected in MSA-C than in MSA-P patients 220, but the opposite has 

also been seen 231. Stridor is associated with a poor prognosis in MSA. It is unclear 

whether death results from the vocal cord paralysis per se, central hypoventilation, or 

both 165. 

The causes that lead to nocturnal stridor are related to upper-airway obstruction, such 

as vocal cord abductor paralysis; an impairment of the respiratory centre, such as 

Cheyne-Stokes respiration; or an impaired hypoxemic ventilatory response 233. 

Laryngeal electromyography in patients with MSA and autonomic failure has revealed 

evidence of denervation of the posterior and interarytenoid cricoarytenoid and partial 
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denervation in the cricopharyngeal sphincter, sometimes leading to respiratory 

obstruction requiring a tracheostomy.  

Vocal cord paralysis can also occur in MSA. A history of nighttime snoring is usually the 

first sign; importantly, this is not oropharyngeal snoring but laryngeal stridor and video 

polysomnography can differentiate between the two by examining the respiratory 

phases, whether inspiratory, expiratory, or both 234. Bilateral vocal cord paresis 

frequently occurs in MSA and can sometimes lead to death.  Patients with symptoms of 

airway obstruction need a tracheostomy to bypass the level of obstruction. These 

tracheostomies are rarely removed because of the progressive nature of the disease 

235. 

In some MSA cases, hypertonicity rather than paresis of the vocal cords, has been 

described using direct electromyography 236. During episodes of stridor the cords adopt 

a paramedian position, best diagnosed by a combination of laryngeal 

electromyography with a response to botulinum toxin being used to distinguish 

hypertonicity from paralysis in some cases.  

Patients with MSA have impaired ventilatory drive, with minimal to no chemosensitivity 

to hypoxia 237; thus, they may be at a significantly higher risk of becoming hypoxic 

without any reflex capacity to compensate.  In addition, patients with MSA often have 

disturbances of respiratory rhythm during sleep 238. These may explain why patients 

with MSA may die of respiratory insufficiency despite tracheostomy 134. Clearly, some 

MSA patients have central hypoventilation in addition to stridor, which can only be 

diagnosed during repeated sleep evaluations. 

2.3.5 Cognitive involvement in MSA  
Cognitive impairment is an integral part of MSA, although dementia is a non-supporting 

diagnostic feature. 97; 239 In autopsy confirmed MSA, the prevalence rates of mild, 
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moderate and severe cognitive impairment have been reported to be 22%, 2%, and 

0.5%, respectively 239; 240. 

Executive dysfunction is a prominent cognitive problem in MSA, affecting up to half of 

the patients 241-243. This includes problems with semantic and phonemic word list 

generation, 244; 245 perseverative behaviour, 246 and diverse impairments of problem 

solving, response inhibition, flexibility, attention and working memory  244; 246.  

Memory disturbances not reaching a diagnosis of dementia were observed in up to 

66% of MSA patients. They were characterized by impaired learning 243, immediate 247 

and delayed recall, 241-243 and less often, impaired recognition 241, visuospatial and 

constructional difficulties 242; 245; 247. 

On average, it takes about 7 years from MSA diagnosis for clinically significant cognitive 

symptoms to develop 129, but pathologically proven MSA cases with earlier cognitive 

impairment 248-250 have been reported. Among MSA patients surviving more than 8 

years, almost half of them develop cognitive problems, 241 suggesting that the 

cumulative prevalence of dementia in MSA would be similar to that of Parkinson’s 

disease (PD), if the disease had a longer course 251; 252. Furthermore, 14% of MSA 

patients have been found to have severe cognitive impairment in the year before death 

129 and exceptionally long-term MSA survivors showed dementia onset between 13.5 

and 17 years from the onset of the disease 126. 

Cognitive impairment in MSA is predicted by factors such as greater motor disability, 

148; 241; 247; 253, male gender, educated for less than 10 years and the presence of early 

cardiovascular dysautonomia 254. 

Cognitive impairment and MSA clinical subtypes have produced controversial results 

243; 245; 255 with some reports suggesting that the MSA-P patients have more problems 

with visuospatial and constructional function, verbal fluency and executive functions 
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245; 254, while the MSA-C patients were impaired only in visuospatial and constructional 

functions 254. These data suggested a more severe and widespread impairment in MSA-

P patients, despite similar disease duration. 

Furthermore, cognitive deficits in MSA-C have been linked to degeneration in cerebral 

cortex, the pontocerebellar system, and the disruption of cerebrocerebellar 

connections (cerebrocerebellar circuitry) 256; 257. Described as reciprocal 

cerebrocerebellar circuits, 258 the so-called cerebellar cognitive affective syndrome, 

was mainly observed in acute cerebellar diseases such as infarctions and tumours. This 

syndrome is characterized by executive dysfunction, impaired spatial cognition, 

including visuospatial disorganization and impaired visuospatial memory. Deficiencies 

in visuospatial function in this cerebellar syndrome give support to the hypothesis of a 

cerebellar contribution cognitive impairment in MSA. However, other investigators 

failed to demonstrate the contribution of cerebellar dysfunction in the cognitive 

profile of MSA patients 256. 

Progressive fronto-temporal degeneration on neuroimaging 242; 259-262 and postmortem 

findings of neuronal loss, astrogliosis, and GCI accumulation in frontal and temporal 

regions of MSA patients with dementia, further point towards cognitive decline as a 

characteristic feature in some MSA patients 239. 

Almost all MRI studies have shown that there is a characteristic pattern of prefrontal, 

frontal, temporal and parietal cortical atrophy in MSA-P 12; 262-264 and MSA-C 265-268 

although some qualitative differences between subgroups have been reported 268. The 

distribution of cortical atrophy is in line with the findings of hypometabolism on 

fluorodeoxyglucose (FDG) positron emission tomography (PET) in prefrontal and 

frontal, 269; 270 temporal, and parietal regions in MSA-P 270 and in frontal and inferior 

parietal regions in MSA-C 271; 272.  In favour of the hypothesis that there is a primary 
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subcortical deafferentation of cortical regions, a correlation between pontine, midbrain 

and cerebellar atrophy and impairment in different cognitive domains as well as global 

cognition in MSA patients has been reported 261, supported by the observation of 

cerebellar hypoperfusion in association with visuospatial decline in MSA-C 245. 

Conversely, prefrontal atrophy has been shown to correlate with overall memory 

scores in MSA as a group, 255 and in addition there is a correlation between dorsolateral 

prefrontal hypoperfusion and visuospatial impairment in both motor MSA subtypes 

and executive dysfunction in MSA-P, all of which supports a primary cortical pathology 

in this aspect of MSA symptomatology 245. 

PET and neuropsychological examination in MSA patients with different disease 

duration, found that patients with a shorter duration showed executive and verbal 

memory dysfunctions, while patients with longer duration had multiple-domain 

cognitive impairment, including visuospatial deficits 242. 

2.3.6 Emotional lability and depression in MSA  
 

 Patients with MSA frequently report emotional lability, with short (sometimes only one 

or two minute) episodes of crying due to happiness, or sadness, in response to 

relatively minor environmental stimuli. Pathological laughter and crying (PLC) is a 

condition in which a patient with an underlying neurological disorder exhibits episodes 

of laughter or crying or both, without an apparent motivating stimulus or to a stimulus 

that would not have elicited such response in the past. This problem is characterized by 

a deficit in the regulation and coordination of emotional expression 273. PCL can 

provoke restrictive life-style modifications and even lead to social isolation. Despite its 

high prevalence and quality of life implications, it remains surprisingly understudied 

and in clinical settings is often unrecognized 274. Several scales are available to identify 
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and characterize PLC. Among these, the two most commonly used in clinical research 

studies are the Pathological Laughter and Crying Scale and the Center for Neurologic 

Study-Lability Scale 275. 

Importantly, PLC and mood disorders may coexist in up to half of MSA patients 275. The 

resolution of pathological laughing or crying seems to be independent of the changes in 

anxiety or aggression scores 275. A previous study found that all patients with MSA who 

exhibited pathological laughter and/or crying also had depression 276. 40% to 85% of 

patients with MSA display mild depression, 246; 254 243; 277-279 and 1/3 are moderately to 

severely depressed 277; 280. Anxiety is reported to affect about 37% of MSA patients 245 

281.  Both MSA motor subtypes are associated with high levels of depression and 

anxiety, 243; 245; 255; 280; 282 with some studies suggesting that MSA-P patients are more 

depressed, while MSA-C subjects are more anxious 255; 282.   

Psychosis in MSA has also reported in some cases and up to 9.5% of patients with MSA-

P develop hallucinations 283. 

2.3.7 Other non-motor features in MSA 
Gastrointestinal symptoms are frequent complaints in MSA resulting from reduced 

gastrointestinal motility due to autonomic nervous system dysfunction with delay in 

gastric emptying 284 occurring at early stages of the disease 162; 194. Constipation is a 

well-known feature of MSA and can predate the onset of typical motor symptoms. 

Constipation may be explained by prolonged colonic transit time in line with a 

reduction of phasic rectal contraction and abdominal strain in patients with MSA 285. A 

change in bowel habits suggests autonomic involvement of the lower gut 286. 

Other non-motor features include vasomotor failure with diminished sweating 

(hypohidrosis) 287 and pupillomotor abnormalities. Usually visual acuity, colour vision 

and visual fields remain unaffected 288. Sweating disorders, mainly manifesting as 
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widespread anhidrosis, frequently occur in patients with MSA 133; 289.  The 

postganglionic sympathetic sudomotor involvement is only partly responsible for 

sudomotor dysfunction and suggests involvement of postganglionic fibres or sweat 

glands later in the disease course 177. Widespread progressive anhidrosis is a more 

severe feature in MSA compared to that seen in PD and PSP 290; 291.    Pupil 

abnormalities are not commonly recognised as features of MSA, although these have 

occasionally been reported including in the original cases of Shy and Drager’s patients 

98. Pupillary response to eye-drops was recently proposed as a useful aid for 

distinguishing PD and MSA 292. However, the pupillary measurement in these disorders 

needs further study to confirm the usefulness of these proposed diagnostic tests. 

Autonomic dysfunction was initially believed to be solely associated with preganglionic 

abnormalities in the brainstem and spinal cord in MSA 133; 293. However, evidence of 

postganglionic involvement has been reported by showing that up to 30% of MSA 

patients have reduced (123)I-metaiodobenzylguanidine (MIBG ) uptake at all stages of 

disease 294. Furthermore, sudomotor abnormalities including impairment at pre and 

post ganglionic sites may coexist, indicating a further progression over time and the 

involvement of postganglionic fibres or sweat glands later in the disease course 177. 

2.4 The premotor phase in MSA 

 

The prodromal non-motor phase of MSA often precedes the motor symptoms by 

several months to years. Reports of pathologically proven MSA cases in which no classic 

motor symptoms (cerebellar, parkinsonian, or pyramidal tract) developed during the 

disease course 147 emphasise the need to consider premotor symptoms in the early 

evolution of the disorder.  Early symptoms in MSA are frequently autonomic in nature 

(in 73%) 184. In men, erectile failure, typically occurs 4.2 (± 2.6) years prior to diagnosis.  
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After erectile failure, orthostatic hypotension - a consistent hallmark of MSA 291, fatigue 

following exercise, urinary urgency or hesitancy, and violent dream enactment 

behaviour consistent with REM behaviour sleep disorder, are the most frequent initial 

symptoms.  For most patients, the onset of motor symptoms is one year after the onset 

of autonomic symptoms. Although challenging to interpret, these symptoms can 

provide a window of opportunity for disease-modifying interventions if recognised in 

time, therefore raising a suspicion of MSA diagnosis.	 The presence of autonomic 

failure, erectile dysfunction, urinary urgency, nocturia, sleep problems (RBD), postural 

dizziness and respiratory disturbances at presentation, in the absence of ataxia and 

parkinsonism, should be regarded as suggestive of premotor MSA 295. Up to half of 

patients later diagnosed with MSA, initially were classified as having pure autonomic 

failure, as they did not exhibit motor symptoms at first presentation to a doctor 240; 279. 

	A pattern is emerging in MSA; with non-motor symptoms preceding the classic motor 

features showing a distinctive pattern of early genitourinary dysfunction followed by 

orthostatic hypotension in association with sleep disorders such as RBD, sleep apnoea, 

excessive snoring, and stridor 295. Above all, respiratory dysfunction is the most 

suggestive symptom of MSA in the presence of other premotor symptoms. At the same 

time, in the premotor phase, olfaction and cognition 296 remain relatively intact 

compared with other parkinsonian disorders. 

The diagnostic challenge in the premotor phase of MSA is the substantial overlap with 

the non-motor symptoms of other neurodegenerative disorders, in particular 

Parkinson’s disease and pure autonomic failure.  However, at the time of diagnosis, 

autonomic dysfunction in MSA is typically more severe compared to that in PD and 

autonomic dysfunction preceding the development of parkinsonism supports MSA as a 

more likely diagnosis 240. Conversely, a case with parkinsonism or cerebellar ataxia in 
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the absence of erectile dysfunction or autonomic failure would make an MSA diagnosis 

less likely 184. 

The spectrum of premotor symptoms of MSA is broad (Figure 9) and should therefore 

be investigated more vigorously to achieve an early diagnosis of this serious illness and 

to avoid unnecessary therapeutic interventions 295.  
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2.5 MSA neuroimaging biomarkers 

Figure	9	Differential	diagnosis	in	MSA 
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2.5.1 Structural MR imaging   
Historically, most MSA neuroimaging research has been focused on the grey matter 

atrophy pattern seen on structural T1 MRI and signal changes seen on T2, FLAIR and 

T2* MRI. The main aims of these studies have been to: a) provide a diagnostic MSA 

atrophy pattern useful for consensus criteria; b) distinguish between the two clinical 

forms MSA-P and MSA-C; and c) improve the differential diagnosis with other 

neurodegenerative conditions that mimic MSA, especially with IPD, DLB, PSP and CBS. 

Visualization of T1- and T2-weighted MRI by experienced neuroradiologists has been 

the cornerstone of MSA imaging diagnosis for many years, and a number of ‘classical’ 

signs have been described. The ‘hot cross bun’ sign is the most well-known (Figure 10A) 

and represents the degeneration of the pons and pontocerebellar fibres with the 

preservation of corticospinal tract. It appears as a hyperintense cross in the pons on T2-

weighted imaging. Despite being a hallmark for MSA-C with high specificity (97%) its 

sensitivity is only 50% 297. The ‘putaminal rim’ sign is another well-described imaging 

feature of MSA that has acquired its own name (Figure 10B). The presence of a 

hyperintense rim to the putamen on T2*-weighted imaging is seen in MSA-P and has 

a																																																																																																																			b	

A. The ‘‘hot cross-bun sign’’ seen on an axial T2-weighted MRI in a patient with 
MSA-C; B. putaminal hypointensity with a hyperintense “putaminal rim’’ sign on an 
axial T2-weighted MRI in a patient with MSA-P. Images adapted from 5.  
 

Figure	10	Neuroimaging	features	of	MSA 
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the highest specificity (90%) for this clinical subgroup but only 72% sensitivity 298. It can 

also be a normal finding on 3T T2-weighted MRI. 

Other putaminal changes described in MSA-P include atrophy (seen on T1) (sensitivity 

83%, specificity 87%), and hypointensity (sensitivity 89%, specificity 70% - Figure 10B) 

298, whilst in MSA-C there are changes infratentorially with hyperintensity of the middle 

cerebellar peduncle (MCP) and atrophy of the cerebellum and brainstem (particularly 

the MCP and pons) 299 (sensitivity 100%, specificity 82% for brainstem atrophy) 300. In 

fact, a combination of these signs can be seen in the majority of MSA patients at 

different stages of the disease, independent of the initial clinical phenotype 298; 301. 

While none of these signs are pathognomonic their presence has been shown to have 

high specificity but lower sensitivity in differentiating MSA from other disorders 302 e.g. 

the presence of MCP hyperintensity has a specificity of 100% and sensitivity of 85% 

when compared with IPD, PSP and normal aging controls 303. 

Simply applied quantitative measures have been shown to improve diagnostic 

accuracy. A study that measured MCP atrophy as a reduction of the MCP width (<8mm 

in sagittal sections) showed 100% sensitivity and specificity in differentiating MSA from 

IPD patients 304; 305 whilst another study investigating the MCP/superior cerebellar 

peduncle (SCP) ratio had a sensitivity of 90% and specificity of 94% when comparing 

MSA-P to PSP 306. Adding in measurements of the pons and midbrain allowed one study 

to define an MR parkinsonism index [=pontine area/midbrain area)*(MCP/SCP) which 

differentiated MSA-P from PSP and IPD with high sensitivity and specificity 306. 

More detailed quantitative methods of assessing cross-sectional grey matter atrophy 

analyses have been applied in research settings. These have usually consisted of either 

Region of Interest (ROI) volumetric analyses (performed either manually or in a more 
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automated manner), or whole brain analyses such as voxel-based morphometry (VBM) 

307. 

ROI studies using semiautomatic segmentation and MRI volumetry (MRV) techniques 

showed a combination of supra- and infratentorial volume loss including striatum, 

brainstem and cerebellum in MSA 308; 309. A more accurate differentiation between MSA 

and other parkinsonian syndromes was achieved with the application of a stepwise 

discriminant analysis 300; 308. Volume loss in the basal ganglia and infratentorial brain 

regions have been confirmed by VBM studies 262; 263; 265; 266. 

VBM is an automated method of measuring neuroanatomical changes in the grey 

matter using 3D volumetric T1-weighted MR imaging. Compared to controls, selective 

Images are in the neuroradiological orientation (the left side of the images refers to the 
right side of the brain). VBM in MSA-P (a) gray matter loss (b) correlation of gray matter 
loss with disease stage (c) increase of white matter. VBM and VBR comparison between 
MSA-C and MSA-P: The images display regions with more pronounced changes in MSA-C 
than in MSA-P. (a) gray matter loss (b) white matter loss (c) reduced relaxation rate. 
Images reproduced from 12. 
 

Figure	11VBM	and	VBR	comparison	between	MSA-C	and	MSA-P. 



	 76	

cortical atrophy involving the primary and higher order motor areas, prefrontal cortex 

and insula was identified in MSA-P cases 263 (Figure 11) and confirmed on a longitudinal 

VBM study 262. A meta-analysis assessed the use of VBM in differentiating MSA-P, IPD 

and normal controls 310: although a different pattern and localization of grey matter 

reduction was identified in the MSA-P versus IPD group (atrophy in the putamen and 

claustrum), the differences were not significant in a subgroup analysis including only 

patients in early stages with a mean disease duration of less than three years.  

Longitudinal analyses of atrophy rates are limited (Figure 12). These studies are 

important, as the atrophy rate is an important quantitative marker of disease 

progression that has been successfully implemented in other neurodegenerative 

conditions as an outcome measure in clinical trials 311-313. Only two studies have 

assessed whole brain atrophy rate (WBAR) in MSA 261; 314. Although these had a short 

Coronal MRI scan with voxel-compression-mapping overlay to demonstrate areas 
undergoing atrophy. Greatest rates of atrophy are demonstrated in the pons and 
middle cerebellar peduncles and the immediately adjacent midbrain and medulla. 
Increased atrophy, but at a slower rate, is seen in the upper midbrain and lower 
medulla. Even slower, but definitely pathological atrophy rates are seen in both 
temporal lobes. Ventricular enlargement is also shown. Image reproduced from 9.  
 

Figure	12	Delineating	the	sites	and	progression	of	in	vivo	atrophy	in	multiple	system	

atrophy	using	fluid-registered	MRI 
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follow-up and assessed a small number of cases, they showed that the WBAR was 

higher from the early stages of MSA (and PSP) compared with IPD, suggesting that this 

could be used as an unbiased outcome measure for monitoring the disease course in 

future clinical trials. Also, as MSA is a rapidly progressive disorder using imaging 

measurements improves reliability compared to clinical disease rating scores 300; 308; 314.  

2.5.2 Measures of signal change  
DWI 

Diffusion-weighted imaging (DWI) uses water molecule movement and calculates the 

apparent diffusion coefficient (ADC) in tissue as a measure of integrity. In 

neurodegeneration and ischemia, the random movement of water molecules is 

increased. One of the most promising DWI markers for MSA is raised putaminal 

diffusivity in MSA-P compared to PD, even in early stages of disease 315-318 (Figure 13). 

DWI was also helpful in differentiating MSA-P from PSP where increased regional ADC 

in the MCP and pons in MSA-P, compared to PSP, had 91% sensitivity and 84% 

Trace(D) maps at the level of mid-striatum in 
individual patients with the Parkinson variant 
of multiple system atrophy (MSA-P) (n = 2; A, 
baseline; B, follow-up in one patient; C, baseline; 
D, follow-up in another patient) and Parkinson's 
disease (PD) (E, baseline; F, follow-up). Note the 
diffuse hyperintensity – corresponding to 
increased Trace(D) values – in the putamina of 
the patient with MSA-P (arrows in A, B, C and D) 
which are increased at follow-up (B, D) 
compared to baseline examination (A, C). 
The PD patient shows no increased Trace(D) 
values in the putamen, neither at baseline (E) 
nor at follow-up (F). Images reproduced from 13. 
 

Figure	13	Progression	of	putaminal	degeneration	in	MSA	using	diffusion	MR 
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specificity 319. DWI-measured progression of striatal and extrastriatal degeneration 

including the putamen, pons and cerebellar white matter in MSA in a longitudinal study 

correlated well with disease duration and severity at 1-year follow-up 320.  

MTR 

Magnetization Transfer imaging allows brain structure segmentation and ratio (MTR) 

calculation of a specific ROI. A significant decrease in MTR of the globus pallidus, 

putamen, and substantia nigra has been reported in MSA compared to IPD 321. Changes 

in the basal ganglia were reported in MSA-P in studies using MTR 321; 322. Furthermore, 

using basal ganglia and substantia nigra changes in stepwise MRT analysis provided a 

good discrimination rate between PD cases and controls from the MSA and PSP group. 

However, the classification of individual MSA and PSP cases into disease groups was 

not optimal 321.   

SWI 

Susceptibility weighted imaging (SWI) is a gradient echo image that provides 

information about any tissue that has a different magnetic susceptibility compared to 

its surrounding structures such as deoxygenated blood, hemosiderin, ferritin, and 

calcium 323. Compared with a standard T2* sequence, there is increased sensitivity in 

detecting local changes in iron content 324. This is important in MSA as several 

histopathological studies have revealed increased iron and ferritin levels in the 

putamen (particularly posteriorly), striatum and substantia nigra, 325 and at a 

significantly higher amount than in IPD 112. SWI studies have shown a much higher iron 

deposition in the putamen and pallidum of MSA-P compared to IPD and PSP 326; 327. One 

study splitting the putamen into four regions suggested that the lower inner part is the 

best marker to differentiate between MSA-P and IPD 328. Another study showed 

increasing iron accumulation in the putamen from posterolateral areas in the early 
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stages, to more anteromedial areas later 329. Studies of the caudate are less clear: one 

study found an increased deposition of iron in the caudate nucleus of MSA-P compared 

to IPD 328 whilst a second study could not replicate these findings based of SWI alone 

329. These contradictory results may well represent differences in disease duration in 

the different sample groups. 

VBR 

Voxel-based relaxometry (VBR) is a morphometric method that analyses the relaxation 

rate R2 (defined as 1/T2) derived from multi-echo T2-weighted images on a voxel by-

voxel basis using the exponential relationship between the actual transverse 

magnetization and the relaxation rate R2. In principle, decreased R2 indicates increased 

water content and therefore provides a measure of tissue atrophy 12. VBR analysis in 

MSA-C patients revealed a reduced relaxation rate R2 particularly within the 

cerebellum, middle cerebellar peduncles and pons 308; 330; 331 266. 

QSM 

Quantitative susceptibility mapping (QSM) detects local susceptibility changes to 

metals such as iron. Studies suggested that QSM is a better tool for measuring iron 

levels in the tissue 332; 333. Both the R2 and QSM are increased in MSA and PSP 

compared to PD and controls in several brain structures including the basal ganglia and 

cerebellum. However, compared to PSP, the MSA subgroup had different iron 

deposition patterns in the SN, thalamus and red nucleus 334; 335. A post-mortem study 

assessed the QSM and R2 in path confirmed parkinsonian disorders showing that in 

vivo increased R2 was significantly associated with alpha-synuclein and QSM correlated 

significantly with Perl’s stain for iron. However, neither measurement correlated with 

tau or glial cell counts 333.  
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2.5.3 Structural and functional connectivity 
	
Diffusion tensor imaging (DTI) uses the motion of water to quantify changes in the 

microstructure of white matter tracts 336. DTI metrics commonly include fractional 

anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD) and mean diffusivity (MD). 

FA is a marker of fibre structural integrity, being reduced when neuronal fibres are 

destroyed causing water diffusion to occur in all directions (become isotropic). 

Diffusivity measures are higher 337, with AD considered a reflection of axonal loss and 

RD of myelin damage 338. 

Several studies have used DTI to assess white matter tract changes in MSA. DTI shows 

that the cerebellum, in particular MCP regions, and globus pallidum of MSA patients 

have reduced FA associated with higher MD values, compared to IPD 339; 340 (Figure 14).  

One study compared DTI in different MSA subtypes the Diffusion Trace (D) generating 

brain maps from the MD images in the three orthogonal directions. Trace (D) values 

measured in the entire and anterior putamen were significantly higher in MSA-P than in 

White matter maps showing 
regions of significant decreased 
fractional anisotropy and 
increased mean diffusivity in 
MSA patients when compared 
to healthy controls (HC) and PD 
(Bonferroni corrected 
alpha = 0.0167). Background 
image corresponds to the mean 
fractional anisotropy image of 
all subjects in standard MNI152 
space (radiological view). 
Fractional anisotropy white 
matter skeleton is represented 
by green voxels. Blue voxels 
represent regions of decreased 
FA and yellow voxels represent 
regions of increased MD in the 
PSP group. Images reproduced 
from 11.   
 

Figure	14	Diffusion	Tensor	Imaging	in	MSA 
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MSA-C cases, whereas Trace (D) values in the cerebellum and middle cerebellar 

peduncle (MCP) were significantly higher in MSA-C than in MSA-P patients and 

controls. Furthermore, the increase of disease duration significantly correlated with 

increased Trace (D) values in the pons of MSA-P patients, and in cerebellum and MCP 

of MSA-C patients. Both Unified Multiple System Atrophy Rating Scale (UMSARS) and 

Unified Parkinson's Disease Rating Scale (UPDRS) motor scores positively correlated 

with entire and posterior putaminal Trace (D) values in MSA-P patients 317.  

The hot cross bun sign implies that the corticospinal tract (CST) remains intact in the 

presence of pons and pontocerebellar fibres degeneration. However, this contradicts 

pathological reports that support the involvement of white matter CST in MSA. By using 

DTI CST white matter changes have been shown to be present, with a marked decrease 

in FA and increase in MD observed in the transverse pontocerebellar fibres, the 

corticospinal tracts, pons, and the cerebellum. These observations correlate well with 

neuropathological studies 341 suggesting that DTI is much better at detecting white 

matter structural changes than standard MRI sequences.  

Resting state functional MRI (rsfMRI) is a relatively new tool that, unlike task-based 

fMRI, assesses brain connectivity while the subject is at ‘rest’ (lying quietly in the 

scanner). This technique allows the assessment of ‘functional’ connectivity and 

networks by visualising synchronised neuronal activation (based on the blood 

oxygenation level or BOLD signal) between spatially distinct brain regions. 342 The most 

well-defined network is the default mode network 343 although multiple other ‘intrinsic 

connectivity networks’ have been described including sensorimotor, visual, language, 

attention and salience networks 344-349. There are currently only a small number of 

studies using rsfMRI in MSA. The first such study showed that the networks most 

affected in MSA are the default mode and sensorimotor networks 350. 20 clinically 
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probable MSA patients were analysed alongside 9 healthy controls, using a regional 

homogeneity (ReHo) method to investigate neuronal networks in resting state. ReHo 

changes have been described in IPD, including sensorimotor networks 351, but in the 

IPD group ReHo was reduced in medial PFC and SMA, compared with an increase in the 

same areas in MSA. Although these are very small studies and require further 

replication, they could be significant. However, other pathways affected in MSA e.g. 

the olivopontocerebellar and the nigrostriatal networks were not assessed, so much 

remains to be explored.  

Whole brain connectivity analysis was also used to monitor response to repetitive 

transcranial magnetic stimulation (TMS) in MSA patients in a small study 352. Patients 

were randomised to 10 sessions of TMS targeting the motor cortex area or sham TMS. 

Patients receiving active TMS showed changes in several networks including the default 

mode, cerebellar and limbic networks. Interestingly, the positive changes in the 

functional networks were associated with improved motor symptoms in the TMS 

treated group 352. 

2.5.4 Measures of perfusion 
	
Arterial spin labelling (ASL) is a new MRI technique that uses magnetically labelled 

water molecules in the blood to trace cerebral blood flow (CBF). As CBF is directly 

linked to metabolic activity ASL is a good non-invasive, radiation-free, low-cost marker 

of perfusion. Whole brain CBF maps can be calculated from the acquired data allowing 

group comparisons 353. In PD, ASL has been shown to be an alternative to PET and 

SPECT for assessing perfusion 354; 355. ASL has not yet been applied to MSA but recent 

experience in other neurodegenerative disorders, including various parkinsonian 

syndromes, are encouraging suggesting that ASL may prove a useful and safe 

neuroimaging tool in future. 
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2.5.5 Multimodal imaging and the future 
	
Complex molecular processes such as neurodegeneration require comprehensive 

neuroimaging protocols to accurately describe and track disease progression and 

studies are now starting to combine multiple imaging modalities. Combining T2* 

relaxation rates with DTI metrics has revealed significant changes in the putamen of 

MSA compared with IPD. Comparing the clinical subtypes, the MSA-P group showed a 

higher MD in the putamen compared to IPD and MSA-C. Importantly, the combination 

of the two methods assessing structural integrity (T2* and MD) provided 96% accuracy 

in differentiating IPD cases from MSA-P 315. In a group of early stage atypical 

parkinsonian syndrome patients with unknown diagnosis, a prospective study using 

both conventional T1/T2-MRI (regions of atrophy and signal changes) and DTI (MD and 

FA metrics) measures assessed the diagnostic accuracy when both techniques were 

used. A diagnosis was reached after clinical follow-up. As with the previous study, 

significantly higher MD in the putamen was present in the MSA-P compared to the rest 

of the group, and diagnostic accuracy increased when the DTI metrics were added 356. 

Similarly, adding SWI data to conventional structural MRI improved the accuracy of 

identifying the MSA cases from the atypical parkinsonism group 328.  

Although not yet applied to MSA, a combination of MRI, DTI, fMRI and ASL has 

improved diagnostic accuracy in other neurodegenerative disorders e.g. AD and FTD 

based on structural and functional white matter involvement 357. A similar approach 

could provide significant qualitative and quantitative markers of disease and 

progression for MSA where the white matter tracts are affected early in the disease 

course.  
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2.6 Fluid biomarkers in MSA  

Markers derived from blood (serum and plasma) and cerebrospinal fluid (CSF) are 

needed both for diagnosis and for conducting clinical trials. Importantly, fluid 

biomarkers can be used as dynamic markers of disease activity as the effect of a 

therapeutic intervention on processes associated to the disease can be directly inferred 

via molecular analyses. 

 

Markers of α-synuclein Involvement  

The α-synuclein protein is the major component of GCIs. Therefore, the levels of α-

synuclein represent a biomarker of interest in MSA. The majority of the studies (7 out 

of 10) measuring total level of α-synuclein (Tα-syn) in the CSF of parkinsonian 

syndromes showed a decrease of CSF Tα-syn in MSA when compared to healthy 

controls (Table 2.2) 358-364 however, no significant difference was found between MSA 

versus PD or MSA versus other APS 360-365. The majority of the studies show low 

specificity when using α-synuclein as a biomarker for differential diagnosis of MSA 

versus other parkinsonian disorders. Pathologically, the reduction in α-synuclein levels 

in the CSF suggests the formation of α-synuclein aggregates in the brain, within the 

GCIs. In addition to CSF, Tα-syn levels were also recently investigated in the blood by 

analysing the levels of α-synuclein in the erythrocytic membrane. The study found that 

there was a significantly higher concentration of Tα-syn in the erythrocytic membrane 

of MSA individuals when compared to controls, producing a high sensitivity (94.5%) but 

a low specificity (21.8%) 366. 

It is known that post-translational modifications such as phosphorylation may occur in 

synucleinopathies for example, the phosphorylation of α-synuclein in position Serine 

129 (PS-129) has been linked to α-synuclein aggregation in PD pathogenesis 367. 
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Decreased levels of PS-129 have been found in MSA individuals compared to PD 

individuals and controls in both the discovery and validation cohorts in the study. 

Furthermore, MSA individuals had a higher ratio of PS-129 to α-synuclein. The overall 

diagnostic accuracy indicated that there was a 77.1% chance of PS-129 distinguishing 

between MSA patients and PD patients but achieved only 55% in distinguishing 

between MSA and PSP individuals, suggesting that PS-129 is not a good discriminator 

between these two conditions. The PS-129/Tα-syn ratio was much better at 

differentiating MSA from PSP 361. However, another study showed no difference in the 

CSF levels of phosphorylated forms of α-synuclein between MSA individuals and PD 

individuals 368. This suggests that further experiments are required to validate these 

markers.  

Furthermore, significantly higher CSF levels of oligomeric phosphorylated α-synuclein 

(PS-129) were found in MSA patients versus the other diagnostic groups including PD 

individuals and healthy controls. MSA patients also had a higher mean CSF level of 

oligomeric α-synuclein, however there was no statistically significant difference found 

between the groups. These findings suggest that elevated CSF levels of oligomeric 

phosphorylated forms of α-synuclein would be beneficial for differential diagnosis, 

although it is important to note that these results were drawn from only 8 MSA 

patients therefore, a larger sample size would be recommended for validation 368. 

Significantly increased levels of oligomeric α-synuclein were also found in the 

erythrocyte membrane of MSA patients versus healthy controls, which produced a 

sensitivity of 80.5% and a specificity of 53.4%. However, there were no significant 

differences found in oligomeric α-synuclein levels in the erythrocytic cytoplasm 366. This 

demonstrates the value of a blood-based biomarker for MSA although further work 
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needs to be performed to test if this can be used to discriminate MSA from other 

synucleinopathies. 

 The ubiquitin proteasome system is involved in protein degradation. Dysfunction of 

this major quality control system can interfere with the regulation of α-synuclein levels 

by contributing to the abnormal accumulation of α-synuclein in MSA 369. A vital 

component of the ubiquitin proteasome system is the ubiquitin carboxy-terminal 

hydrolase L1 (UCH-L1). Significantly lower levels of UCH-L1 have been found in the CSF 

of MSA individuals compared to controls. In contrast, the UCH-L1 levels were 

significantly higher in MSA individuals versus PD individuals with respect to a high 

specificity and a low sensitivity (Table 2.2). There was a significantly higher 

concentration of UCH-L1 found particularly in female individuals with MSA compared 

to males 362. 

 

Markers of Glial Involvement  

Markers of glial involvement could be an important area in MSA research as they 

reflect the pathology of the disease. Myelin basic protein (MBP) is a major component 

of myelin in oligodendroglia and has been found to co-localise with the p25α protein, 

proposed to be part of MSA pathophysiology. In MSA, p25α has been found to relocate 

to the cell body of the oligodendrocytes. Consequently, lower MBP levels were 

detected in the myelin of individuals with MSA, suggesting a conformational loss of 

myelin proteins during the formation of GCIs in MSA 370. There was a significant 

increase in CSF MBP levels of MSA patients compared to those with idiopathic PD, 

producing a high specificity (86%) and sensitivity (72%) (Table 2.2) 371. However, as the 

only control group in the study was PD, it is unclear what the MBP profile is in other 

APS. 
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 A marker of microglial activation, YKL-40, a secreted glycoprotein, showed significantly 

increased levels in the CSF in MSA patients when compared to PD. Nonetheless, this 

finding was not specific to MSA as other APS also showed significantly high CSF levels of 

YKL-40 therefore, this biomarker is determined to have high sensitivity but low 

specificity 358. 

 Glial Fibrillary Acidic Protein (GFAP) is a protein predominantly expressed in astrocytes. 

Degeneration and/or activation of astrocytes in the brain may lead to the release of 

GFAP into the CSF. Studies measuring the levels of GFAP in the CSF of patients with 

parkinsonian syndromes, including MSA, showed that GFAP CSF levels were not 

increased in MSA (only in 25% of patients) but increased more frequently in patients 

with PSP and PD 372. Furthermore, other studies also showed a similar trend or no 

difference in levels between the parkinsonian syndromes, suggesting that GFAP is a 

biomarker with low specificity and sensitivity 371; 373. 

 

Markers of Neurodegeneration and Axonal Damage  

Neurofilament proteins have shown promise as potential biomarkers for 

neurodegeneration. Neurofilament proteins are abundant scaffolding structural 

proteins expressed exclusively in neurones and therefore, are highly specific to 

neuronal damage and disease 374. Neurofilament proteins are classified as part of the 

Class IV intermediate filament family as they are 10 nm filaments, with a diameter 

between actin (6 nm) and myosin filaments (15 nm). They are composed of four 

subunits and based on DNA sequences, the molecular masses of human neurofilament 

light chain (NfL), neurofilament medium chain (NfM), neurofilament heavy chain (NfH) 

and ⍺-internexin are 61.5, 102.5, 112.5 and 55.4 kDa respectively. Neurofilament 
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proteins are known to have a critical role in the radial growth and structural stability of 

axons, thereby achieving optimal nerve conduction along axons 375. 

Increased NfL levels suggest increased levels of axonal damage. As the damage leads to 

leakage of the neurofilament proteins into the CSF and the blood, NfL levels can be 

measured in both (Table 2.2) 358; 374; 376. Significantly higher levels of blood NfL were 

found in MSA patients when compared to PD, PSP, CBD and healthy individuals 

however, the NfL levels were not specific and sensitive for MSA but for all APS 376. This 

finding was validated by several other studies showing that there were significantly 

higher levels of NfL in all APS when compared to PD 358; 377. NfL levels investigated in 

the CSF of MSA patients showed similar results to the blood measurements, with NfL 

being significantly higher in MSA compared to controls however, they were not able to 

differentially diagnose MSA from other APS. Differential diagnosis was only possible 

when the CSF NfL levels were used to differentially diagnose PD from APS with 85% 

certainty 358. Although non-specific to MSA, NfL levels could be used to assess disease 

progression and/or severity, particularly in longitudinal study settings due to its 

dynamic properties. NfL could potentially be a significant biomarker used in clinical 

trials as a decrease in NfL levels in the blood/CSF during or after the trial suggests 

decreased axonal damage and therefore, reduced neurodegeneration or slower 

progression of the disease as a response to treatment. 

NfH have also shown promising results as biomarkers for axonal damage. NfH such as 

NfH SM135 and NfHp35, are highly phosphorylated in mature axons, vital for 

promoting the formation of a highly stable neuronal cytoskeleton, to ensure structural 

support and to mediate protein-protein interaction 375.  Significantly higher levels of 

NfH SM135 were found in the CSF of MSA patients compared to age-matched healthy 

controls, as well as individuals with PD and CBD. Using an optimised cut-off value of 
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0.98 ng/mL, NfH SM135 provided a differential diagnosis between MSA and PD with a 

sensitivity of 61.2% and a specificity of 88.9% 378. The elevated NfH levels in MSA 

individuals compared to the PD group found in this study, can be partially explained by 

neuroanatomical studies, whereby pronounced immunostaining for neurofilaments 

was shown in certain areas of the basal ganglia known to be affected in MSA, 

particularly the caudal segments of the putamen and parts of the globus pallidus 379. It 

has been suggested that NfH could be a beneficial biomarker for differentiating 

between parkinsonian syndromes due to its prominence in more rapidly progressing 

conditions such as MSA and PSP, compared to PD or CBD.  This is consistent with 

another study, which focused specifically on MSA-P individuals and found significantly 

higher CSF NfHp35 in MSA-P patients compared to PD individuals. This achieved an 

accurate level of discrimination between MSA-P and PD individuals with respect to high 

sensitivity and high specificity 380. Furthermore, it was found that CSF NfH levels were 

10 times higher in MSA-C individuals (3.1 ng/mL) versus MSA-P individuals (0.3 ng/mL), 

which indicates the potential value for NfH in distinguishing patients with cerebellar 

symptoms however, the small sample size limits the reliability of statistical analysis 378. 

On the other hand, a longitudinal study showed slight increases in median levels of CSF 

NfH SM135 from baseline, a 6-month follow-up and a 12-month follow-up. However, 

there was no significant change in the absolute CSF levels of NfH over time. This 

suggests that on its own, CSF NfH SM135 is not a useful marker of MSA progression at 

least over a 1-year period and future work needs to be conducted to uncover the 

diagnostic or prognostic value of the dynamics of NfH 381.  

Tau is a microtubule-associated protein, which is mainly localised in the neuronal axons 

and is responsible for the maintenance of the normal cytoskeleton playing a key role in 

the regulation of microtubule dynamics and axonal transport. Abnormal tau 
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phosphorylation contributes to the pathogenesis of neurodegenerative diseases such 

as Alzheimer Dementia and PSP 382. In MSA, tau levels were significantly elevated in the 

CSF of MSA-P individuals compared to PD individuals, yielding high sensitivity (76%) and 

high specificity (97%). This significant increase in CSF tau levels found in MSA-P 

individuals could be due to widespread axonal degeneration 380. Similarly, higher CSF 

total tau (t-tau) levels were found in MSA individuals relative to both PD individuals and 

healthy controls and higher phosphorylated tau (p-tau) levels were found in MSA 

compared to PD individuals. There were no significant differences found between p-tau 

concentrations in MSA, PD and PSP individuals, although there were significantly lower 

CSF p-tau/t-tau ratios amongst APS compared to PD. Tau doesn’t contribute to 

differential diagnosis between MSA phenotypes as there were no significant 

differences in tau levels between MSA-P and MSA-C 372. 

In contrast, another study detected lower t-tau levels in the CSF of MSA individuals 

compared to PD individuals and controls 360. Additionally, MSA individuals had lower 

CSF p-tau concentrations compared to controls, with no significant difference in the 

CSF p-tau concentrations relative to PD. However, the combination of CSF p-tau/t-tau 

ratio and alpha synuclein was deemed as one of the best discriminating parameters of 

differential diagnosis between MSA and PD when CSF samples with high blood 

contamination were excluded, producing a sensitivity of 90% and a specificity of 71% 

360. 

Biomarker	 Sensitivity	and	Specificity	or	
ROC	AUC	values	 MSA	patients	in	

study		 Controls	in	study		 Reference		
Blood-based	biomarkers	in	MSA	

↑	Serum	IGF-1	levels		 MSA	vs	PD:	
High	Specificity	(*)	
Low	Sensitivity	(*)	

25	MSA	patients	 79	PD	patients		
16	PSP	patients	
52	Healthy	controls		

Numao	et	al.	2014	383	

↑	Plasma	IL-6	levels		 MSA	vs	Healthy	controls:	
High	Specificity	(*)				
Low	Sensitivity	(*)	

10	MSA-P	patients	
4	MSA-C	patients	 40	Healthy	controls		 Kaufman	et	al.	2013	

384	

↑	Plasma	TNF⍺	levels	 MSA	vs	Healthy	controls:	
High	Specificity	(*)	
Low	Sensitivity	(*)	

10	MSA-P	patients	
4	MSA-C	patients	 40	Healthy	controls		 Kaufman	et	al.	2013384	
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Biomarker	 Sensitivity	and	Specificity	or	
ROC	AUC	values	 MSA	patients	in	

study		 Controls	in	study		 Reference		
↓	Plasma	CoQ10	levels		 MSA	vs	Healthy	controls:	

High	Specificity	(97.5%)	
Low	Sensitivity	(40%)	

40	MSA	patients	 30	PD	patients		
30	Healthy	controls	

Du	et	al.	2018	385	

↑	Blood	NFL	levels	 APS	vs	PD:	
High	Specificity	(80%-92%)	
High	Sensitivity	(70%-93%)	

88	MSA	patients		 244	PD	patients	
70	PSP	patients		
23	CBD	patients	
79	Healthy	controls		

Hannson	et	al.	2017	
376	

↑	Oligo-	⍺-syn	
(Erythrocyte	membrane)	

MSA	vs	Healthy	controls:	
Low	Specificity	(60.2%)	
High	Sensitivity	(71.1%)	

56	MSA-P	patients	
21	MSA-C	patients	
	

133	Healthy	controls	 Liu	et	al.	2019	366	

↑	T⍺-syn	levels	
(Erythrocyte	membrane)	

MSA	vs	Healthy	controls	
Low	Specificity	(21.8%)	
High	Sensitivity	(94.5%)	

56	MSA-P	patients	
21	MSA-C	patients	
	

133	Healthy	controls	 Liu	et	al.	2019	366	
	

CSF-based	biomarkers	in	MSA	
↓	T⍺-syn	levels		 PD	vs	APS:	

High	Specificity	(70%)	
Low	Sensitivity	(55%)	
		

31	MSA	patients		 31	PD	patients		
33	PSP	patients			
14	CBD	patients	
26	AD	patients		
16	FTD	patients	
30	Healthy	controls		

Magdalinou	et	al.	
2015358	

↓	T⍺-syn	levels	 Discovery	cohort:	
MSA	vs	Healthy	controls:	
ROC	AUC	=	0.886		
(High	Accuracy)	
	
PD	vs	MSA:	
ROC	AUC	=	0.624	
(Low	Accuracy)	
	
MSA	vs	PSP:	
ROC	AUC	=	0.674	
(Low	Accuracy)	
	

Discovery	cohort:	
16	MSA	patients		
	
Validation	cohort:	
25	MSA	patients		
	

Discovery	cohort:	
93	PD	patients	
33	PSP	patients	
26	AD	patients	
78	Healthy	controls	
	
Validation	cohort:	
116	PD	patients	
27	PSP	patients	
50	AD	patients	
126	Healthy	controls	

Wang	et	al.	2012361	

↔	T⍺-syn	levels	 No	Specificity	
No	Sensitivity	

8	MSA	patients		 39	PD	patients	
12	PSP	patients	
17	DLB	patients	
20	Healthy	controls	

Foulds	et	al.	2012368	

↓	T⍺-syn	levels	 PD	vs	APSs:	
ROC	AUC	=	0.58	
(Low	Accuracy)	

48	MSA	patients		 90	PD	patients	
48	AD	patients	
33	PDD	patients	
70	DLB	patients	
45	PSP	patients	
12	CBD	patients	
107	Healthy	controls	

Hall	et	al.	2012359	

↔	T⍺-syn	levels	 No	Specificity	
No	Sensitivity	

23	MSA	patients		 43	PD	patients	
57	Healthy	controls	

Herbert	et	al.	2014386	

↓	T⍺-syn	levels	 MSA	vs	PD:		
Low	Specificity	(*)	
Low	Sensitivity	(*)	

34	MSA	patients		 52	PD	patients	
32	PSP	patients	
12	CBD	patients	
22	Healthy	controls	

Mondello	et	al.	
2014362	

↓	T⍺-syn	levels	 PD	vs	MSA:	
Low	Specificity	(25%)	
High	Sensitivity	(91%)	

32	MSA	patients		 126	PD	patients	
50	AD	patients	
137	Healthy	controls	

Shi	et	al.	2011360	
	

↔	T⍺-syn	levels	 No	Specificity	
No	Sensitivity	

47	MSA	patients		 58	PD	patients	
3	DLB	patients	
22	VaP	patients	
10	PSP	patients		
2	CBD	patients		
57	Healthy	controls	

Aerts	et	al.	2012387	

↓	T⍺-syn	levels	 MSA	vs	PD	plus	DLB:	
Low	Specificity	(*)	
Low	Sensitivity	(*)	

11	MSA	patients		 11	PD	patients	
6	DLB	patients	
9	AD	patients	

Tateno	et	al.	2012363	

↓	T⍺-syn	levels	 Discovery	cohort:	
MSA	vs	PD:	
Low	Specificity	(~17%)	
High	Sensitivity	(~90%)	

Discovery	cohort:	
29	MSA	patients		
	
Validation	cohort:	
15	MSA	patients	
	

Discovery	cohort:	
51	PD	patients	
55	DLB	patients	
76	Neurological	controls	
62	AD	patients		
	
Validation	cohort:	
273	PD	patients	
8	PSP	patients	
66	DLB	patients	
23	Neurological	controls	

Mollenhauer	et	al.	
2011364	
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Biomarker	 Sensitivity	and	Specificity	or	
ROC	AUC	values	 MSA	patients	in	

study		 Controls	in	study		 Reference		
62	AD	patients		
22	Normal	pressure	
hydrocephalus	

↓	Phospho-	⍺-syn	
(PS-129)	

Discovery	cohort:	
MSA	vs	Healthy	controls	
ROC	AUC	=	0.638	
(Low	Accuracy)	
	
PD	vs	MSA	
ROC	AUC	=	0.771	
(High	Accuracy)	
	
MSA	vs	PSP	
ROC	AUC	=	0.55	
(Low	Accuracy)	

Discovery	cohort:	
16	MSA	patients		
	
Validation	cohort:	
25	MSA	patients		

Discovery	cohort:	
93	PD	patients	
33	PSP	patients	
26	AD	patients	
78	Healthy	controls	
	
Validation	cohort:	
116	PD	patients	
27	PSP	patients	
50	AD	patients	
126	Healthy	controls	

Wang	et	al.	2012361	

↑	PS-129/T	⍺-syn	ratio	 Discovery	cohort:	
MSA	vs	Healthy	controls	
ROC	AUC	=	0.795	
(High	Accuracy)	
	
PD	vs	MSA	
ROC	AUC	=	0.538	
(Low	Accuracy)	
	
MSA	vs	PSP	
ROC	AUC	=	0.781	
(High	Accuracy)	

Discovery	cohort:	
16	MSA	patients		
	
Validation	cohort:	
25	MSA	patients		
	

Discovery	cohort:	
93	PD	patients	
33	PSP	patients	
26	AD	patients	
78	Healthy	controls	
	
Validation	cohort:	
116	PD	patients	
27	PSP	patients	
50	AD	patients	
126	Healthy	controls	

Wang	et	al.	2012361	

↑	Oligo-phospho-	⍺-syn	 MSA	vs	All	Controls:	
High	Specificity	(*)	
High	Sensitivity	(*)	

8	MSA	patients		 39	PD	patients	
12	PSP	patients	
17	DLB	patients	
20	Healthy	controls	

Foulds	et	al.	2012368	

↑	MCP-1	levels	 MSA	vs	Healthy	controls:	
High	Specificity	(*)	
High	Sensitivity	(*)	

31	MSA	patients		 31	PD	patients		
33	PSP	patients			
14	CBD	patients	
26	AD	patients		
16	FTD	patients	
30	Healthy	controls		

Magdalinou	et	al.	
2015358	

↑	NfL	levels	 PD	vs	APS:	
ROC	AUC	=	0.85	

31	MSA	patients		 31	PD	patients		
33	PSP	patients			
14	CBD	patients		
26	AD	patients		
16	FTD	patients		
30	Healthy	controls		

Magdalinou	et	al.	
2015358	

↑	NfH	levels		
(NfH	SM135)	
	

MSA	vs	PD:	
High	Specificity	(88.9%)	
Low	Sensitivity	(61.2%)	
	
MSA	vs	PD,	CBD	and	controls:	
High	Specificity	(87.7%)	
Low	Sensitivity	(61.2%)	

11	MSA-P	patients	
10	MSA-C	patients	
	

22	IPD	patients	
21	PSP	patients	
6	CBD	patients	
45	Age-matched	controls	

Brettschneider	et	al.	
2006	378	

↑	NfH	levels		
(NfHp35)	
	

MSA-P	vs	IPD:	
High	Specificity	(87%)	
High	Sensitivity	(83%)	

19	MSA-P	patients		 31	IPD	patients	
106	Healthy	controls	

Abdo	et	al.	2007380	

↑	Tau	levels	 MSA-P	vs	IPD:	
High	Specificity	(97%)	
High	Sensitivity	(76%)	

19	MSA-P	patients		 31	IPD	patients	
106	Healthy	controls	

Abdo	et	al.	2007380	
	

↓	t-tau	levels		 MSA	vs	Controls:	
Low	Specificity	(26%)	
High	Sensitivity	(90%)	
	
PD	vs	MSA	
Low	Specificity	(40%)	
High	Sensitivity	(90%)	

32	MSA	patients		 126	PD	patients	
50	AD	patients	
137	Healthy	controls	

Shi	et	al.	2011360	

↓	p-tau	levels		 MSA	vs	Controls:	
Low	Specificity	(32%)	
High	Sensitivity	(90%)	
	
PD	vs	MSA	
Low	Specificity	(10%)	
High	Sensitivity	(90%)	

32	MSA	patients		
	

126	PD	patients	
50	AD	patients	
137	Healthy	controls	
	

Shi	et	al.	2011360	
	

↓	UCH-L1	(vs	Healthy	Controls)	
	
	
	

PD	vs	APS:	
High	Specificity	(77%)	
Low	Sensitivity	(58%)	
	

34	MSA	patients		 52	PD	patients	
32	PSP	patients	
12	CBD	patients	
22	Healthy	controls	

Mondello	et	al.	
2014362	
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Biomarker	 Sensitivity	and	Specificity	or	
ROC	AUC	values	 MSA	patients	in	

study		 Controls	in	study		 Reference		
↑	UCH-L1	(vs	PD)	 MSA	vs	PD:	

High	Specificity	(*)	
Low	Sensitivity	(*)	

↓	ratio	of	C3/FH		 MSA	vs	Healthy	Controls:	
High	Specificity	(81%)	
High	Sensitivity	(85%)	
	
MSA	vs	PD:	
High	Specificity	(87%)	
High	Sensitivity	(80%)	

32	MSA	patients		 50	AD	patients		
126	PD	patients	
137	Healthy	controls		

Wang	et	al.	2011388	

↑	MBP	levels	 MSA	vs	IPD:	
High	Specificity	(86%)	
High	Sensitivity	(72%)	

30	MSA	patients		 35	IPD	patients		 Abdo	et	al.	2004371	

↓	DOPAC	levels	
(dopamine	metabolite)	

MSA	vs	PD:	
Low	Specificity	(*)	
Low	Sensitivity	(*)	

54	MSA	patients		 34	PD	patients		
20	PAF	patients		
38	Healthy	controls	

Goldstein	et	al.	
2012389	

↓	DHPG	levels	
(norepinephrine	metabolite)	

MSA	vs	PD:	
Low	Specificity	(*)	
Low	Sensitivity	(*)	

54	MSA	patients		 34	PD	patients		
20	PAF	patients		
38	Healthy	controls	

Goldstein	et	al.	
2012389	

↓	MHPG	levels	
(norepinephrine	metabolite)	

MSA	vs	IPD:	
High	Specificity	(90%)	
High	Sensitivity	(71%)	

30	MSA	patients		 35	IPD	patients	 Abdo	et	al.	2004371	

↓	5-HIAA	levels	
(serotonin	metabolite)	

MSA	vs	IPD:	
High	Specificity	(90%)	
High	Sensitivity	(71%)	

30	MSA	patients		 35	IPD	patients		 Abdo	et	al.	2004371	

Table 2.2 –Fluid biomarkers Investigated in MSA 
(*)	Exact	values	could	not	be	determined	due	to	missing	data	presented	however,	inferences	were	made	based	on	the	information	from	trends	
and	data	available.	↓	means	decrease,	↑	means	increase	and	↔	means	no	difference	in	levels	of	biomarker.		
Abbreviations:	ROC,	 Receiver	Operating	 Characteristic	 graph;	AUC,	 Area	Under	 the	 Curve	 (on	 a	 ROC	 graph);	MSA,	Multiple	 System	Atrophy;	
MSA-P,	Multiple	System	Atrophy-Parkinsonian	type;	MSA-C,	Multiple	System	Atrophy-Cerebellar	type;	PD,	Parkinson’s	Disease;	IDP,	Idiopathic	
Parkinson’s	 Disease;	 	 PDD,	 Parkinson’s	 Disease	 with	 Dementia;	 VaP,	 vascular	 Parkinsonism;	 PSP,	 Progressive	 Supranuclear	 Palsy;	 	 CBD,	
Corticobasal	 degeneration;	 	 AD,	 Alzheimer’s	 Disease;	 FTD,	 Frontotemporal	 Dementia;	 	 DLB,	 Dementia	 with	 Lewy	 Bodies;	 APS,	 Atypical	
Parkinsonian	 Syndromes;	 MCP,	 Middle	 Cerebellar	 Peduncle;	 IGF-1,	 Insulin-like	 growth	 factor-1;	 TNF⍺,	 Tumour	 necrosis	 Factor	 ⍺;	 IL-6,	
Interleukin-6;	 CoQ10,	 Coenzyme	 Q10;	 NfL,	 Neurofilament	 Light;	 NfH,	 Neurofilament	 Heavy;	 t-tau,	 Total	 tau;	 p-tau,	 Phosphorylated	 tau;	
Phospho-	⍺-syn,	 Phosphorylated	⍺-synuclein;	PS-129,	⍺-synuclein	 phosphorylated	 in	 position	 Ser129;	Oligo-⍺-syn,	 Oligomeric	⍺-synuclein;	
Oligo-phospho-⍺-syn,	Oligomeric	phosphorylated	⍺-synuclein;	UCH-L1,	Ubiquitin	 carboxyl-terminal	hydrolase	L1;	T⍺-syn,	Total	⍺-synuclein;	
MCP-1,	Monocyte	chemoattractant	protein-1;	C3/FH,	Complement	3/Factor	H;	MBP,	Myelin	Basic	Protein;	FDG-PET,	18-F-fluorodeoxyglucose	
positron	 emission	 tomography;	 SPECT,	 Single-photon	 emission	 computed	 tomography;	 	 LBD,	 Lewy	 body	 diseases;	 DOPAC,	
dihydroxyphenylacetic	 acid;	DHPG,	 dihydroxyphenylglycol;	MHPG,	 3-methoxy-4-hydroxyphenylethyleneglycol;	 5-HIAA,	 5-hydroxyindolacetic	
acid;	PAF,	Pure	Autonomic	Failure	

 

Markers of Neuroinflammation  

Increased levels of certain inflammatory biomarkers suggest that neuroinflammation is 

part of the pathophysiology of MSA 383-385. Interleukin-6 (IL-6) and TNF⍺ are 

proinflammatory cytokines that possibly play a role in the neuroinflammatory 

processes involved in MSA pathophysiology. Increased levels of serum IL-6 and TNF⍺ 

were evaluated in 14 MSA patients versus 40 healthy controls 384. In a different study 

assessing inflammatory markers in PD (78 PD and 140 healthy controls), increased IL-6 

and TNF⍺ levels were also seen in PD hence, increased levels of these two 

inflammatory markers are not specific to MSA. Nevertheless, such biomarkers may be 

used to assess response to treatment if validated to a specific disease process 390. 
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Monocyte chemoattractant protein-1 (MCP-1) is another inflammatory cytokine of 

interest. Significantly increased CSF levels of MCP-1 were found in MSA patients 

however, this result was only obtained when compared to healthy controls. The 

increased MCP-1 levels were also observed in the other neurodegenerative diseases in 

the study therefore, MCP-1 is not a specific marker to MSA 358. 

The ratio of Complement 3/Factor H (C3/FH) is another inflammation-related factor of 

interest. C3 is part of the complement cascade and F4 has a role in regulating C3 

activity. A study found that there was a decrease in the CSF ratio of C3/FH in MSA with 

high specificity (87%) and sensitivity (80%) in differentially diagnosing MSA from PD 388. 

However, the study was not replicated since then.  

Insulin-like growth factor-1 (IGF-1) is a protein secreted by many organs in the body 

such as the muscle, liver and the brain. IGF-1 is produced in the brain by neurones and 

glial cells however, it can also enter into the central nervous system (CNS) from the 

periphery via the choroid plexus. In the CNS, IGF-1 has many functions including 

regulation of early brain development, neurogenesis, producing neurotransmitters and 

the formation of myelin and synapses. The role of IGF-1 in neuroinflammation is still 

controversial. Nevertheless, IGF-1 is widely accepted as a factor involved in 

neuroinflammatory processes 391. Significantly increased IGF-1 levels were detected in 

MSA patients compared to controls. IGF-1 levels were also positively correlated with 

the disease duration and the UMSARS motor scores suggesting that IGF-1 may reflect 

disease progression, therefore indicating that there is a dysfunction in the IGF-1 

pathway in MSA 383. Abnormal IGF-1 signalling in the MSA mouse models and 

alterations of IGF-1 signalling were successfully reversed by treatment with exendin-4, 

a glucagon receptor protein-1 (GLP-1) agonist that activates the effectors of IGF-1 392. 

This research has led to a clinical trial in MSA patients using exenatide (also known as 
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exendin-4), which is already licenced for type 2 diabetes. A current phase III clinical trial 

is assessing the role of exenatide in slowing down the progression of PD with earlier 

phase outcomes showing promising results 393.  

 

Markers of Neurotransmitters and their Metabolites  

The dopaminergic pathways in the brain are the main pathways affected in 

parkinsonian disorders due to neurodegeneration of dopaminergic neurones hence, 

levels of dopamine in the CSF of MSA patients have been investigated. However, 

investigations have also shown changes in levels of other neurotransmitters such as 

serotonin and norepinephrine. A study aiming to determine the CSF levels of 

dopaminergic and norepinephrinergic metabolites in patients showed that in MSA 

(n=54), PD (n=34) and PAF (n=20) there was a significant decrease in 

dihydroxyphenylacetic acid (DOPAC), a metabolite of dopamine, and 

dihydroxyphenylglycol (DHPG), a metabolite of norepinephrine. These findings suggest 

that in the brain of an individual with MSA, there are low levels of dopamine and 

norepinephrine, but the results were unsuccessful in differentially diagnosing MSA 

from PD389. In a separate study, levels of another norepinephrine metabolite, 3-

methoxy-4-hydroxyphenylethyleneglycol (MHPG) were also found to be significantly 

decreased in MSA, with high specificity (90%) and sensitivity (71%) in differential 

diagnosis from PD 371. The CSF levels of 5-hydroxyindolacetic acid (5-HIAA), the main 

metabolite of serotonin, were also significantly reduced in MSA. When compared to 

PD, low 5-HIAA levels in MSA had high specificity (90%) and sensitivity (71%) 371. In spite 

of this, treatment with selective serotonin reuptake inhibitors (SSRIs) did not improve 

survival therefore, suggesting that aiming to increase levels of serotonin in the brain 

may not be an effective treatment in modifying disease progression 394. 
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2.7 Genetic targets in MSA 

	
Although a few familial cases with Mendelian inheritance have been reported 395; 396, 

MSA is usually a sporadic disorder. Two cases of probable MSA were reported in a 

German family with no history of consanguinity. They presented with ataxia and 

parkinsonism which corresponded with morphological changes on MRI scans 396. One 

of the affected individuals was then confirmed to have definite MSA after a post-

mortem examination of the brain was performed 397. Inheritance pattern this family 

was consistent with autosomal dominant inheritance as seen in another Japanese 

family 398. Genetic testing excluded mutations in SNCA, SCA-related genes in both 

German and Japanese families, with the addition of FXTAS and dentatorubral-

pallidoluysian atrophy (DRPLA) in the latter. No further next-generation sequencing 

data was published in either of these two families.  

Furthermore, familial cases suggesting autosomal recessive MSA were also described. 

Three siblings in the United States, presented with probable MSA characterised by 

orthostatic hypotension and a poor response to levodopa therapy and suggested 

autosomal recessive inheritance however, a definite MSA diagnosis was not possible as 

no autopsy was performed 399. Genetic testing excluded SCAs and SNCA variants as 

causal, but no further genetic testing was reported.   

Four Japanese families of which one with consanguineous marriage (parents were first-

degree cousins) with autosomal recessive inheritance presenting with parkinsonism, 

cerebellar ataxia and autonomic failure were reported in which, α-synuclein mutations, 

SCAs and ATN1 expansions were excluded but no further genetic testing was 

performed 395. Later, six Japanease families with autosomal recessive inheritance and 
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MSA phenotype were reported 400. In these families, linkage analysis and whole-

genome sequencing was performed. Homozygous (p.M128V-p.V393A/p.M128V-

p.V393A) and compound heterozygous (p.V393A/p.R22X ) variants in COQ2 were 

identified in two of these families. The homozygous p.V393A variant was exclusive to 

the Japanese population and was associated with an increased risk of MSA in both 

familial and sporadic cases although only a modest risk of MSA was associated with the 

p.V393A variant with an odds ratio of 2.23 to 3.05. The allele frequency of p.V393A was 

4.8% in MSA patients versus 1.6-2.2% in controls 400. However, the Multiple-System 

Atrophy Brain Bank Collaboration failed to detect these COQ2 mutations in their set of 

European patients and controls. Instead, the following COQ2 variants were identified as 

more common in the controls versus the MSA cases: nonsense variant p.R22X (P = 

0.002), missense variant p.V66L (P = 0.02) and synonymous variant p.D298D (P = 0.02) 

401. These findings did not support a link between loss-of-function COQ2 variants and 

increased risk of MSA in Europeans, likewise with the GWAS whereby no common 

genetic variation in COQ2 was found to be associated with MSA 402. COQ2 encodes an 

enzyme involved in the synthesis of the antioxidant CoQ10. Levels of CoQ10 in plasma 

from MSA patients were significantly decreased showing high specificity but low 

sensitivity (97.5% and 40% respectively) versus healthy controls 385. Using post-mortem 

brain samples from 12 MSA patients, 9 PD patients, 9 essential tremor patients and 12 

healthy controls, the CoQ10 levels were investigated in the cerebellum, occipital cortex 

and the striatum. It was found that MSA patients had a 40% reduction in CoQ10 levels 

in the cerebellum when compared to PD and healthy controls 403. Although rare, the 

familial cases suggest that heritability may play a role in a small number of MSA. It was 

estimated the heritability for MSA due to common coding variants to be between 2.1% 

and 6.7% 404.  
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Extensive work has been undertaken studying the genetics of MSA in recent years. As 

abnormal α-syn deposited as GCI’s is the hallmark of MSA, several studies have looked 

at SNCA mutations (gene encoding for α-syn) as a cause of disease. Despite SNCA 

mutations (A30P, H50Q, G51D, A53T, A53E,) being associated with familial Parkinson’s 

disease (PD) leading to α-syn aggregation and cell toxicity, no SNCA mutations have 

been identified in true sporadic MSA. However, several families with SNCA mutations 

(e.g. G51D, SNCA triplications) presented with clinical and/or neuropathological 

similarities of autosomal dominant PD and MSA 405; 406 407, suggesting a possible link 

between the two conditions. A subsequent study targeting multiplications in SNCA in 

pathologically confirmed MSA cases did not identify any SNCA duplication or 

triplication 408. Nevertheless, a studies looking at single nucleotide polymorphism (SNP) 

identified SNPs in SNCA associated with increased risk of MSA in the Caucasian 

population 409 and replicated in other European studies 410, but not replicated in 

Chinese and Korean populations 411. An investigation into somatic SNCA copy number 

variants (CNVs), specifically duplications or triplications (known as ''gains'') using 

fluorescent in-situ hybridisation for SNCA and single-cell whole genome sequencing 

found that in the cingulate cortex, MSA and PD individuals had a significantly higher 

level of SNCA gains in neurones (2.80% and 2.18% respectively) compared to controls 

(1.12%; P = 7.0 × 10−4 and P = 4.7 × 10−3 respectively). MSA individuals also had a 

significantly higher overall level of SNCA gains in non-neurones (1.50%) compared to 

controls (0.79%; P = 7.0 × 10−4). These SNCA gains are thought to lead to increased 

mRNA levels, nevertheless, a larger sample size is required to test this 365. Screening for 

other PD causal genes (MAPT, LRRK2, PINK1) has not yet revealed any association with 

MSA 412-414. 
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A genome wide association study (GWAS) was also published in MSA. The GWAS 

included 918 MSA patients and 3874 European controls. Although a number of genes 

where proposed as candidates, such as FBXO47, ELOVL7, EDN and MAPT, none of these 

have reached significance with Bonferoni threshold 415. However, these results were 

not replicated in another GWAS involving 906 MSA patients and 941 unrelated healthy 

controls of the Chinese Han population from Mainland China, Taiwan and Singapore 402. 

All of the four SNPs were directly sequenced and then genotyped however no 

significant association found within the MSA cases in the Chinese population and the 

EDN1 rs16872704, FBXO47 s78523330, MAPT rs9303521, and ELOVL7 rs7715147 

variants. This suggests that these variants do not present as significant risk factors for 

MSA in the Chinese population, as they do in the European population. 

Several recent reports have focussed on prion-like mechanisms in synucleinopathies, 

but no variants in the prion protein gene (PRNP) were found to be associated with 

increased risk of MSA 416 although no large-scale study has been carried out looking at 

the PRNP gene in MSA.  Finally, other genes have been screened for their association 

with MSA including several Spinocerebellar Ataxia (SCA) genes. There is no strong 

evidence to suggest an association with SCA and MSA at present but larger studies in 

pathologically confirmed MSA cases are needed.  

Other genetic approaches studying the molecular basis of MSA included RNA and 

epigenetic studies. Differential expression of RNAs has been investigated in MSA via 

several RNA-sequencing technologies. A study analysing the ribosomal-depleted 

strand-specific RNA obtained from MSA frontal cortex tissue (n=6), using 100-bp 

paired-end sequencing on Illumina HiSeq1500 technology, found that there were 123 

differentially expressed genes; 65 out of the 123 differentially expressed genes were 

identified to be long intervening non-coding RNAs (lincRNAs) 417. Although not entirely 
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known, one of the roles of long non-coding RNAs (lncRNAs) is regulation of gene 

expression 418.  In addition to non-coding RNA, the expression of certain protein coding 

genes were also found to be differentially expressed in MSA; these genes included 

SERPINA3, IL1RL1 and HBB 417. These genes encode for the proteins serpin peptidase 

inhibitor clade A (alpha-1 antiproteinase, antitrypsin) member 3, interleukin 1 receptor-

like 1 and haemoglobin beta respectively 417. 

Blood samples from 10 MSA patients and 4 healthy controls were used to assess the 

regulation of microRNAs (miRNA) by the use of microarray chips. Results showed the 

existence of differential miRNA expression in MSA with significant upregulation of 50 

miRNAs and a significant downregulation of 17 miRNAs in MSA when compared to 

healthy controls. The typical upregulated miRNAs were identified to be miR-16, miR-

223, miR-25, let-7c, miR-17, let-7d, let-7i, let-7b, miR-24, let-7a, and miR-20a 419. 

Circular RNAs (circRNAs), produced by back-splicing, are considered more resistant to 

hydrolysis compared to linear RNAs. They have been recently recognised to be a group 

of non-coding endogenous RNAs that may be involved in gene expression. Using 

transcriptome sequence data collected from another study, 77 differential expression of 

5 different circRNAs encoded by the genes IQCK, MAP4K3, EFCAB11, DTNA, and MCTP1 

was found in the white matter of the frontal cortex in MSA (n=6). These 5 circRNAs 

were found to be significantly over-expressed in MSA when compared to the healthy 

controls 79. Firstly, the IQCK gene has been proven to encode a protein part of the IQ 

motif-containing family, that function as binding sites for various EF-hand proteins. The 

EFCAB11 gene encodes for an EF-hand protein domain, the EF-hand calcium-binding 

domain 11. DTNA encodes a protein belonging to the dystrobrevin subfamily of the 

dystrophin family. Furthermore, the protein encoded by the MAP4K3 gene is part of 

the MAPK family and has been found to be involved in the activation of the mTORC1 
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pathway. Finally, the MCTP1 gene has been found to encode many C2 domains, which 

are predominantly present in proteins involved in signal transduction 420.  

A recent study investigating epigenetics in MSA showed promising results. Investigation 

of DNA methylation patterns in the white matter of post-mortem brain tissue (42 MSA 

and 22 healthy controls) showed that the most methylated loci were the genes HIP1, 

LMAN2 and MOBP. These genes have a role in clathrin-mediated endocytosis, transport 

and sorting of glycoproteins, and myelin stabilisation respectively 35. DNA methylation 

in MSA was initially shown in a study investigating levels of 5-methylcytosine (5-mC) 

and 5-hydroxymethylcytosine (5-hmC) DNA methylation in specific regions of the brain 

(8 PD, 8 MSA and 10 age-matched healthy controls). 5-mC levels were significantly 

reduced in the cerebellum granule layer in MSA brain samples. In contrast, 5-hmC 

levels were significantly increased in the cerebellar white matter of PD and MSA brain 

samples 421. As MSA is a rapidly progressive disorder it is plausible that epigenetic 

factor affecting the expression of certain genes may be involved in the pathogenesis of 

the disease.  

Further research into genetic biomarkers are needed, with greater cohorts for the 

validation of these results, in order to better understand the molecular processes 

involved in the pathophysiology of the MSA and provide targets for developing novel 

biomarkers. 

2.8 Treatment in MSA  

	

2.8.1 Therapies targeting α-synuclein  
	
Several therapeutic strategies targeting α-syn aggregation and propagation have been 

attempted, but most were equivocal or failed. The only trial to date that reduced disease 

progression (based on UMSARS score) was a small-randomized mesenchymal stem cell 
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(MSC) treatment. This suggests that MSC could be a potential treatment in MSA, but they 

are limitations to the study due to the small number of patients involved (33), the 

associated ischaemic side effects with the drug delivery and uncertainty over how the MSC 

targets α-syn. Although in transgenic MSA mouse α-syn aggregation was significantly 

reduced after administration of rifampicin 422 the trials with rifampicin in humans did not 

show any significant benefit. One hundred patients with possible or probable MSA were 

randomly assigned to either rifampicine (50 patients) or placebo (50 patients). The primary 

outcome measured was a change in the UMSARS score. This study showed that rifampicin 

did not slow progression of MSA 423. 

Lithium was showing promising results in α-syn aggregation in mouse models by inducing 

autophagy and α-syn clearance. However, in a placebo-controlled double blind trial it did 

not pass the safety and tolerability in MSA and further lithium studies for this condition are 

not encouraged 424. Selective serotonin reuptake inhibitors (SSRI) have been shown to 

prevent α-syn aggregation and propagation to oligodendroglia. Sertraline, Paroxetine and 

Fluoxetine are the most studied examples. In in-vivo transgenic mice models, fluoxetine 

reduced α-syn aggregation, gliosis and demyelination together with an increase in glial and 

brain derived neurotrophic factors. Clinically, the mouse showed improved motor and 

behavioural deficits. 425 Sertraline was shown to inhibit the propagation of α-syn to 

oligodendroglia in cell culture models. 426 Paroxetine is the only SSRI tested in MSA patients. 

A double-blind placebo-control randomized trial showed that the paroxetine treated group 

had improved motor and speech symptoms compared to placebo. 427  

Interesting results were obtained using non-steroidal anti-inflammatory drugs (NSAIDs) to 

inhibit the formation of α-syn fibrils and even destabilization of preformed α-syn fibrils in a 

dose-dependent manner 428. NSAIDs have been extensively used in other conditions, have a 
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well-known side effects profile and are inexpensive. All these aspects make them a 

potential therapeutic option and further studies are needed.  

As microglia activation plays an important role in MSA, a trial assessing the role of 

minocycline was conducted. Minocycline is a second-generation tetracycline that displays 

antibiotic activity across a wide range of bacterial types and also possesses 

antiinflammatory activity as well as direct effects on components of the innate immune 

system, including microglia. Minocycline did not show any improvement in patients’ motor 

symptoms or UMSARS. However, the group treated with minocycline showed a reduction in 

(11C)(R)-PK11195 PET activity. The isoquinoline PK11195 binds to the translocator protein 

(18 kDa), whose expression is thought to be enhanced in microglia during activation 

suggesting that minocycline has an effect on microglial activation and requires further 

research 429. 

Another study used nocodazole (microtubule depolymerisation drug) to stop α-syn 

accumulation on the basis that β-III tubulin was shown to be involved early in the disease by 

binding to α-syn forming insoluble complexes leading to MSA pathology. It was shown that 

in cultured cells nocodazole prevented the accumulation of insoluble α-syn when the drug 

was given before the formation of α-syn aggregates but had no effect when given at later 

stages 430. No P25α targeting treatment has been tried yet.  

On the premise that SIRT2 is involved in oligodendroglial apoptosis and promotes 

neurodegeneration one study assessed the role of a SIRT2 inhibitor. They showed that the 

SIRT2 inhibitor partially prevented cellular apoptosis in a cell culture model, but the exact 

mechanism is still unclear 431. 

Recently, it has been shown that neurosin (human kalikrein6 -KLK6), a serine protease 

present in many human tissues including the astrocytes, is able to cleave α-syn aggregates. 

Furthermore, the downregulation of neurosin leads to accumulation of α-syn. In the MSA 
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mouse brain model the genetically stabilised form of neurosin allowed it to be delivered 

systemically and led to the reduction of α-syn aggregation and propagation together with 

improvement in clinical features such as demyelination and behaviour 432. 

Several studies have or are looking at active vaccination in an attempt to stop α-syn 

aggregation and propagation. Mandler et al used short peptides AFF1 in a MSA transgenic 

mouse model and showed that active vaccination with AFF1 resulted in the production of 

anti- α-syn antibodies capable of identifying α-syn in oligodendroglia. In their animal model, 

this process led to a reduction of α-syn accumulation, demyelination and 

neurodegeneration 433. A new European project (The SYMPATH project) assessed a vaccine 

targeting α-syn (AFFITOPE) in PD and MSA in humans. The Phase 1 trial showed that 

AFFITOPEs PD01A and PD03A were well tolerated early in MSA patients. PD01A induced a 

clear immune response versus the peptide itself and  α-syn epitope. 

2.8.2 Therapies targeting symptom control in MSA 
	
So far, symptomatic treatment remains the current standard of care in MSA. A summary of 

trials targeting improvement in symptom control published in the last two years is 

summarised in Table 2.3. The symptom control efforts are focussed on dopamine 

replacement in the parkinsonian type MSA, management of the autonomic dysfunction, 

bladder and bowel care, sleep and breathing and mood problems.  

Part of the diagnostic criteria for MSA is the poor response to levodopa. However, in a 

recent USA study, about half of the patients, particularly with probable MSA-P type 

reported benefit from Levodopa 154. The European MSA Study Group demonstrated three 

years sustained Levodopa response in 31% of patients 123. A retrospective review of 

pathologically confirmed MSA cases showed benefit from Levodopa in about 30% and this 

was not long lasting 434. Levodopa is known to cause less hallucinations in MSA than PD but 

it can worsen orthostatic hypotension 240 and induce dyskinesia 435. So far, there is no 
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randomized controlled trial assessing the efficacy of levodopa or dopamine agonists in MSA, 

but it appears that levodopa provides short lasting, modest benefit, in a small number of 

patients.  

Orthostatic hypotension (OH) represents one of the major diagnostic criteria for MSA and a 

very disabling symptom for patients. So far, midrodrine (α1-adrenoceptor agonist) is the 

only medication that showed improvement in neurogenic OH in randomized, double 

blinded placebo studies at doses up to 30 mg per day 436. Patients on midodrine should 

have regular blood pressure monitoring as it can induce supine hypertension. Also, non-

pharmacological measures, such as higher salt and fluid intake, smaller but more frequent 

meals together with head raising to 30° in bed, wearing elastic stockings and special set of 

exercise improve symptoms and should be recommended.  

Symptomatic interventions tackling neurogenic bladder include intermittent self- 

catheterisation if post-void residual volume is >100 ml.  Anticholinergics and α-adrenergic 

antagonists are indicated if post voidal residue is <100 ml. Side effects include urinary 

retention and worsening OH. In severe cases, Botox injections can be administered to the 

detrusor muscle or urethral sphincter.  Botox injections are also indicated for the 

management of dystonia, camptocormia and excessive salivation.   

For patients experiencing breathing problems continuous positive air pressure (CPAP) is 

beneficial or tracheostomy in advanced stages.  First line treatment for REM sleep disorders 

is Clonazepam231 but other medication such as zopiclone, melatonin, temazepam can be 

used as second line. Selective Serotonin Reuptake Inhibitors (SSRIs) are recommended for 

the management of depression together with psychology support for the patient and the 

family. Levodopa can also have a beneficial effect on depression. 
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Table 2.3. Symptomatic treatment in MSA. Adapted from 437 438 
Symptoms Pharmacological treatment Nonpharmacological 

treatment 

Non-motor symptoms 

Orthostatic hypotension 
Postprandial hypotension 
 
 
 
 
 
Supine hypertension 

Ephedrine 
Fludrocortisone 
Midodrine 
L-threo-DOPS  
Octreotide 
Atomoxetine 
Droxidopa 
Nebivolol  

Elastic stockings 
Adequate and higher salt and 
fluid intake 
Head-up tilt during night 
Smaller but more frequent 
meals  
Special set of exercises 

Urinary dysfunction 
 
Urinary incontinence 
 
 
Incomplete bladder emptying 
 
Nocturia 

Oxybutinin 
Injections of Botulinum toxin 
A into the detrusor muscle 
 
Moxisylyte 
Prazosin 
Desmopressin intranasal 
spray 

Intermittent or permanent 
urethral or suprapubic 
catheterization if post-void 
residual volume is >100 ml. 

Erectile dysfunction Sildenafil  

Neuropsychiatric 
manifestations 
Depression 

Selective Serotonin Reuptake 
Inhibitors (SSRIs) 
 

Psychotherapy 

Sleep disorders  
REM-sleep behavior disorder 

Clonazepam  
Melatonin  
Gabapentin  
Pregabalin  
Sodium oxybate  
Zopiclone  
Temazepam 

 

Nocturnal stridor 
Breathing problems 

 Non-invasive positive pressure 
ventilation (NPPV)  
Continuous positive airway 
pressure (CPAP)  
Tracheostomy 

Motor symptoms 

Parkinsonism 
 
 
Cerebellar ataxia 
 
 
Dystonia 

Levodopa  
Amantadine 
 
 
 
 
Botulinum toxin A 

Physiotherapy  
Occupational therapy 
Speech therapy 
Physiotherapy  
Occupational therapy  
Speech therapy 



Chapter 3. Methods  
	

3.1 Patient recruitment, ethics approval and sample collection   

All participants recruited for the studies presented here were recruited under 

IRB/ethics-approved research protocols (UCLH: 04/N034) with informed consent. All 

brain tissue was stored at Queen Square Brain Bank (QSBB) under licence from the 

Human Tissue Authority. The cases recruited for gene discovery were genetically 

unsolved despite extensive genetic, metabolic and mitochondrial investigations carried 

out that excluded acquired and other known inherited causes for their phenotype.  

Sample collection and cohort sizes presented in the following chapters of this thesis 

varied significantly according to the aim of the particular investigation reported. The 

sample collection and sizes are addressed in detail in each chapter separately.  

Generally, the samples were originally from cases recruited by me and from 

collaborators overseas and included several tissue and types: DNA, RNA, peripheral 

blood, plasma, serum, cerebrospinal fluid (CSF), fibroblasts, lymphoblasts, dried blood 

spots.  

The samples were stored following standard protocols depending on their type. The 

DNA samples were stored in the neurogenetics laboratory of the National Hospital for 

Neurology and Neurosurgery (NHNN). The lymphoblasts were stored at European 

Collection of Authenticated Cell Cultures (ECACC). The RNA and fibroblasts were stored 

in the laboratory of the Department of Neuromuscular Diseases, UCL Queen Square 

Institute of Neurology. Plasma, serum and CSF samples were stored in the Leonard 

Wolfson Biomarkers Lab at UCL.  
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3.2 DNA extraction  

DNA was extracted from peripheral blood and from brain tissue for work presented in 

this thesis.  

Blood extracted DNA  

Genomic DNA was extracted from blood collected in tubes with EDTA using FLexigen Kit 

(Qiagen) as per manufacturer’s protocol. In some of the cases the extraction was 

performed by me and in other cases it was performed in the neurogenetics diagnostic 

lab at NHNN. In some cases, the DNA was extracted by LGC Genomics Laboratory in 

Germany using S Plus XL Kit (LGC Genomics) according to the manufacturer’s protocol.  

Brain tissue extracted DNA  

DNA extraction from brain tissue was performed by LGC Genomics Laboratory in 

Germany using sbeadex® tissue kit (LGC Genomics) according to the manufacturers 

protocol.  

	

3.3 Next generation sequencing and the NGS process  

	

The summary of the NGS data generation and filtering is provided below.  

Whole Genome Sequencing (WGS) and whole exome sequencing (WES) was performed 

by Macrogen. Illumina HiSeq4000 instrument (Illumina, San Diego, CA, USA) was used to 

generate 100 bp paired-end reads (Figure 15). Alignment was performed using BWA  

(http://bio-bwa.sourceforge.net/) 439 with GRCH38 as a reference.  Variants were called 

using the GATK 440-443 Unified Genotyper-based pipeline 440-442 workflow. All variants 

were annotated using ANNOVAR444 and filtered using custom R scripts. Only novel or 

very rare variants with a minor allele frequency (MAF) of < 0.01 in the 1000 Genomes 

Project 445, NHLBI GO Exome Sequencing 446, and Genome Aggregation Database 

(gnomAD) 447 were included.  Coding/splicing, and variants that were within the 
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autozygome of the affected individuals were prioritized. A step-by-step description of 

these processes is as follows.  

3.3.1 From raw data acquisition to downstream analysis 
 

Whole exome sequencing analyses the protein-coding portion of the genome (about 1–
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NGS includes four steps: (A) library preparation, (B) cluster generation, (C) sequencing, and 
(D) alignment and data analysis. Courtesy of Illumina, Inc., reproduced from Illumina.com 

Figure	15	Illumina	Next-Generation	Sequencing	Chemistry	Overview. 
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2%), where most disease causing variants identified to date are found. 448 This is why, 

in this thesis, WES was the preferred first choice of NGS approach when deciphering an 

unsolved case.  

The first step in the process of WES was Targeted Sequencing of the exomes, via the 

commonly used and commercially available exome capture kits described in detail in 

each results chapter. The next step was target enrichment where ensuring high 

coverage is vital as NGS platforms produce more erroneous base calls compared to 

other techniques. Therefore, especially for rare variant analysis, it was important to 

ensure that data had a high average read depth (i.e., ≥30x). 449 The raw reads produced 

were then aligned to the reference genome (GRCh38), a process called mapping 

sequence reads or alignment. However, depending solely on automated methods and 

software for mapping can leave many reads spanning insertions and deletions (indels) 

misaligned 33; therefore, post reviewing the data for mismapping was performed, 

especially in the candidate regions. A variant call is a conclusion that there is a 

nucleotide difference vs. some of the reference at a given position in an individual 

genome or transcriptome, often referred to as a Single Nucleotide Variant (SNV). 

Effective variant calling depends on accurate mapping to a dependable reference 

sequence. There are many tools available for the identification of SNVs, indels, splice-

site variants, and CNVs present in the query sequence(s). In this research, two tools 

were used for variant calling- GATK and SAMtools. GATK is one of the most established 

SNV discovery and genome analysis toolkits, with extensive documentation and helpful 

forums (Figure 16). 440 SAMtools is a variant caller, which has been used in many WGS 

and WES projects and offers many additional features such as alignment viewing and 

conversion to a BAM file. 450 Both GATK and SAMtools use a Bayesian approach to 
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variant calling. Although there are subtle differences in their algorithms both are highly 

consistent with an overlapping rate of ∼90%. 

  

 

Following variant calling, the Variant Call Format (VCF) was annotated with multiple 

datasets to provide a more informative variant list known as an annotated VCF. The 

VCF file specified the format of a text file used in bioinformatics for storing these gene 

sequence variations. This included frequency, data, gene symbols, transcripts and 

exon/intron numbers. When available, a population specific reference genome was 

used to filter out known neutral SNVs existing within the region of origin of the 

analysed subjects (e.g. East-Asian reference genome for subjects of Japanese origin). 33 

Data from in-house databases was also added at the annotation stage to aid variant 

filtering. 

The workflow is divided in three main sections, meant to be performed sequentially. 
Pre-processing: from raw DNAseq sequence reads (FASTQ files) to analysis-ready reads 
(BAM files); Variant discovery: from reads (BAM files) to variants (VCF files); 
Refinement and evaluation: genotype refinement, functional annotation and callset 
QC. Adapted from http://www.broadinstitute.org/gatk/guide/best-practices   
 

 

Figure	16	GATK	workflow	for	variant	discovery	in	DNAseq 
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The candidate regions in the output VCF (or in the BAM) files were reviewed either by 

using QC scores in the VCF or by visualising the alignments in genome viewers. 451 

Performing this step with toolkits such as FQC Dashboard452, IGV or Picard highlighted 

sequencing errors such as over coverage (due to greater abundance of capture probes 

for the region or double capturing due to poorly discriminated probes hybridising to 

the same region) or under coverage (due to probes not hybridising because of high 

variability in the region). 

For rare Mendelian disorders, caused by a single causal variant it was verified that the 

variants in the dataset were reliable. Therefore, setting strict parameters for read 

depth (e.g. ≥10x), base quality score (e.g. ≥100), and genotype quality scores (e.g. ≥100) 

initially, eliminated wrong base and genotype calls. This was then adjusted 

subsequently (i.e., made less stringent) if no variants with a strong candidacy for 

causality were found after filtering. 33 

Once the quality control process was complete and VCF files were deemed “analysis 

ready,” the approach taken depended on the type of disorder analysed. For rare 

Mendelian disorders, several filtering and/or ranking steps were taken to reduce the 

thousands of variants to a few strong candidates.  

3.3.2 Screening previously identified genes for causal variants 
	

Screening previously identified genes for causal variants was the starting point. 

Carrying out this simple check allowed the identification of the causal variant even 

from a single proband thus saving time, effort, and funding. Several databases were 

used to assist in rapidly determining the probable pathogenicity of previously reported 

genetic variants. The Human Gene Mutation Database 453 and ClinVar 454 were the two 

most commonly used databases to annotate variants as disease-causing on the basis of 
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previous observations in affected individuals. However, because these databases are 

primarily constructed from literature searches using data predating next-generation 

sequencing technologies, misclassification of variants is not uncommon and more 

stringent methods to classify variants were implemented at the downstream stages 

even for previously published variants. If no previously identified variant was found in 

the proband analysed, several steps in identifying novel disease-causing variants were 

taken. 

3.3.3 Finding novel variants  
 

The initial steps of filtering sequencing data partly depended on the premise that in 

healthy control populations there will be few or no pathogenic variants. Therefore, the 

list of variants derived from a patient was annotated, particularly with information 

regarding the frequency of the variants in the general population, so that common 

variants were removed from further analysis (polymorphisms with a frequency greater 

than 1%). 2 However, exceptions are increasingly recognised where deleterious variants 

have high minor allele frequencies (MAF) or benign variants that have low ones. 455 

Because of the importance of considering such variations in the clinical interpretation 

of results, a publicly available database of anonymous exome and genome sequence 

data was used for this step, the Genome Aggregation Database (gnomAD). This 

database contains more than 120,000 exomes and 15,000 genomes. An important 

caveat of population databases such as gnomAD is that although they aim to represent 

general healthy unrelated adult samples they can still include less severe, late-onset, or 

low-penetrance disorders, 456 a fact taken into consideration later in the variant 

interpretation stage.  
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For data obtained from consanguineous families, confirming expected autozygosity 

(i.e., homozygous for alleles inherited from a common ancestor) was an additional 

check carried out (described below). 

The next step was to rank the subset of variants based on consequence (e.g. stop gains 

would rank higher than missense) and scores derived from variant prediction tools (e.g. 

“probably damaging” variants would rank higher than “possibly damaging” according to 

Polyphen-2 prediction) enabling assessment of the predicted impact of all rare variants. 

Other prediction tools including those that weight and integrate diverse information 

into single scores were also used (REVEL, FATHMM, MutPred, CADD score, SNPs&GO). 

These prediction algorithms were, as their name suggests, only used to make 

predictions about whether a variant was expected to be functionally disruptive or not. 

Thus, the variants predicted “deleterious” further validated through replication and/or 

functional studies (Figure 17). Upon completion of these steps, a smaller subset of 

variants with strong candidacy remained for further follow up to determine their link to 

the disease.  

3.3.4 Variant filtering and interpretation 
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In order to determine whether a variant (or variants) adequately explained the 

patient’s phenotype, a series of variant filtering and interpretation criteria were used. 

These included detailed information on the variant’s phenotype, mode of inheritance 

for the disease gene (if known) or the predicted mode of inheritance if the disease-

gene link has not yet been established, disease mechanism (i.e., haploinsufficiency, 

dominant negative, loss-of-function), protein structure and function, and evidence of 

the gene–disease relationship based on available literature and population data. 

Variants located in genes previously linked to diseases were classified according to the 

ACMG guidelines as “pathogenic”, “likely pathogenic”, “uncertain significance”, “likely 

benign”, or “benign” on the basis of this information. For variants that were located in 

genes not previously linked to a particular phenotype of interest, but which have 

Adapted from16 

Figure	17		Flowchart	of	steps	in	filtering	genomic	variants	for	the	identification	of	

Mendelian	disease	or	rare	variants	with	large	effects. 
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passed all the above criteria for frequency, mode of inheritance, impact on protein 

structure and/or function etc. the definitive confirmation involved detecting it in other 

affected individuals from the same family and additional functional validation. The 

additional information that assisted in variant interpretation in research settings 

included familial segregation data, particularly in larger families with multiple affected 

individuals. Segregation analysis was performed at the start of sequencing (i.e. trio 

sequencing of proband and parents), or post hoc in individual cases, only analysing 

plausible variants.  

In-silico predictive pathogenicity programs where used in order to help with variant 

interpretation, particularly of missense variants. These tools were based on various 

parameters, such as the structural or biochemical effects of an amino acid substitution 

and the conservation of a nucleotide or amino acid residue. A combination of tools that 

assess one aspect of prediction such as SIFT and Poliphen as well as meta-predictor 

tools such as REVEL that collates information from multiple tools, giving a single score79 

were used.  

The functions of some genes studied were not known previously, and inferences were 

made from patterns of expression and evolutionary conservation in order to further 

validate the impact of variants in these genes. A common method used was testing the 

effect of a genetic variant in model systems, including various organisms such as 

Drosophila or patient-derived cultured cells. Gene-specific or biochemical assays were 

also used, and they are described in detail in the next chapters for each gene of 

interest.   

3.4 Homozygosity mapping 

Consanguinity remains a common practice in many cultures around the world. The 

inbreeding coefficient is increased in highly consanguineous families, which raises the 
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probability of pathogenic variants present in homoallelic state, increasing the risk of 

autosomal recessive conditions. Thus, homozygosity mapping is one of the most 

powerful tools added recently in disease-gene discovery in these families. This method 

allows scientists to perform genome-wide, hypothesis-free search for regions of 

homozygosity. The approach can eliminate large blocks of DNA that are not present in 

the homozygous region and leave only a small number of variants for downstream 

analysis and validation. In this thesis, homozygosity mapping was performed in cases 

with suspected autosomal recessive inheritance where a novel disease-gene was 

suspected, however this method is robust enough that even a single affected individual 

is sufficient to identify a novel locus, particularly in outbred populations where shared 

ancestors are many generations removed from the proband. 18; 457 

A flowchart of the use of homozygosity mapping in assessment of the cases presented 

in this thesis is represented in Figure 18. 
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Homozygosity mapping was performed using WES data, a powerful and effective 

method to identify causal genes for diseases 458 while saving money and time for 

further sequencing. The process of acquiring WES data was described above. Shared 

regions of homozygosity were identified using HomozygosityMapper 459 and 

Bcftools/RoH. 460 The strategy of identifying the regions of homozygozity through these 

tools is based on the assumption that a child of consanguineous parents has two 

identical copies of the ancestral alleles but also, as the alleles are part of haplotypes, 

the surrounding DNA (haplotype) will also be homozygous. That homozygous DNA 

segment is also called runs of homozygosity (ROH) and the segments that are identical 

by descent (IBD) are longer in consanguineous individuals. 461 The length of ROH is 

determined by the degree of inbreeding and how recently the inbreeding occurred. For 

 Adapted from18 	
Figure	18		A	flowchart	of	the	use	of	homozygosity	mapping	in	assessment	of	cases	

with	autosomal	recessive	diseases 
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example, parental inbreeding will have longest ROH as less recombination events that 

could disrupt the ROH have occurred.    

The analysis of ROH involved searching for ROH that were shared by affected 

individuals in the same family. The first step involved mapping WES reads on the 

reference genome producing a VCF file. The VCF file was uploaded (for the web tool 

Homozygosity Mapper) or imputed (for BCF tools/ROH) for homozygosity mapping and 

then visualised (Figure 19).   

 

3.5 Sanger sequencing  

	
All pathogenic and likely pathogenic variants identified by WGS/WES and reported here 

were confirmed by Sanger sequencing. Sanger sequencing amplifies the regions of 

interest by using flanking primers and polymerase chain reaction (PCR).  Primer 

Example of homozygosity mapping output giving a homozygosity plot with 
chromosome number on x-axis and a ROH score on y-axis. The ROH are 
highlighted in red and the largest ROH is indicated with an arrow.  
 

Figure	19		Example	of	homozygosity	mapping	output 
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sequences and specific PCR conditions used are described in detail in each individual 

chapter in this thesis.  

Sequencing reactions were performed using the BigDye Terminator 1.1 system 

(ThermoFisher, Paisley, UK) followed by sequencing using an ABI DNA Analyser 

(ThermoFisher, Paisley, UK). Electropherograms were analysed using the Sequencher 

software package (Gene Codes, MI, USA). RT-PCR 

	
For RT-PCR analysis, total RNA was extracted from fibroblasts of cases and age-

matched controls, and reverse transcribed to cDNA using the High Capacity cDNA 

Synthesis kit (Applied Biosystems). A PCR was then performed.  

3.6 In-silico analysis 

3.6.1 Comparative modelling 
	
The Ensembl database 462 was used to identify multispecies alignments. SWISS-MODEL 

463 was used to identify known structures with a high sequence similarity to the protein 

of interest and for PDB model generation. DUET 464 was used to predict mutation effect 

on protein stability. 

3.6.2 Gene co-expression analysis  
	
Gene Co-expression Networks (GCN) was generated for CNS and PNS tissue-specific 

transcriptomic data generated by the Genotype-Tissue Expression Consortium 465 

(GTEx7 V6 gene expression data accessible from https://www.gtexportal.org/). We 

analysed each of the tissue sample sets separately by filtering genes on the basis of an 

RPKM > 0.1 (observed in > 80% of the samples for a given tissue). We then corrected 

for batch effects, age, gender and RIN using ComBat. 466 Finally, we used the residuals 

of these linear regression models to construct gene co-expression networks for each 

tissue using WGCNA 467 and post-processing with k-means 468 to improve gene 
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clustering. Gene modules were functionally annotated with gProfileR4 R package using 

the Gene Ontology (GO) database without Electronic Inferred Annotations (EIA) and 

accounting for multiple testing with gSCS. 469 The top down plots were generated with 

Cytoscape 3.5.1. 470 

3.6.3 Reconstruction of Gene Regulatory Networks 
	
For genes known to be a transcription factor we also used an Algorithm for the 

Reconstruction of Gene Regulatory Networks in a Mammalian Cellular Context 471 

(ARACNe-AP) to identify its most probable target genes in human white matter. The 

algorithm was used in its bootstrapping mode with 100 bootstraps.  The resulting 

regulon (consisting of the predicted target genes) was functionally annotated with 

gProfileR R package using Gene Ontology (GO) database without Electronic Inferred 

Annotations (EIA) and accounting for multiple testing with gSCS.  

3.6.4 Identification of phenotypically similar known Mendelian disorders  
	
The web-resource Phenomizer (http://compbio.charite.de/phenomizer/ accessed on 

10th March 2017) was used to identify known Mendelian disorders with a high degree 

of phenotypic similarity to the affected individuals of our gene of interest. This analysis 

was performed using a set of curated Human Phenotype Ontology terms, which were 

representative of the core clinical features of our patient group. Semantic similarity 

scoring was performed with no assumptions made regarding the mode of inheritance 

and using the Resnik (not symmetric) method. All Mendelian disorders with a corrected 

p-value of <0.001 (Benjamini Hochberg procedure) were retained. 

We extended our analysis further to place the new disease-genes within the context of 

known Mendelian disorders in the OMIM database. Then, we used the tool Phenomizer 

to identify a set of known Mendelian disorders with significant phenotypic similarity to 
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individuals with mutations in the novel candidate disease-genes and checked for 

enrichment of this gene set amongst the genes and associated disorders identified 

within the regulon, therefore placing the newly discovered disease genes in a biological 

pathway.  

3.7 Functional validation of genetic findings 

3.7.1 Plasmid constructs and protein production 
	
Plasmids are a convenient method to package foreign DNA for molecular cloning. Unlike 

the natural plasmids, those utilised in the lab are artificial and are constructed 

specifically to introduce foreign DNA into another cell. These lab plasmids are easy to 

modify and can self-replicate within a cell making them very attractive tools to study the 

functional effects of novel disease-genes. For this thesis, the plasmids were used 

primarily for protein production, which was used in various experiments described in 

detail in the Results chapter. For work presented in this thesis, the human wild-type 

(WT) and mutant cDNA were purchased from Invitrogen and cloned into the plasmid 

pGEX6p-1 (GE Healthcare, Piscataway, NJ) using the sites BamHI and NotI (New England 

Biolabs).  

3.7.2 Protein Purification  
	
Escherichia coli strain Rosetta2 (DE3) (Novagen, Darmstadt, GER) was transformed with 

the plasmids and grown at 37°C to an OD600nm of 0.8 and then induced with 0.5 mM 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 hours. Cells were lysed, using a cell 

disruptor. The samples were supplemented with 5% polyethylamine (Sigma-Aldrich) and 

clarified using a 45Ti rotor (Beckman Coulter, Brea, CA) at 100,000 x g for 30 min prior 

to incubation overnight. The Glutathione Agarose beads containing the immobilised WT 

and mutant proteins were subsequently washed in lysis buffer for 1 hour at room 
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temperature (RT). The GST tag was cleaved at RT. After elution the proteins were 

dialyzed overnight at 4°C. Protein concentration was determined using the BCA Protein 

Assay Kit (Thermo Fisher Scientific).  

3.7.3 Fibroblast cell lines  

The fibroblasts were obtained after performing skin biopsy. A skin biopsy, diameter ¼ 

the size of a 5p coin (3-6mm) is a relatively non-invasive procedure. The punch biopsy is 

usually taken from the upper outer arm area as shown in the figure 20.  At the biopsy 

site, 1 or 2% lignocaine was used as local anaesthetic and 1ml was injected 

subcutaneously and intra-dermally. A 3 to 6 mm diameter punch biopsy was obtained 

using a rotary action, ensuring the biopsy was full thickness and was pushed through 

the skin into the first layer of fat, the depth of the biopsy blade. The tissue sample 

was transferred immediately to the labelled tube containing the biopsy medium, such 

as DMEM or RPMI-1640. Media had 10% FBS and 0.5 - 1% Penicillin / Streptomycin 

added to it. Pressure was applied to the wound site using sterile gauze for about 15 

minutes until homeostasis was achieved and the wound was dressed, and patients were 

given advice regarding post-procedure wound care.  

Figure	20		Description	of	the	skin	biopsy	procedure.	
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The biopsy punch was cut into 1 mm pieces and cultures using Modified Dulbecco’s 

Eagle Medium (DMEM, Sigma) containing 10 % foetal bovine serum (FBS) and 

antibiotics in 10 cm2 plates at 7°C. Two to three weeks later, the fibroblasts were 

present in the tissue culture dish. After reaching 90% confluence, the cultured cells 

were harvested and lysed for 30 minutes. The lysate was then centrifuged at 16000 g at 

4°C and the supernatant was transferred to a new tube. The protein concentration was 

measured using the BCA protein assay kit (Pierce) according to manufacturer’s protocol. 

3.7.4 Western Blotting 
	
Western blotting presented in this thesis was performed using protein produced either 

by plasmid constructs or from fibroblasts. Fibroblast samples from affected, carriers and 

healthy individuals were obtained with consent. Equal amounts of protein from affected 

and healthy individuals were separated on a 10% SDS-PAGE gel (NuPAGE Invitrogen) 

and transferred onto an Immobilon membrane (Millipore). After blocking the 

membrane with 2% fat free milk in PBS-Tween for 1 hour at RT, the membranes were 

incubated with the antibody of interest for 1 hour at RT. The membranes were 

subsequently washed and incubated with horseradish peroxidase conjugated goat anti 

rabbit IgG (17210, Bio-Rad Laboratories, 1:5,000) for 1h at RT. Blots were developed 

using ECL Prime (GE Healthcare), visualized via a ChemiDoc Touch Imaging System and 

analysed using Image Lab 5.2 software (Bio-Rad Laboratories). For the quantification, 

the signal intensity of each band corresponding to the WT and mutant protein were 

normalized to the signal intensity of the corresponding reversible Ponceau staining as a 

reliable loading control 472 or GAPDH housekeeping. The amount of WT and mutant 

protein were expressed as a percentage of the control sample. Each western blot 

experiment was repeated 3 times.  
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3.7.5 Biophysics and protein structure validation  

3.7.5.1 Isothermal Titration Calorimetry (ITC)  
The affinity of a non-hydrolysable analogue of ATP, called Adenosine 5'-(3-

thiotriphosphate) tetralithium salt (ATPγS), for both WT and mutant were examined 

using a MicroCal Isothermal Titration Calorimeter ITC200 instrument (Malvern). Both 

proteins were prepared as described above in 30 mM TRIS pH 7, 100 mM KCl, 3 mM 

MgCl2, 0.5 mM TCEP (ITC buffer). An initial 0.2 M stock of ATPγS was prepared in water 

and diluted with ITC buffer to a final concentration of 250 μM. The concentration was 

adjusted using the UV Absorbance at 259 nm, and the extinction coefficient of 15.4 

mM-1cm-1 suggested by the ligand provider (Jena Bioscience). The experiments were 

conducted at 25°C following standard procedures as described previously. 473  

3.7.5.2 Circular Dichroism   
	
To investigate conformational differences between wild type and the disease-linked 

mutant circular dichroism (CD) analyses were performed. The extinction coefficients of 

both proteins  (ε280 = 31400 M-1cm-1) were calculated using the ProtParam tool within 

the ExPASy Portal474. Proteins were prepared as described above and dialysed 

overnight at 4oC in 30 mM TRIS pH 7, 100 mM KCl, 3 mM MgCl2, 0.5 mM TCEP. Samples 

were concentrated to 0.2 mg/mL using Amicon Ultra-0.5 mL centrifugal filters (Merck).  

UV and CD spectra were acquired on the Applied Photophysics Ltd Chirascan Plus 

spectrometer across the 400-190 nm wavelength region. Light scattering correction 

was applied on the UV spectra of both proteins using the Chirascan Pro-Data Software 

(APL). Where possible, spectra were smoothed with a window factor of 4 using the 

Savitzky-Golay method 475 for better presentation.  

The far-UV CD spectra of the two proteins were corrected for concentration and 

pathlength and expressed in terms of Δε (M-1cm-1) per amino acid residue. Protein 
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secondary structure content was assessed using the Principle Component Regression 

method based on 16 known protein structures 474 embedded in the PLSPlus/IQ routine 

on the GRAMS32 AI software (Galactic, USA). 

	
3.8 Enzymatic assays and proteomics  

	

3.8.1 Measurement of Pyridoxal Kinase Activity 
The pyridoxal kinase activity present in dried blood spots (DBS) was determined by 

adapting the protocol used by Wilson et al 
476 with minor modifications.  

Dried blood spots (DBS) were collected from cases and wide-range controls. Pyridoxal 

kinase activity of the recombinant proteins and that of dried blood spots was 

determined by quantifying the formation of pyridoxal 5’-phosphate after incubation of 

these with the enzyme substrate pyridoxal and expressed as µmol PLP L-1 h-1 from 

recombinant protein and as pmol PLP (3 mm DBS)−1 h–1 from dried blood spots. Data 

collection and statistical analysis were performed using Waters MassLynx and 

GraphPad Prism 6.0 software packages.	

3.8.2 UPLC-MS/MS measurement of the B6 vitamers 
	
B6 vitamer concentrations (pyridoxine (PN), pyridoxal (PL), PLP, pyridoxamine (PM), 

pyridoxamine phosphate (PMP)) and pyridoxic acid (PA) from plasma were quantified by 

ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) 

using stable isotope-labelled internal standards. 476; 477   

3.8.3 HPLC measurement of B6 vitamers   
	
Pyridoxal phosphate was measured by HPLC with fluorescence detection using a 

Chromsystems kit as described previously. 476 Pyridoxic acid concentration was 

calculated using an external calibration standard. 
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3.8.4 PLP measurements pre and post treatment 
	
Plasma PLP concentrations pre- and post-treatment were measured using two 

independent HPLC and UPLC-MS/MS methods as described above to validate the 

results. The difference between groups was tested with the use of a one-way analysis-

of-variance test, followed by Tukey-Kramer Test.  

3.9 Fluid biomarkers 

 

3.9.1 Patients recruitment for fluid biomarkers study  
 

Study overview  

Patient recruitment for the biomarkers study was achieved through identification of 

patients by their physicians and via the MSA specialist clinics as part of PROSPECT-M 

study. The patients were referred or were receiving treatment at a movement 

disorders, neurology or MSA specialist clinic and through information placed on patient 

organization websites, such as MSA Trust. Patients were provided with written 

information on the study before they participated. All affected subjects consented to 

enter the core protocol for clinical, neuropsychological, and peripheral biosamples. 

Optional consenting was obtained for CSF, skin biopsy and neuroimaging. Control 

subjects were asked to complete a baseline biosample and clinical assessment but were 

not longitudinally studied aside from a yearly follow-up of morbidity and mortality. 

Control individuals were age and gender matched with the cases.  

Affected participants were studied longitudinally, although some had the option to 

participate for a one-off visit at baseline and did not require follow-up. This group is 

referred to as crossectional study arm in this thesis. 
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The core PROSPECT-M assessments included: face-to-face clinician review (30 min) 

bloods collection for biomarkers (15 min), CSO administered psychometry including: 

MoCA, ECAS, ACE-III and FTD-FRS (up to 45 mins). The participant self-complete 

questionnaires were completed at home and retuned to investigator. The following 

information was collected by the participant/informant/combination of both:  

Section A – Demographics.  

Section B - Employment and education history.  

Section C - Medical History  

Section D - Medication History  

Section E – Environmental Exposures. Environmental exposure was collected at 

baseline and reviewed at each time point, using the MERQ-PD questionnaire 

(ww.commondataelements.ninds.nih.gov). 

Section F - Family history.  

Section F - Patient history  including Structured clinical history - A PROSPECT symptom 

scale. The presence of motor, oculomotor and language symptoms was noted, with 

each symptom rated as questionable/very mild (0.5), mild (1), moderate (2) or severe 

(3) if present.	A review of key clinical milestones and parameters following a structured 

review of patient clinic notes was also noted.	 A standardized examination was 

performed at each visit. 

 

Longitudinal study arm  
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Full assessments were carried out at 0, 6, 12, 24 and 36 months. Assessments included 

clinical, neuropsychological, imaging and biosample protocols described in detail in the 

following chapters. Data and samples were collected in a standardized format and 

following site based subject anonymization were entered onto REDCap web-based 

database.		

Table  3.1 Overview  of  biomarker study assessments and timeline. 
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Crossectional study arm 

In addition to the in-depth longitudinal biomarker-based study, a crossectional a cohort 

of patients was also established. Participation involved reviewing the patient 

information sheet, completing the consent form and study questionnaires, and 

donating blood (up to 60ml). 

External collaborators  

During this thesis we have widened recruitment of MSA and controls for the biomarker 

study to include five centres from across Europe, which enabled a larger pool of 

patients with this rare condition to be recruited. This strengthened the overall aims of 

the study by creating a common methodological platform between specialist centres of 

excellence and expertise in diagnosis and research assessment of MSA.   

3.9.2 Biosample collection and processing  

Blood and CSF samples were collected as per a standard protocol:  

-  Samples were collected in the same time of day for successive measurements  where 

possible with the time of collection recorded.   

- All samples were processed within two hours from collection and stored locally at -

80C. Prior to  freezing, samples were separated into aliquots to prevent multiple 

freeze-thaw  cycles.   

- All samples were labeled with the Centre ID, Subject ID, date and time of  collection, 

sample type and aliquot number.   

At each visit blood samples were taken for plasma, serum, DNA and RNA for biomarker 

analysis. All participants were invited to donate up to 60ml of blood at baseline and 

30ml of blood at each follow-up visit: 

- Two 6ml EDTA tubes for DNA (Baseline). 
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- Two 9ml ACD tubes for storage of peripheral blood lymphocytes (Baseline). 

- Two 2ml Tempus blood RNA tubes for RNA. These tubes were mixed thoroughly by 

shaking the tube vigorously or vortexing the contents for 10 seconds. The tubes were 

then kept in an upright position when transferred to the -80OC freezer. (Baseline, 6,12, 

24, 36 months). 

- Two 6ml EDTA tubes for plasma – these were gently inverted 10 times then 

centrifuged at 1800 RCF for 15 minutes. Plasma was then aliquoted into 0.5ml samples 

for freezing. (Baseline, 6,12,24,36 months). 

- Two 6ml plain tubes for serum – these were gently inverted 10 times and allowed to 

clot for 30 minutes at room temperature then centrifuged at 1800 RCF for 15 minutes. 

Serum was then aliquoted into 0.5ml samples for freezing (at baseline, 6, 12, 24 and 36 

months). 

- Local protocols were followed for consent to perform a lumbar puncture including 

discussion of the risks of lumbar puncture. An information sheet on lumbar puncture 

was provided to the participant.  

- Lumbar punctures for CSF collection were performed using a small calibre needle in 

either a sitting or lateral decubitus position. CSF was obtained via gravity flow into 

polypropylene tubes. 

- The first sample consisting of 10-15ml was centrifuged at 1750 RCF for 5 minutes at 

4OC and aliquoted into 0.5ml samples for freezing. A second 0.25-0.50 ml sample was 

sent to the biomarker laboratory for cell count analysis.  

	

3.9.3 Clinical rating scales 
 

MSA disease-specific rating scale and assessment of disability  
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All patients had a full neurological evaluation captured using a standarised 

questionnaire including patient disease history, medication, disease milestones, current 

diagnosis category and physician self-assessed diagnostic certainty. In addition, all 

patients were evaluated with the MSA disease-specific rating scale, the Unified 

Multiple System Atrophy Rating Scale (UMSARS) at baseline and each subsequent visit.  

Scales used to rate disability included the global disability scale (GDS) and Schwab & 

England Activities of Daily Living Scale (SEADLS). SEADLS one hundred percent indicates 

a completely independent patient and 0% indicates an individual in whom vegetative 

functions are no longer functioning. These scales are intended to allow both physicians 

and patients to agree on the performance achieved in activities of daily living.  

Neuropsychology  

A comprehensive neuropsychological battery protocol was administered	 at	 baseline 

and repeated at the 6, 12, 24- and 36-month time-points. 

The test battery included tests of general intellectual functioning, verbal and nonverbal 

memory, language, reading, writing, calculation, executive function, complex visual 

skills, limb praxis and social cognition. Cognitive impairment was assessed using two 

different validated rating scales: the Montreal Cognitive Assessment (MoCA) and 

Addenbrooke’s Cognitive Examination (ACE-III). The MoCA tests six cognitive domains: 

attention, memory, language, visuospatial processing, abstract thinking, and 

orientation. ACE-III rating scale tests five main cognitive domain: attention, memory, 

fluency, language, and visuospatial processing. 

Test material included pictures (of objects, abstract shapes, faces and scenes), and 

words (single words, sentences and paragraph), real world objects (e.g. domestic tools, 

model animals) and brief audio or video clips (of speech and actions) or verbal material 

read by the examiner. 
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3.9.4 Measurement of neurofilament light chain (NfL) concentration  
	
	
Plasma NfL concentration was measured by digital enzyme-linked immunosorbent assay 

using the commercially available NF-Light kit on a Single molecule array (Simoa) 

platform (HD-1 Analyzer) according to instructions by the manufacturer (Quanterix, 

Lexington, MA). Simoa is an automated system that uses algorithms to calculate results 

and display them in real time. The average sensitivity improvement of the Simoa 

immunoassays versus conventional enzyme-linked immunosorbent assay (ELISA) is 

>1200-fold, with coefficients of variation of <10%. 478 The Simoa HD-1 Analyzer is a 

completely automated system. Test orders and run load lists were entered directly 

through the graphical user interface via the touchscreen monitor. Samples, assay 

reagents, and disposables were loaded into the designated parts of the instrument 

(Figure 21). 

 (A) Major areas of the instrument. (B) 
Overhead plan view of the major 
internal components of the chemistry 
and LSI modules. Adapted from 6 

Figure	21	Simoa	HD-1	Analyzer 
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Plasma and CSF samples were thawed and centrifuged at 10000 RCF for 5 min. The CSF 

samples were diluted to 1:100. Plasma samples were not diluted. Then, 150µL of plasma 

were pipetted directly into the plate. For CFS dilution, 4µL of CSF was diluted in 396µL 

diluent before pipetting into the plate.	Calibrator solution was loaded in accordance to 

manufacturer’s instructions and placed orderly from A-H in the plate as per 

manufacturers instruction. Plasma and CSF was then added in the remaining wells of 

the microtiter plates (96-well) and were placed inside the machine for processing. 

Simoa assays have two main stages: capture and enzyme labelling of target analytes on 

capture beads (standard bead-based ELISA processing) and isolation of individual beads 

in single-molecule arrays for quantification of analyte (ELISA digitization). Initially, the 

capture beads are placed in a reaction cuvette by fixed tip pipettor. Then the samples 

are added, agitated to mix, before the beads are washed. Later, a secondary antibody is 

released by the fixed tip pipettor and creates a “sandwich”. 479 A second wash is 

performed followed by the addition of streptavidin ß-galactosidase (SßG) to label the 

analyte, followed by an incubation process before a third wash. After the third wash, 

the beads are transferred to a Simoa disc where single-molecule counting and data 

processing takes place (Figure 22). 479 

All measurements were performed in one round of experiments using one batch of 

reagents. Intra-assay coefficients of variation were <10%.  
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3.10 MRI biomarkers  

Standard MR imaging was carried out at 0, 12, 24 and 36 months for the longitudinal 

cases and at baseline for the crossectional cases. The imaging protocol included brain 

structure (T1, T2, FLAIR, DWI) and function (ASL, and resting state fMRI). The protocol 

was typically 50 minutes of MRI. MRI used 3Tesla systems and was performed on 

Siemens MRI machine. For the biomarkers study analysis reported in this thesis, the T1 

volumetric sequence was used. Standard operating procedures for MRI and 

radiographer support for imaging was followed as per UCLH, including radiology 

Paramagnetic Simoa beads are used as the solid phase in a sandwich immunoassay 
containing an enzymatic label. The labeled beads are mixed with a fluorgenic substrate 
and loaded into an array of femtoliter-size wells on the Simoa disc, where the beads 
settle into individual wells. The wells are sealed with a layer of oil, which prevents the 
beads from diffusing out of the wells and allows the fluorescent enzyme product to 
accumulate at high concentrations, enabling detection of a single enzyme molecule. 
Fluorescence imaging and data reduction is used to calculate the concentration of each 
analyte in the assay. Adapted from genengnews.com 

Figure	22		Simoa	analysis	stages 
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reporting of all scans according to local clinical governance procedures.  

At UCL, the imaging protocol was adopted for 3T scanners using the same sequence 

parameters as the international multi-site Genetic Frontotemporal Dementia Initiative 

(GenFI) with image storage, quality control and analysis within the PROSPECT-M study 

mirroring the GenFI procedures. The images acquired by the international collaborators 

included T1 volumetric sequences only.  
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Chapter 4. Disease-Gene discovery enables understanding of disease mechanism and 

provision of targeted therapy 
	
	
In this chapter I explain how applying the genomics methods described in the previous 

chapter led to the successful identification of a new disease-gene. The discovery of the 

gene combined with functional work led to the elucidation of the disease mechanism 

and eventually the missing end product - the enzyme deficiency causing the disease. 

Knowing the exact molecular pathway for the disease provided an opportunity to find 

the correct replacement therapy, which led to the reversal of the symptoms in the 

patients.  

4.1. PDXK mutations cause polyneuropathy responsive to PLP supplementation  

 

Statement of contribution: I designed and organised this study. I identified the PDXK 

mutations in patients with peripheral neuropathy and optic atrophy. I pursued further 

genetic studies to confirm pathogenicity of this mutation: I analysed large data samples 

of whole exome sequencing of patients with similar phenotype, I performed Sanger 

sequencing in the most promising candidates and performed homozygozity mapping. I 

analysed the predicted consequences of the mutations through bioinformatics 

pipelines and programs. I have assessed the patients clinically at baseline (together 

with Prof Henry Houlden and Prof Nick Wood) and for longitudinal follow-ups. The two 

patients residing in Canada were assessed by Jodi Warman Chardon and Kym M 

Boycott (Children’s Hospital of Eastern Ontario Research Institute, University of 

Ottawa, Ottawa). I performed all sample collection for monitoring disease progression 

and response to treatment. I performed all skin biopsies for growing the fibroblasts. I 
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coordinated the validation experiments described below and wrote the manuscript 

where the data was published.  

Exome sequencing was performed by Macrogen, gene expression and co-expression 

analysis was performed by Mina Ryten (Reta Lila Weston Research Laboratories) and 

Juan A. Botía	 (Department of Information and Communications Engineering, University 

of Murcia). Recombinant protein was produced by Natalia Zanetti (Department of 

Clinical and Experimental Epilepsy UCL ION). Enzymatic assays were performed and 

analysed by Matthew P. Wilson, Philippa B. Mills and Peter T. Clayton (Genetics and 

Genomic Medicine, GOS Institute of Child Health, University College London) and 

Simon Pope (Neurometabolic Unit, National Hospital for Neurology and Neurosurgery, 

Queen Square, London). Circular dichroism and ATP binding measurements were 

performed by Maria R Conte and Giancarlo Abis (Randall Centre of Cell and Molecular 

Biophysics, School of Basic and Medical Biosciences, King’s College London). Nerve 

conduction studies was performed by Carla Cordivari (Clinical Neurophysiology 

Department) and ophthalmological assessments were performed by Fion Bremner 

(Neuro-ophthalmology Department) from the National Hospital for Neurology and 

Neurosurgery, Queen Square, London. 

	

4.1.1 Introduction 
 

Peripheral neuropathies are amongst the most common neurological disorders 

worldwide affecting approximately 20 million people in Europe and USA alone with only 

few disease-modifying treatments established for these conditions. 480-482 Inherited 

forms of peripheral neuropathies, known as Charcot-Marie-Tooth (CMT) disease, are 

the most common genetic neuromuscular disorders affecting approximately 1 in 2500 

people. 483-487 However, only 25% of all autosomal recessive (AR) CMT cases have causal 
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mutations identified 488 and treatment is only supportive. 480-482 Most known genes 

associated with AR CMT cause disease either by affecting the cytoskeleton or axonal 

trafficking. 481  

4.1.2 Methods 
	

Study participants 

Individuals with polyneuropathy and optic atrophy were identified by neurogeneticists 

at the National Hospital for Neurology and Neurosurgery London. All cases had 

extensive genetic, metabolic and mitochondrial investigations carried out that excluded 

acquired and other inherited causes of polyneuropathy and optic atrophy.   

Phenotype and clinical measures  

All cases had comprehensive phenotyping performed by neurogenetics specialists 

including clinical assessment, electrophysiology and neuroimaging. Motor function was 

quantified using the Medical Research Council (MRC) muscle scale, a standardised scale 

for the assessment of peripheral nervous system. The disease severity and progression 

was assessed using validated Neurological Impairment Scale (NIH) 489 and the Charcot-

Marie-Tooth neuropathy score second 2(CMTNS2) designed to measure length-

dependent motor and sensory impairment in genetic neuropathies. 490; 491 Patients are 

classified as mild (CMTNS ≤ 10), moderate (CMTNS 11 – 20), or severe (CMTNS>20). The 

NIS forms part of the standard minimum dataset for the Functional Independence 

Measure and UK Functional Assessment Measure (UK FIM+FAM). The patients had MRC 

scales, CMTNS and NIS assessment before and after replacement therapy.  

Whole Genome Sequencing and haplotype analysis 

DNA was extracted from peripheral blood. Whole Genome Sequencing was performed 

as described in Chapter 3. All variants were annotated using ANNOVAR 444 and filtered 

using custom R scripts. Shared regions of homozygosity were identified using 
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HomozygosityMapper 459 and Bcftools/RoH. 460 Only novel or very rare variants with a 

minor allele frequency (MAF) of < 0.01 in the 1000 Genomes Project445, NHLBI GO 

Exome Sequencing 446, and Exome Aggregation Consortium database (ExAC)447 were 

included.  Coding/splicing, homozygous variants that were within the autozygome of 

the affected individuals were prioritized.  

Sanger Sequencing 
 
The mutation identified by WGS was confirmed by Sanger sequencing. The region was 

amplified using the following primers: 5’-AGGAGGATCAGGGATGGGAG-3’ and  5’-

CTCTCATATCCTGCTCCCCA-3’. The promoter region of PDXK was amplified using the 

following primers: 5’-GCGGTTCCCTTGGGTATC-3’ and 5’-ACGCCTCCTTCTGACCTC-3’. 

Genomic DNA was extracted from patient and control dried blood spots using the 

QIAamp DNA Micro Kit. Sequencing reactions were performed as detailed in Chapter 3.  

Plasmid Constructs and Protein Purification  

The human PDXK wild-type (WT) and PDXK mutant p.Ala228Thr cDNA were cloned into 

the plasmid pGEX6p-1 as described in Chapter 3.  

Escherichia coli strain Rosetta2(DE3) (Novagen, Darmstadt, GER) was transformed with 

the plasmids pGEX6p-1-PDXK and pGEX6p-1-PDXK p.Ala228Thr and  grown at 37°C to an 

OD600nm of 0.8 and then induced with 0.5 mM Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) for 4 hours. Cells were lysed, using a cell disruptor, (Avestin, Ottawa, CA) in lysis 

buffer containing 25 mM HEPES, pH 7.4, 400 mM KCl, 4% Trition X-100, 1 mM 1,4-

dithiothreitol (Sigma-Aldrich) and SIGMAFAST™ Protease Inhibitor Cocktail Tablets, 

EDTA-Free (Sigma-Aldrich). The samples were supplemented with 5% polyethylamine 

(Sigma-Aldrich) and clarified using a 45Ti rotor (Beckman Coulter, Brea, CA) at 100,000 x 

g for 30 min prior to incubation overnight at 4°C with Glutathione Agarose beads 

(Pierce, Rockford, IL) previously washed in lysis buffer containing 1% Triton X-100. The 
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Glutathione Agarose beads containing the immobilised proteins GST-PDXK and PDXK 

p.Ala228Thr were subsequently washed in lysis buffer containing 1% Triton X-100 and 

incubated with 10mg/ml DNAse and RNAse (Sigma-Aldrich) for 1 hour at room 

temperature (RT), prior to washing in lysis buffer containing no Triton X-100. The GST 

tag was cleaved using 100 U of PreScission Protease (GE Healthcare, Piscataway, NJ) for 

2 hours at RT. After elution the proteins were dialyzed in 25 mM HEPES, pH7.4, 100 mM 

KCl, 1mM 1,4-dithiothreitol overnight at 4°C. Protein concentration was determined 

using the BCA Protein Assay Kit (Thermo Fisher Scientific).  

 
Isothermal Titration Calorimetry (ITC)  

The affinity of a non-hydrolysable analogue of ATP, called Adenosine 5'-(3-

thiotriphosphate) tetralithium salt (ATPγS), for both PDXK WT and p.Ala228Thr mutant, 

was examined using a MicroCal Isothermal Titration Calorimeter ITC200 instrument 

(Malvern). Both proteins were prepared as described above in 30 mM TRIS pH 7, 100 

mM KCl, 3 mM MgCl2, 0.5 mM TCEP (ITC buffer). An initial 0.2 M stock of ATPγS was 

prepared in water and diluted with ITC buffer to a final concentration of 250 μM. The 

concentration was adjusted using the UV Absorbance at 259 nm, and the extinction 

coefficient of 15.4 mM-1cm-1 suggested by the ligand provider (Jena Bioscience).  

The experiments were conducted at 25°C following standard procedures as described 

previously. 473 40 μL of 250 µM ATPγS was titrated into a 330μL solution of 25 µM WT 

or A228T protein. The ITC experiment consisted of twenty 2μL injections with a spacing 

of 180 seconds. Heat produced by titrant dilution was obtained by a control 

experiment, titrating into buffer alone, under the same conditions.  

The MicroCal-Origin 7.0 software package was used to fit the integrated heat data 

obtained for the titrations corrected for heats of dilution, using a non-linear least-
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squares minimization algorithm based on an independent binding sites model. ΔH 

(reaction enthalpy change in kcal/mol), Ka (1/KD) (equilibrium association constant per 

molar) and n (molar ratio of the proteins in the complex) were the fitting parameters. 

The reaction entropy was calculated using the relationships ΔG = ΔH -TΔS = -RTln(1/KD).  

Circular Dichroism (CD)  
 
To investigate conformational differences between wild-type PDXK and the disease-

linked mutant p.Ala228Thr, circular dichroism (CD) analyses were performed as 

detailed in Chapter 3.  

UV and CD spectra were acquired on the Applied Photophysics Ltd Chirascan Plus 

spectrometer across the 400-190 nm wavelength region. 10 mm (400-230 nm) and 0.5 

mm (260-190 nm) strain-free rectangular cells were employed.  The instrument was 

flushed continuously with pure evaporated nitrogen throughout the experiment.  The 

following parameters were employed: 2 nm spectral bandwidth, 1 nm step-size and 1 s 

instrument measurement time-per-point. All spectra were acquired at 25oC, and buffer 

baseline corrected. Light scattering correction was applied on the UV spectra of both 

proteins using the Chirascan Pro-Data Software (APL). Where possible, spectra were 

smoothed with a window factor of 4 using the Savitzky-Golay method475 for better 

presentation.  

The far-UV CD spectra of the two proteins were corrected for concentration and 

pathlength and expressed in terms of Δε (M-1cm-1) per amino acid residue. Protein 

secondary structure content was assessed using the Principle Component Regression 

method based on 16 known protein structures474 embedded in the PLSPlus/IQ routine 

on the GRAMS32 AI software (Galactic, USA). 

Western Blotting 
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Fibroblast samples from affected, carriers and healthy individuals were obtained with 

consent and western blotting was performed as described in Chapter 3 using anti-PDXK 

antibody (Abcam 38208; 1:500) and goat anti rabbit IgG (17210, Bio-Rad Laboratories, 

1:5,000). Blots were developed using ECL Prime (GE Healthcare), visualized via a 

ChemiDoc Touch Imaging System and analysed using Image Lab 5.2 software (Bio-Rad 

Laboratories). For the quantification, the signal intensity of each band corresponding to 

the PDXK WT and PDXK p.Ala228Thr mutant protein were normalized to the signal 

intensity of the corresponding reversible Ponceau staining as a reliable loading control. 

472 The amount of PDXK WT and mutant protein were expressed as a percentage of the 

control sample. The experiment was repeated 3 times.  

Measurement of Pyridoxal Kinase Activity 
 
The pyridoxal kinase activity present in dried blood spots (DBS) was determined by 

adapting the protocol used by Wilson et al 
476 with the following minor modifications. 3 

mm discs punched from dried blood spots were incubated for 10 min at 37 °C with 

shaking at 300 rpm in a reaction buffer containing 20 mmol/L potassium phosphate 

adjusted to pH 6.1, 10 μmol/L pyridoxal and 300 μmol/L MgATP (all purchased from 

Sigma-Aldrich, Gillingham, UK). The same method was adapted for the investigation of 

activity of the purified recombinant pyridoxal kinase. 5 μl of 20 ng/μl purified pyridoxal 

kinase protein lysate was placed in a UPLC 96-well sample plate (Waters, Elstree, UK). 

Subsequently, 115 μl of reaction buffer containing potassium phosphate (pH 6.1), 

pyridoxal and MgATP was added to create a final concentration of 20 mmol/L 

potassium phosphate, with pyridoxal and MgATP concentrations adjusted as 

appropriate. Investigation of pyridoxal kinase kinetics as a function of pyridoxal 

concentration used a MgATP concentration of 300 μmol/L. A pyridoxal concentration of 

50 μmol/L was utilised for the determination of pyridoxal kinase kinetics as a function 
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of MgATP concentration. After reaction buffer addition, the plate was incubated for 10 

min at 37 °C in an Eppendorf Thermomixer C with shaking at 300 rpm prior to addition 

of 120 μl of a reaction stop mix identical to that used for the determination of 

pyridoxamine 5’-phosphate oxidase activity from dried blood spots. 

Dried blood spots (DBS) were collected from the 2 subjects and 22 controls (age 15 – 

92). Pyridoxal kinase activity of the recombinant proteins and that of dried blood spots 

was determined by quantifying the formation of pyridoxal 5’-phosphate after 

incubation of these with the enzyme substrate pyridoxal and expressed as µmol PLP L-1 

h-1 from recombinant protein and as pmol PLP (3 mm DBS)−1 h–1 from dried blood spots. 

Pyridoxal 5’-phosphate was measured using the UPLC-MS/MS method as described 

previously. 476 

Data collection and statistical analysis were performed using Waters MassLynx and 

GraphPad Prism 6.0 software packages. 

UPLC-MS/MS measurement of the B6 vitamers 
 
B6 vitamer concentrations (pyridoxine (PN), pyridoxal (PL), PLP, pyridoxamine (PM), 

pyridoxamine phosphate (PMP)) and pyridoxic acid (PA) were quantified by ultra-

performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) using 

stable isotope-labelled internal standards. 476; 477  

 
HPLC measurement of B6 vitamers   

Pyridoxal phosphate was measured by HPLC with fluorescence detection using a 

Chromsystems kit as described previously. 476 Pyridoxic acid concentration was 

calculated using an external calibration standard. 

 
PLP measurements pre and post treatment 
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Plasma PLP concentrations pre- and post-treatment were measured using two 

independent HPLC and UPLC-MS/MS methods as described above to validate the 

results.  

The difference between groups was tested with the use of a one-way analysis-of-

variance test, followed by Tukey-Kramer Test. The middle lines of the bars indicate 

mean values, ±1 SD. 

Measurement of neurofilament light chain (NFL) concentration  

Plasma NFL concentration was measured by digital enzyme-linked immunosorbent 

assay using the commercially available NF-Light kit on a Single molecule array (Simoa) 

platform (HD-1 Analyzer) as described in Chapter 3.  

Gene co-expression analysis  

We generated Gene Co-expression Networks (GCN) for CNS and PNS tissue-specific 

transcriptomic as detailed in Chapter 3.  

4.1.3 Results  
 

Here we describe three affected Cypriot individuals (Figure 23A) with early childhood-

onset sensorimotor, length dependent predominantly axonal polyneuropathy and adult 

onset optic atrophy (Table 4.1). Affected individuals required walking sticks before the 

age of 10 years with progression to upper limb by age of 12 and onset of visual loss in 

their 20s. At last examination, case II-5 was requiring assistance of two people for sit-to-

stand, mobilising with assistance of two, plus zimmer-frame for transfers and short 

distances, with wheelchair use for all other activities. Case II-6 could only walk short 

distances with assistance of one person. Neurological examination in the patients 

showed bilateral distal wasting from mid forearm and from below mid-calf with wasting 
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of the thenar, hypothenar, intrinsic muscle of the hands, distal lower limb muscles and 

pes cavus (Figure 23B). There was bilateral distal weakness extending up to the elbows 

in the upper limbs and up to the knees in the lower limbs. The MRC muscle score was 44 

(of 60) in case II-5 and II-6 with absent reflexes and reduced sensation in all limbs in all 

modalities (Table 4.1 and Table 4.2). Vision was reduced including the colour vision with 

fundoscopy confirming bilateral optic atrophy in both cases (Figure 24A).  The rest of 

cranial nerve examination was normal. The third affected sibling (deceased) was 

similarly affected. 
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A. Pedigree of the family with PDXK mutation.  
B. Phenotype of the individuals with PDXK mutation presenting with muscle atrophy of 
the intrinsic muscles of the hands with clawing of the hands, thin wrists, pes cavus and 
muscle atrophy in the feet and calves (b1-b3 from case II-5, b4-b6 case II-6).  
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Figure	23	Bi-allelic	PDXK	mutations	are	associated	with	polyneuropathy	
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A. Fundoscopy confirmed bilateral optic disc atrophy in both cases (C1 for case II-5 and C2 in case II-6).  
B. Nerve biopsy from case II-6 showing axonopathy. There is diffuse and severe depletion of both small 
and large myelinated axons with most of the surviving axons being less than 5μm in diameter. There 
were no axonal ovoids but there were regenerating clusters (arrows) consistent with long standing 
indolent axonopathy. There is no demyelination process.  
	

6 	
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1 

Figure	24	Bi-allelic	PDXK	mutations	are	associated	with	axonal	polyneuropathy	and	optic	atrophy 
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Table 4.1. Detailed phenotype of the affected cases carrying PDXK mutations 
Phenotype/case Case II-5 Case II-6 Case II-7 

De
m

og
ra

ph
ic

s Gender Male Female Female 

Age at examination (in years) 79 74 Died at 71 
from 
leukaemia 

Age at onset (in years) 4 9 7 

Pr
og

re
ss

io
n Symptoms at onset Lower limb weakness and wasting 

Upper limb weakness  At 12 years At 12 years At 17 years 

Optic atrophy At 20 years At 47 years  At 50 years 

N
eu

ro
lo

gi
ca

l e
xa

m
in

at
io

n 

Fundoscopy Pale optic discs bilaterally Pale optic discs bilaterally NA 

Other cranial nerves  Normal 
Skeletal deformities Pes cavus, hammer toes, clawing of hands 

Power Severe weakness of dorsi/plantar flexion, long finger extensors and intrinsic muscles of the hands 

MRC power score 44 44  

Reflexes Absent throughout. Mute plantar responses NA 

Sensation Reduced pain to mid calf and wrists Reduced pain to ankles and elbows 

Reduced vibration sense to iliac crest 
and wrist  

Reduced vibration sense to iliac crest 
and elbow  

Romberg's sign Present  Present 
Coordination  Normal Normal 

Visual acuities Unable to count fingers 6/12 in both eyes 

Colour vision Unable to distinguish any colour Grossly impaired, 3/17 Ishihara plates 

Peripheral vision  Normal Normal 

Cognitive function Normal Normal 

Seizures  Absent Absent 

In
ve

st
ig

at
io

n 
re

su
lts

 

MRI head Normal  Normal  
Optic nerve and chiasm CT Normal  Normal  

Visual evoked potentials 
(VEP) 

Severely attenuated bilaterally with 
anomalous waveform on flash VEP 

Normal 

Somatosensory evoked 
potentials  

NA Poorly formed due to severe 
polyneuropathy 

Nerve conduction study 

Upper limb Severe sensor-motor axonal 
neuropathy  

Severe sensor-motor axonal neuropathy 

Lower limb Severe sensor-motor axonal 
neuropathy 

Severe sensor-motor axonal neuropathy 

EMG Chronic denervation in a length 
dependent pattern. No myopathic 
changes.  

 

Bi
oc

he
m

ic
al

 p
ro

fil
e  

Renal function  Normal Normal 

Liver function  Normal Normal 

GI tract Normal colonoscopy Normal 
Plasma amino acids Normal NA 
Vitamin B1 (normal range 67-
265 nmol/L) 

NA 176 

Vitamin B9 (normal range 3.9-
20 ng/mL) 

3.9 NA 

Vitamin B12 (normal range 
197-771 pg/mL) 

938 454 

Pyridoxal Phosphate (normal 
range 25-75 umol/L) 

9 7 

Legend:	NA- not available, EMG- electromyogram, GI- gastrointestinal, na-not available, PLP- 
pyridoxal phosphate. Plasma amino acids tested: methionine, isoleucine, leucine, tyrosine, 
phenylalanine, ornithine, lysine, histidine, and arginine.  
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Nerve conduction studies in the affected cases revealed a progressive length-

dependent, sensorimotor, predominantly axonal neuropathy with severe reduction of 

CMAPs (Table 4.3). Interestingly, both patients present with significantly prolonged DML 

in the median compared to ulnar nerve. While it is possible that this is secondary to 

long-standing median compression lesion at the wrist, we cannot exclude that this 

finding is disease-related as seen in other inherited neuropathies presenting with a 

“split hand” with more thenar than hypothenar involvement such as CMT-X. The 

reduced CMAPs were associated with reduction of conduction velocities in the 

intermediate range mainly in the median nerves. Given the severe amplitude reduction 

of distal CMAPs it is hard to confidently ascertain if these results reflect the loss of large 

diameter fibres, or a superimposed demyelinating component, or both. Similar results 

were confirmed in case II-5. Electromyography showed associated chronic denervation 

in a length-dependent pattern with no myopathic changes (Table 4.4). 

We performed nerve biopsy in case II-6 that showed diffuse and severe depletion of 

both small and large myelinated axons with regenerating clusters but no “onion bulbs” 

consistent with long-standing axonopathy with no overt demyelination (Figure 24B).  

Visual evoked potentials in case II-6 have decreased considerably in amplitude from 7.9 

and 7.4 in each eye to 1.8 and 1.9 over a period of 20 years indicating axonal loss and 

bilateral visual pathway involvement (Table 4.5 and Table 4.6).  
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Table 4.2. Extended neurological examination pre and on PLP treatment in patients 
with PDXK mutations.  
 

Case/ Time of evaluation  II-5 baseline II-5 on PLP II-6 baseline II-6 on PLP 
Face 

Normal examination Normal examination Normal examination Normal examination Neck Flexion 

Neck Extension 

Muscle assessed/ Side  R L R L R L R L 

Shoulder Abduction 5 5 5 5 5 5 5 5 

(Supraspinatus) 5 5 5 5 5 5 5 5 

Deltoid 5 5 5 5 5 5 5 5 

Shoulder Adduction 5 5 5 5 5 5 5 5 

Shoulder External 
Rotation 

5 5 5 5 5 5 5 5 

Elbow Flexion 4+ 4+ 5 5 5 5 5 5 

Elbow Extension 4 4 5 5 5 5 5 5 

Wrist Extension 4 4 5 5 4 4 5 5 

Wrist Flexion 4 4 5 5 4 4 4+ 4+ 

Extensor Dig Comm 4 4 5 5 4- 4- 4- 4- 

Flexor digitorum 
superficialis  

4 4 4+ 4+ na na na na 

Flexor digitorum 
profundus 

4 4 4+ 4+ na na na na 

First dorsal interosseous 3 3 3 3 3 3 3 3 

Abductor pollicis brevis 3 3 3 3 3 3 3 3 

Abductor digiti minimi 3 3 3 3 3 3 3 3 

Hip Flexion 4+ 4+ 5 5 4 4 5 5 

Hip Extension 4+ 4+ 5 5 4 4 5 5 

Knee Flexion 4- 4- 5 5 4+ 4+ 5 5 

Knee Extension 4- 4- 5 5 4+ 4+ 5 5 

Ankle Dorsiflexion 1 1 1 1 0 0 0 0 

Ankle Plantarflexion 0 0 0 0 0 0 0 0 

Toe Flexion 0 0 0 0 0 0 0 0 

MRC sum Score (60) 44 52 44 50 
Reflexes 

     Biceps Abs Abs Abs Abs Abs Abs Abs Abs 

     Supinator Abs Abs Abs Abs Abs Abs Abs Abs 

     Triceps Abs Abs Abs Abs Abs Abs Abs Abs 

     Knee Abs Abs Abs Abs Abs Abs Abs Abs 

     Ankle Abs Abs Abs Abs Abs Abs Abs Abs 

     Plantars mute mute mute mute mute mute mute mute 

Sensation  
Pinprick  UL: above 

wrists 
LL: mid calf  

UL: above 
wrists 
LL: at 
ankles 

UL: mid 
hand  
LL: mid 
foot 

UL: mid 
hand  
LL: mid 
foot 

UL: At 
elbows 
LL: ankles 

UL: At 
elbows 
LL: at 
ankles 

UL: At 
elbows 
LL: at 
ankles 

UL: At 
elbows 
LL: at 
ankles 

Vibration  UL: At 
wrists 
LL: iliac 
crest 

UL: At 
wrists 
LL: iliac 
crest 

UL: At 
wrists 
LL: knee 

UL: At 
wrists 
LL: knee 

UL: At 
elbows 
LL: at iliac 
crest 

UL: At 
elbows 
LL: at 
iliac crest 

UL: At 
elbows 
LL: at iliac 
crest 

UL: At 
elbows 
LL: at 
iliac crest 

Legend: abs=absent, R=right, L=left, UL=upper limb, LL=lower limb, na=not available. 
The movements assessed as part of the MRC sum power score are highlighted in grey. 
The values that have improved on PLP treatment are highlighted in green.  
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Table 4.3. Motor and sensory nerve conduction studies (NCS) in patients with PDXK 
mutation. 
	

Time 
of 

test 

Motor nerve conduction studies 

Median nerve Ulnar nerve Common 
Peronial nerve 

  Tibial nerve 

DML  CMAP 
(w.) 

  CMAP 
(e.) 

MCV 
w. to 

e. 

MCV 
e. to 

a. 

F lat DML CMAP 
(w.) 

CMA
P   
(e.) 

 MCV               
w. to 
e.  

 MCV  
 e. to 
a.  

  F lat   CMAP 
(ank) 

 CMAP 
(fib. 
neck) 

 
CMAP     
pop.  
fossa) 

 CMAP 
(ank) 

Cass II-5 

    -7 
years 

5.8 0.6 0.5 31 na abs 3.3 2.0 1.5 43 42 35.9 NR NR NR NR 

   
Baselin
e 

6.1 0.4 0.3 35 na abs 3.6 1.8 1.5 44 56 36 NR NR NR NR 

After 
PLP 

  6.2 0.3 0.2 28 na   abs 3.1 2.6 2.0 36.4 42 41 NR NR NR NR 

Case II-6 

Baselin
e 

 5.9 0.1 0.1 38 na na 3.8 1.8 1.5 41 45 37 NR NR na NR 

After PLP 5.8 0.32 0.25 32.4 na na 3.2
1 

2.3 1.74 42.3 50 na NR NR NR NR 

	

Time 
of test 

Sensory and mixed nerve conduction studies 

Median nerve  Ulnar nerve Sural Nerve 

SNAP 
(uV) 

SCV 
(m/s) 

SNAP 
(uV) 

SCV 
(m/s) 

SNAP 
(uV) 

SCV 
(m/s) 

Cass II-5 

baseline NR - NR - NR - 

After 
PLP 

NR - NR - NR - 

Cass II-6 

baseline NR - NR - NR - 

After 
PLP 

NR - NR - NR - 

 
Electrophysiological evidence of sensorimotor, axonal neuropathy progressing in a 
length-dependent pattern over a 20 years-time period. Studies were carried out 7 years 
before starting treatment, at baseline (just before treatment) and 1-year post PLP 
replacement. NCS at last examination in case II-5 shows reduced median and ulnar 
CMAP amplitudes responses with absent motor responses in the lower limb. Sensory 
responses are absent throughout. NCS at last examination in case II-6 shows absent 
sensory and motor responses in the lower limb, absent sensory responses in the upper 
limb with very reduced CMAPs amplitude in the upper limb. Legend: DML = distal 
motor latency measured in milliseconds; CMAP =Compound Muscle Action Potential, 
measured in milivolts; MCV= motor conduction velocity, measured in metres per 
second; F lat= Minimal F wave latency, measured in milliseconds; Term. Dist =terminal 
distances measured in millimetres; w=wrist, e.=elbow, a.=axilla, ank=ankle, NR = no 
response, na=not available, SNAP= sensory nerve action potential, measured in 
microvolts; SCV=sensory conduction velocity measured in metres per second. 
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Table 4.4. Electromyography (EMG) study in patients with PDXK mutation at baseline. 

Site	

Spontaneous	
activity	

MUAP	
configuration	

				Recruit.		 IInterfer.	 Spontaneous	
activity	

MUAP	configuration	 			Recruit.		IInterfer.	

Fibs/	
PSW	

Other	 Dur	 Amp	 Poly	 Fibs/P
SW	

Other	 Dur	 Amp	 Poly	

Case	II-5	 Case	II-6	
Right	
Biceps	

0	 0	 é é é N	 N	 0	 0	 N	 N	 N	 N	 N	

Flexor	
carpi	
radialis		

0	 0	 é	 é	 é	 N	 N	 0	 0	 é	 é	 é	 N	 N	

Flexor	
Digitalis	
superfici
alis		

0	 0	 éé éé éé 	Reduced,	
large	units	
recruiting	
early	

ê 0	 0	 é é é N	 ê 

	Right	
FDIO	

0	 0	 éé	 éé	 éé	 	Reduced,	
large	units	
recruiting	
early	

êêê	 0	 0	 é	 é	 é	 N	 êêê	

	Right	
Vast	
Med	

0	 0	 éé	 éé	 éé	 	Reduced,	
large	units	
recruiting	
early	

êê	 0	 0	 éé	 éé	 éé	 	Reduced,	
large	
units	
recruiting	
early	

êê	

	Right	
Tib	Ant	

0	 0	 na	 na	 na	 No	MUAPs	
under	
voluntary	
control	

na	 0	 0	 N	 N	 N	 	No	
MUAPs	
under	
voluntary	
control	

na	

	
 

Concentric needle EMG at baseline, before PLP treatment, showing chronic denervation in a 
length-dependent pattern in case II-5 and II-6. There is no evidence of myopathy. Spontaneous 
activity: 0, none; 1, at two sites; 2, at more than 2 sites; 3, at all sites, 4, "interference pattern". 
MUAP configuration, Interference: N, normal; é/ê, mild, éé /êê, moderate, ééé /êêê, 
severe increase or decrease. Fibs= fibrillation potentials, PSW= positive sharp waves; MUAP=	
motor unit action potential; Dur=duration; Amp=amplitude; Poly=polypasic units; 
Recruit=Recruitment; Interfer=Interference; FDIO=first dorsal interosseos, Vast Med = vastus 
medialis, Tib Ant=tibial anterior muscles; na= not available.  
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Table 4.5 Longitudinal assessment of visual evoked potentials in patients with PDXK 
mutations before PLP treatment. 
 

Time of 
test 

Eye  Right eye Left eye Right eye  Left eye  

P100   uV msec uV msec uV msec uV msec 

Case II-5 Case II-6 

-20 years Visual acuity 6/9 6/24 6/12 6/9+1 
Whole field 2 106.6 1.7 108.6 7.9 101.6 7.4 100 
Right hemifield na na na na 2.8 97.1 3.3 91.6 
Left hemifield na na na na 2.7 94.6 2.3 100.1 
Central field na na na na 6.7 101.1 6.5 100.1 

Baseline Visual acuity  6/12 6/18 
Whole field 1.9 109 2 110.5 
Right hemifield na na na na 
Left hemifield  na na na na 
Central field na na na na 

 
Responses to pattern reversal stimulation (case II-5) to either eye were of very low 
amplitude. Whole field responses were just discernible, with normal latencies, but 
responses to stimulation of the constituent parts of the visual field could not be 
identified. Although initially normal, longitudinal assessment of the second affected 
patient (II-6) 20 years into the disease showed similarly abnormal visual evoked 
potentials of both eyes were severely attenuated but undelayed, consistent with 
axonal loss and bilateral visual pathway involvement. Stimulation with a CRT monitor 
using a black and white square pattern with a contrast of 97%, a mean luminance of 61 
cd/m2 (photopic candelas seconds per meter squared) and a reversal rate of 2.1/s. 
Recordings of the evoked responses using electrodes at MO (midoccipital), LO (lateral 
occipital) and RO (right occipital) (recording), Fz (reference) and Cz (ground) and filters 
at 1Hz (HP) and 100 Hz (LP). Amplitudes are measured from N75 to P100 (peak latency 
of the waveform) and latencies to the peak of P100 in recordings from MO. Legend: 
uV=microvolts, msec=milliseconds, na=not available.  
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Table 4.6 Somatosensory evoked potentials (SEP) in case II-6 at baseline. 
 

Site Right Left 
 
Tibial (twitch) 

uV ms uV ms 

P40 (scalp) 0.2 45.3 
 

indistinct 
N22 (T12/L1)  indistinct indistinct 
N8 (popliteal fossa) indistinct indistinct 
IPL N8-P22 na 

 
na 

 

IPL N22-P40 na na 
Legend: SEPs in the right lower limb shows very small and poorly formed cortical 
responses of normal latency. No responses were elicited from the left foot. These 
findings likely reflect the severe peripheral neuropathy rather than a central lesion. 
Unilateral electrical stimulation of the nerve was performed at 3.1/s.  Latencies were 
measured to peaks and amplitudes, from peaks to following throughs, or to P50 for 
cortical responses in lower limb studies. Legend: uV=microvolts, msec=milliseconds, 
na=not available.  
 
Previous extensive genetic 492, metabolic and mitochondrial investigations failed to 

identify any acquired, or known causes of inherited polyneuropathy. Whole genome 

sequencing (WGS) and homozygosity mapping for 2 affected siblings revealed four 

variants in a homozygous region on chromosome 21 (Figure 25). Only one variant 

segregated with the disease: PDXK (NM_003681) c.682G>A (p.Ala228Thr) (Figure 25). 

This variant was absent in 150 Cypriot controls. p.Ala228Thr is absent from the ExAC 

database in homozygous state though reported in 4 heterozygous individuals (3 South 

Asian and one European) (total allele frequency of 3.32E-05). 447  
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PDXK:NM_003681:chr21:c.682G>A:p.Ala228Thr  
COL18A1:NM_030582:chr21:c.251C>T:p.Ser84Leu 
LSS:NM_001145437:chr21:c.1815C>T:p.Gly605Gly  
PCNT:NM_001315529:chr21:c.6764G>A:p.Gly2255Glu 

Legend: Top. Genotyping of the two affected siblings (case II-5 and II-6) identified several shared 
regions of homozygosity with four regions giving the strongest signal (chromosome 6, 7, 10 and 21). 
Bottom. Regions of homozygosity on chromosome 21 in the two affected siblings. Regions of 
homozygosity on chromosome 21 of the two affected siblings. (blue; case II-5 and green; case II-6) 
identified a shared region from 42-45 Mb. The region on chromosome 21 includes PDXK. Other genes 
present in that region are plotted underneath. The variants present in the autozygome and shared 
between the two affected individuals are listed below in red.	

Figure	25	Identification	of	shared	regions	of	homozygosity	identifying	PDXK	as	candidate	gene	
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A. Sanger sequencing confirming the homozygous c.682G>A mutation in the 
two affected cases and heterozygous state in unaffected family member.  
B. Conservation of p. Ala228Thr in PDXK across species. aa, amino acid.  
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Figure	26	Disease-causing	PDXK	mutation	in	peripheral	neuropathy	with	optic	

atrophy 
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Alanine 228 is an evolutionary conserved amino acid (Figure 26B) in eutherians, located 

in the ATP-binding pocket of pyridoxal kinase (Figure 27) a critical region of the kinase, 

part of the loop region between strand β11 and helix α7 that rotates away from the 

active site allowing binding of the ATP adenine. 14  

 

  

ATP ATP 

Mg2+ 

Na2+ 

Mg2+ 

90º 

ATP 

Mg2+ 

Mg2+ 

Na2+ 

A228 
3.2 Å 

Crystal structure of human pyridoxal kinase with bound ATP (PBS accession 3KEU). 
PDXK is a dimeric enzyme with one active site per monomer4 (monomers A and B are 
depicted in green and yellow, respectively). In the PDXK structure, the backbone-
carbonyl oxygen of Alanine 228 establishes a hydrogen bond with the adenine NH2 
group of ATP. The active site of each monomer binds one ATP molecule, two Mg2+ 
ions and one Na2+ ion. The ATP binding site is composed of a β-loop-β structure, often 
referred as a flap, which provides numerous hydrogen-bond interactions to the ATP 
β- and γ-phosphates, and sequesters the ATP for catalysis.14 
	

Figure	27	Crystal	structure	of	human	pyridoxal	kinase	with	bound	ATP 
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Whilst the Ala228 side-chain does not contact ATP directly, its backbone is involved in 

recruiting ATP to the catalytic pocket. PDXK is ubiquitously expressed in humans 

encoding for pyridoxal kinase (PDXK), a cytoplasmic protein that converts vitamin B6 to 

its active form, pyridoxal 5’-phosphate (PLP) (Figure 28). PLP is an essential cofactor for 

>70 human enzymes representing diverse, essential biological pathways including 

amino acid and neurotransmitter metabolism.  Phosphorylated B6 vitamers (PMP; 

pyridoxamine 5’-phosphate, PNP; pyridoxine 5’-phosphate, PLP; pyridoxal 5’-phosphate) 

present in the diet are hydrolysed to pyridoxal (PL), pyridoxamine (PM) and pyridoxine 

(PN) by intestinal phosphatases prior to absorption and then converted to their 5’-

phosphate derivatives in the liver by pyridoxal kinase (PDXK). PNP and PMP are then 

converted to PLP, by pyridox(am)ine 5’-phosphate oxidase (PNPO). PLP re-enters the 

circulation bound to a lysine residue of albumin. Homeostatic regulation of tissue levels 

of PLP is achieved by various mechanisms, including feedback inhibition of PNPO and 

pyridoxal kinase by PLP. 493 Albumin in plasma, haemoglobin in erythrocytes and 

glycogen phosphorylase in muscle also play a role, binding to PLP and helping to keep 

concentrations of this very reactive aldehyde low 494 so as to avoid any unwanted 

reactions with biologically important molecules. Subsequent delivery of PLP to the 

tissues requires hydrolysis of circulating PLP to pyridoxal by the ecto-enzyme tissue 

nonspecific alkaline phosphatase (TNSALP). The resulting pyridoxal is able to enter cells 

prior to being re-phosphorylated by pyridoxal kinase to produce the active cofactor, 

PLP, required by B6-dependent apoenzymes. 495 Within cells, recycling pathways also 

exist with PMP being oxidised by PNPO to form PLP. 494 
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Phosphorylated B6 vitamers (PMP; pyridoxamine 5’-phosphate, PNP; pyridoxine 5’-phosphate, 
PLP; pyridoxal 5’-phosphate) present in the diet are hydrolysed to pyridoxal (PL), pyridoxamine 
(PM) and pyridoxine (PN) by intestinal phosphatases prior to absorption and then converted to 
their 5’-phosphate derivatives in the liver by pyridoxal kinase (PDXK). PNP and PMP are then 
converted to PLP, by pyridox(am)ine 5’-phosphate oxidase (PNPO).	

Figure	28	Vitamin	B6	metabolic	pathway. 
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Isothermal titration calorimetry (ITC) confirmed that p.Ala228Thr affected the ATP-

binding ability of PDXK. Interaction of wild-type (WT) PDXK with the non-hydrolysable 

ATP analogue ATPγS generated well-interpolated, sigmoid-shaped curves, based on an 

independent and equivalent binding sites model centred on 1:1 stoichiometry. By 

contrast, no association between p.Ala228Thr and ATPγS was observed (Figure 29).  

 

ATPγS	in	WT	PDXK ATPγS	in	A228T	PDXK 

The left panel shows the titration of ATPγS (250 μM) into a PDXK WT solution (25 μM). The 
thermogram shows that the interaction was entropically and enthalpically favoured, with ΔH -
3.27 ± 0.42 kcal/mol, -TΔS -4.42 ± 0.48 kcal/mol, KD 2.33 ± 0.25 µM and ΔG -7.69 ± 0.06 kcal/mol. 
The stoichiometry was 0.80 ± 0.02 µM, indicating that each molecule of PDXK binds to one 
molecule of ATPγS. The right panel reports the titration of ATPγS (250 μM) into a PDXK 
p.Ala228Thr solution (25 μM). The experiment showed no interaction under the experimental 
conditions tested, suggesting that the mutation affected the ability of the kinase to bind the 
analogue substrate ATPγS.  
	

Figure	29	Analysis	of	the	interaction	of	non-hydrolysable	analogue	ATPγS	with	PDXK	WT	and	

p.Ala228Thr	mutant	proteins	by	ITC 
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Far-UV circular dichroism (CD) spectra analysis of both WT and p.Ala228Thr revealed 

that, whilst both proteins were folded, there were small but significant differences in 

their secondary structure (Figure 30).  WT PDXK had an estimated α-helix and β-strand 

content of 31.2% and 19% respectively; similar to previous X-ray studies (PDB 3KEU). 496 

In the mutant protein a 26.0% and 21.1% of helical and strand content respectively was 

estimated, suggesting altered protein conformation. Furthermore, near-UV CD analysis 

revealed distinctive CD fingerprints for wild-type and p.Ala228Thr proteins, indicating 

conformational rearrangements of aromatic side-chains 497 around the catalytic pocket, 

most likely hindering the enzyme’s ability to bind ATP. 

 

The left and right panels show the normalised far-UV and near-UV spectra of the two 
proteins, respectively. A clear difference in secondary structure content between the two 
proteins is observed from the far-UV experiment.  
	

Normalised far-UV 
Near-UV 

Figure	30	Circular	dichroism	analyses	of	recombinant	PDXK	WT	and	p.Ala228Thr	mutant	

proteins 
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A. Western blot analysis shows normal expression of the PDXK protein in affected individuals 
compared to controls. WT= wild-type.  
B. Activity of recombinant wild-type and p.Ala228Thr pyridoxal kinase protein measured as pyridoxal 
5’-phosphate formation.  Conditions: 0 – 100 µmol L-1 pyridoxal (PL); 300 µmol L-1 MgATP; 20 mmol L-1 
potassium phosphate, pH 7.0; 37°C; 10 min incubation with 100 ng recombinant protein. Points 
displayed are a mean of three repeats. Vmax: WT = 2.17 μmol L-1 hr-1; p.Ala228Thr = 2.52 μmol L-1 h-1. 
Km: WT = 14.53 μmol L-1; p.Ala228Thr = 31.93 μmol L-1. 
C. Kinetics of recombinant wild-type and p.Ala228Thr pyridoxal kinase protein upon variation of 
pyridoxal concentration. Pyridoxal kinase activity of recombinant human WT and p.Ala228Thr PDXK 
protein is measured as PLP formed after incubation with the substrate PL. Incubations performed in 
the presence of variable concentrations of MgATP (0 – 500 µmol/L) and 50 µmol/L pyridoxal. Kinetics 
were sigmoidal and parameters established were as follows: WT k0.5 = 53.4 µmol/L; Vmax = 16.8 pmol 
h-1, p.Ala228Thr k0.5 = 174.4 µmol/L; Vmax= 6.3 pmol h-1. Results indicate a dramatic reduction in the 
catalytic efficiency of the p.Ala228Thr PDXK protein. n = 3 at each data point.   

 

WT									II-5									WT					II-6	 
PDXK 

Ponceau 

37	KDa 

A 

B 

C 

Figure	31	PDXK	mutations	lead	to	reduced	pyridoxal	kinase	enzymatic	activity. 
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Whilst no reduction in the expression of the mutant protein (p.Ala228Thr) compared to 

wild-type PDXK in cases-derived fibroblasts was evident (Figure 31A), kinetic studies 

with human recombinant PDXK showed an approximate two-fold increase in the Km of 

the p.Ala228Thr mutant protein (31.9 μmol/L) for pyridoxal compared to wild-type 

protein  (14.5 μmol/L) and a reduction in the Vmax of the mutant protein (p.Ala228Thr) 

to 0.95 µmol L-1 h-1 compared to 2.52 µmol L-1 h-1 for wild-type PDXK. Upon variation of 

MgATP concentration, sigmoidal kinetics were observed (WT k0.5 = 53.4 µmol/L; Vmax = 

16.8 pmol h-1, p.Ala228Thr k0.5 = 174.4 µmol/L; Vmax= 6.3 pmol h-1) indicating 

cooperative binding between the two substrates, ATP and pyridoxal (Figure 31B-C). 

Analysis of erythrocyte PDKX activity from individuals carrying the p.Ala228Thr 

substitution (II-5 and II-6) further confirmed the deleterious effect of p.Ala228Thr on 

pyridoxal kinase activity (Figure 32A). The activity present in the 2 cases was reduced 

(1.1 and 0.8 pmol DBS-1 h-1) relative to controls (2.6–14.7 pmol DBS-1 h-1, mean; 8.0). 

Heterozygote activity (n=1, III-1) was within normal range (4.9 pmol DBS-1 h-1). No 

correlation of DBS pyridoxal kinase activity with age was identified. When segregated 

according to gender, a difference was identified between males and females (9 males: 

mean=9.2 range=5.9-14.7; 12 females: mean=7.1 range=2.6-11.7) that approached 

significance (P = 0.1099 by untailed T test). A deletion located in the erythroid-specific 

promoter region of pyridoxal kinase has been associated with reduced erythrocyte 

PDXK activity.21 Sequencing this region showed that the reduced activity of the 

homozygotes was not attributable to this deletion 498 (Figure 32B and Supplemental 

S4.1). Finally, we measured plasma PLP concentrations in two affected cases. Plasma 

PLP was greatly reduced in cases compared to age-matched controls (Figure 32C). 
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A. Erythrocyte PDXK activity in dried blood spots from individuals homozygous for the p.Ala228Thr variant 
and controls (ages 15–92). Individuals homozygous for p.Ala228Thr have lower activity than all controls. 
Activity measured as PLP formed after incubation of a 3mm dried blood spot punch with pyridoxal.  Each 
sample was analysed in duplicate and the mean is shown.  There was no correlation of PDXK activity with 
age. 
B.	Correlation of DBS enzymatic activity with the presence of the (-306_-305InsGCGCGGCG) insertion in 
the PDXK promoter region. Erythrocyte pyridoxal kinase activity in dried blood spots (DBS) from patients 
and controls. Activity was measured by monitoring pyridoxal 5’-phosphate formation from pyridoxal. 
Individuals have been grouped according to the presence or absence of the -306_-305InsGCGCGGCG 
insertion in the promoter region of PDXK.  Points displayed are a mean of activity measured from two 3 
mm punches from a DBS. Ins = -306_-305InsGCGCGGCG present; WT = no insertion. 
C. Comparison of plasma PLP concentrations (retention time of 2.78/2.84 mins) in control (pink) and cases 
samples carrying the PDXK mutation (blue) show a significant reduction of PLP in the case samples 
(control=70 nmol/L (control range 25-75 nmol/L) vs case II-5 =9 nmol/L).   
	

A 

C 

Pink-control 
Blue-	II-5 

B 

Figure	32	PDXK	mutations	lead	to	reduced	pyridoxal	kinase	enzymatic	activity	and	low	PLP. 
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Based on clear pathogenicity of the PDXK mutation leading to low PLP, case II-5 and II-6 

were treated with oral PLP. High doses of pyridoxine are known to be neurotoxic499, 

therefore we used PLP, which is hydrolysed to PL, to increase the upstream pyridoxal 

and force the flux with an enzyme with a high Km based on our results of recombinant 

p.Ala228Thr protein kinetics. We initiated treatment with 50 mg/day PLP, a dose that 

was commonly used in adults taking pyridoxal 5'-phosphate as a vitamin supplement 

with no reported side effects. We aimed to achieve plasma PLP concentration above the 

normal range by PLP replacement and this was achieved with 50 mg/day. 

Two weeks after initiating the treatment, plasma PLP levels had increased considerably 

without any side effects. PLP levels remained stable at 1, 3 and 12 months on PLP 

replacement (Figure 33, Table 4.7, Table 4.8) with significant improvement in symptoms 

(Table 4.9). Both cases are now able to walk independently including case II-5, who was 

previously wheelchair-dependent for most tasks. Clinically the MRC sum score in case II-

5 improved from 44 at baseline to 52 at 18 months on PLP replacement and from 44 to 

50 in case II-6. Main motor improvements were in elbow and wrist flexion/extension 

and hip and knee flexion/extension with very modest improvement in finger extension 

(Table 4.2). Sensory examination and vision remained unchanged in both cases. 

Furthermore, neuropathic pain has completely subsided; neither individual requires 

additional analgesic medication. Electrophysiology studies performed 18 months later 

have demonstrated a mild improvement of the ulnar motor responses in both cases. 

There were no changes in the median motor responses.  
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Table 4.7. PLP supplementation in individuals with PDXK mutations can rescue the 
biochemical phenotype.  
 

 

Whilst these results are supporting the clinical improvement, we acknowledge that is 

difficult to fully quantify the potential for electrophysiological improvement at this stage 

in the disease due to severe axonal loss and the short interval of treatment.    

  Pre-treatment  On PLP replacement treatment  
Case II-5   Case III-

1 
Reference 

range  
(95% RI) 

Case II-5   
B6 

vitamers 
 -4 

months  
baseline  2 weeks 4 weeks 12 weeks 12 months 

(nmol/L) 
PLP 9 7.4 76 19.8 – 200  839 311 461 415 
PL 9 6 24 4.2 – 24.5 443 413 824 1550 
PN nd nd nd nd 4689 14.9 nd 31.3 
PM nd nd nd nd nd nd 3.3 nd 
PA 17 12 20 6.1 – 107  1493 877.4 1524   

Legend: Concentrations of plasma B6 vitamers in an affected homozygous individual (case II-5) and a 
heterozygous (case III-1) PDXK mutation carrier. The levels prior to supplementation were 
compared to published range of B6 vitamers in adult controls (n=523)500 not receiving PLP. PL, 
pyridoxal; PN, pyridoxine; PM, pyridoxamine; PLP, pyridoxal 5’-phosphate; PNP, pyridoxine 5’-
phosphate; PMP, pyridoxamine 5’-phosphate; PA, 4-pyridoxic acid. All units nmol/L, except for PNP 
which is stated in ‘concentration units’. n.d, not detected; RI, reference interval. 

*** The red bar represents the PLP levels in a 
group of adult controls with no B6 
supplementation. There is a significant 
difference in the plasma PLP 
concentration of case II-5 before 
supplementation (blue bar) and on PLP 
replacement (magenta bar) (***; p 
<0.05). The difference between groups 
was tested with the use of a one-way 
analysis-of-variance test based on log2-
transformed data, followed by the Tukey-
Kramer test. The horizontal lines on the 
bars indicate mean values ±1 SD. 
	

Figure	33	The	effect	of	PLP	supplementation	on	plasma	PLP	concentrations	of	a	case	with	PDXK	

mutations 
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These results led to 5 points improvement in Neurological Impairment Set (NIS) score in 

case (II-5) and the 4 points in case II-6 based on the motor, pain and fatigue subsets.   

Similarly, the CMT neuropathy score on PLP replacement improved by 4 points and 2 

points in case II-5 and II-6 respectively (Table 4.8).   

Table 4.8. Plasma B6 vitamer profiles for patients with PROSC, PNPO and PDXK 
deficiency supplemented with pyridoxal 5’-phosphate. 
 
  

Age 
 
B6 (dose) 

 
PLP 

 
PL 

 
PA 

 
PN 

 
PNP 

 
PMP 

 
PM 

Control 
range*  

4.3 y – 16 
y 

None  46 - 
321 

5 - 18 16 - 139 nd - 0.6 nd nd - 9 nd 

PROSC**  3 y PLP (70 mg 
QDS) 

2769 796 2043 0.5 nd nd nd 

PROSC**  6 m PLP (45 
mg/kg/day) 

2166 1695 700 nd nd nd nd 

PNPO***  2 y PLP (30 
mg/kg/d) 

580 427 793 575 43 18 193 

PNPO*** 10 y  PLP (30 
mg/kg/d) 

633 5798 7926 599 77 101 2731 

PDXK****  79 y PLP (50 mg/d) 415 1550 1617 31.3 nd nd nd 

 
Legend: nd; not detected. PL, pyridoxal; PN, pyridoxine; PM, pyridoxamine; PLP, 
pyridoxal 5’-phosphate; PNP, pyridoxine 5’-phosphate; PMP, pyridoxamine 5’-
phosphate; PA, 4-pyridoxic acid. All units nmol/L, except for PNP which is stated in 
‘concentration units’. Values outside the reference range are shown in bold. QDS = four 
times a day. *Control range as described in Footitt et al., 2013; ** Data from Darin et 
al., 2017. ***Data from Footitt et al., 2013. PLP doses received by PROSC and PNPO 
patients larger than the doses given to the PK-deficient patients (II-5 and II-6). 
****Values at 12 months on treatment with PLP.  
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Table 4.9. Clinical response to pyridoxal 5’-phosphate (PLP) treatment. 
 

Neurological impairment set 
Baseline, pre 

PLP 
1 year post 

PLP 
Baseline, pre 

PLP 
1 year post 

PLP 
Case II-5 Case II-6 

Motor Left upper limb 2 2 2 2 
Right upper limb 2 2 2 2 
Left lower limb 3 2 3 2 
Right lower limb 3 2 3 2 
Trunk 0 0 0 0 

Tone 0 0 0 0 
Sensation 3 3 3 3 
Perceptual function 0 0 0 0 
Speech and language 0 0 0 0 
Cognitive function 0 0 0 0 
Behaviour  0 0 0 0 
Mood 0 0 0 0 
Seeing and Vision 3 3 2 2 
Hearing  0 0 0 0 
Pain 2 0 1 0 
Fatigue 1 0 1 0 
Other 0 0 0 0 
Total 19 14 17 13 
Charcot-Marie-Tooth neuropathy 

score 

 

Sensory symptoms 3 3 3 3 
Motor symptoms (legs) 4 3 3 3 
Motor symptoms (arms)  3 2 2 2 
Pinprick sensibility 3 3 3 3 
Vibration  4 4 4 4 
Strength (legs) 3 3 3 3 
Strength (arms) 3 2 3 2 
Ulnar CMAP 3 2 3 2 
Radial SAP amplitude, antidromic 
testing 

4 4 4 4 

Total  30 26 28 26 
MRC sum score 

 

Muscle assessed/ Side  Right Left Right Left Right Left Right Left 

Shoulder Abduction 5 5 5 5 5 5 5 5 
Elbow Flexion 4+ 4+ 5 5 5 5 5 5 
Wrist Extension 4 4 5 5 4 4 5 5 
Hip Flexion 4+ 4+ 5 5 4 4 5 5 
Knee Extension 4- 4- 5 5 4+ 4+ 5 5 
Ankle Dorsiflexion 1 1 1 1 0 0 0 0 
MRC sum Score (60) 44 52 44 50 

 
Three rating scales were used to assess the response to treatment: the Medical 
Research Council (MRC) sum score assessing the motor and power, the Charcot-Marie-
Tooth neuropathy that combines motor, sensory and electrophysiology results and the 
Neurological Impairment score that combines a wide range of neurological function to 
assess diseases severity. PLP=pyridoxal 5’-phosphate, CMAP= compound muscle action 
potential, SAP= sensory nerve action potential.  
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The clinical response to treatment was verified by measuring neurofilament light chain 

(NFL) protein in pre- and post-treatment plasma from the PDXK cases. NFL, a major 

axonal cytoskeletal protein, is released into cerebrospinal fluid (CSF) and blood during 

axonal breakdown 501 providing a dynamic biomarker of axonal damage in 

neurodegenerative disorders, including inherited neuropathies. 7 Plasma NFL levels in 

case II-5 before treatment were high (25 pg/mL), within the range of NFL concentrations 

published for other axonal CMTs. 7 Importantly, a reduction of NFL levels to the normal 

control range 7 (median 13 pg/mL, range 11-18 pg/mL) (Figure 34) occurred upon 

restoration of PLP levels.  

Table 4.10 Gene co-expression network analysis for PDXK. 
Since PDXK mutations produce a peripheral rather than central nervous system 

GTEx tissue
Module 

containing PDXK
Module membership 

of PDXK
Number of genes contained within 

the PDXK-containing module
Top five most enriched GO terms within the PDXK-containing module (FDR-corrected p-values)

Nerve - Tibial black 0.7713 301

small molecule metabolic process GO:0044281 (p-value 9.95e-11), small molecule catabolic process 
GO:0044282 (p-value 1.04e-10), organic acid catabolic process GO:0016054 (p-value 8.39e-10), 
carboxylic acid catabolic process GO:0046395 (p-value 8.39e-10), oxidation-reduction process 
GO:0055114 (p-value 2.36e-09)

Brain - Hypothalamus royalblue 0.922 1684

chemical synaptic transmission GO:0071804 (p-value 1e-12), neuron projection development 
GO:0098662 (p-value 2.82e-09), neuron development GO:0098655 (p-value 2.02e-08), nervous system 
development GO:0051650 (p-value 2.17e-08), modulation of synaptic transmission GO:0032990 (p-
value 7.47e-08)

Brain - Nucleus accumbens (basal ganglia) paleturquoise 0.9146 848

nervous system development GO:0000902 (p-value 1.93e-11), neuron projection development 
GO:0007399 (p-value 9.25e-11), neurogenesis GO:0030030 (p-value 2.09e-10), generation of neurons 
GO:0031344 (p-value 7.97e-10), neuron development GO:0000904 (p-value 1.06e-09)

Brain - Substantia nigra cyan 0.9132 906

chemical synaptic transmission GO:0061337 (p-value 4.21e-44), cell-cell signaling GO:0035637 (p-value 
3.65e-28), neurotransmitter secretion GO:0048667 (p-value 7.74e-23), calcium ion regulated exocytosis 
GO:0006887 (p-value 2.87e-21), signal release GO:0098916 (p-value 6.33e-21)

Brain - Amygdala cyan 0.8571 689

chemical synaptic transmission GO:0044700 (p-value 6.31e-13), cell-cell signaling GO:1900449 (p-value 
9.9e-11), nervous system development GO:0034220 (p-value 4.29e-08), neuron projection development 
GO:0022008 (p-value 2.02e-07), neuron development GO:0007399 (p-value 7.45e-07)

Brain - Spinal cord (cervical c-1) floralwhite 0.8565 509

regulation of cell communication GO:0010646 (p-value 2.36e-05), regulation of signaling GO:0023051 (p-
value 3.01e-05), small GTPase mediated signal transduction GO:0007264 (p-value 3.83e-05), regulation 
of small GTPase mediated signal transduction GO:0051056 (p-value 4.98e-05), neurogenesis 
GO:0022008 (p-value 5.73e-05)

Brain - Hippocampus paleturquoise 0.824 340

dendrite development GO:0034762 (p-value 7.61e-05), chemical synaptic transmission GO:0099536 (p-
value 0.00021), modulation of synaptic transmission GO:0099537 (p-value 0.000388), regulation of 
synaptic plasticity GO:0007268 (p-value 0.00538), positive regulation of GTPase activity GO:0043547 (p-
value 0.00556)

Brain - Putamen (basal ganglia) blue 0.8148 977

chemical synaptic transmission GO:0006816 (p-value 1.11e-22), modulation of synaptic transmission 
GO:0034220 (p-value 8.06e-19), cell-cell signaling GO:0070838 (p-value 7.77e-16), regulation of synaptic 
plasticity GO:0098660 (p-value 1.45e-13), neuron projection development GO:0048468 (p-value 2.75e-
12)

Brain - Anterior cingulate cortex (BA24) green 0.8145 3107

chemical synaptic transmission GO:0010646 (p-value 5.76e-29), cell-cell signaling GO:0098662 (p-value 
5.55e-21), modulation of synaptic transmission GO:0099536 (p-value 5.82e-19), nervous system 
development GO:0048168 (p-value 1.27e-13), neuron projection development GO:0022008 (p-value 
2.86e-13)

Brain - Caudate (basal ganglia) salmon 0.7664 1330

RNA processing GO:0006396 (p-value 1.14e-08), covalent chromatin modification GO:0016569 (p-value 
1.24e-08), ncRNA metabolic process GO:0034660 (p-value 3.06e-08), chromatin organization 
GO:0006325 (p-value 1.34e-07), cellular response to stress GO:0033554 (p-value 4.81e-07)

Brain - Cerebellar Hemisphere tan 0.7564 265 negative regulation of gastric acid secretion GO:0060455 (p-value 0.0072)

Brain - Frontal Cortex (BA9) turquoise 0.6775 2045

chemical synaptic transmission GO:0023051 (p-value 1.33e-65), cell-cell signaling GO:0051962 (p-value 
7.65e-43), modulation of synaptic transmission GO:0051640 (p-value 1.53e-33), nervous system 
development GO:0048468 (p-value 3.32e-32), neuron projection development GO:0048699 (p-value 
1.11e-25)

Most enriched GO terms within each of the PDXK-containing modules generated using co-
expression network analysis of GTEx central nervous system and peripheral nervous 
system transcriptomic data. 
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phenotype we investigated these differences further in-silico using public bulk tissue 465 

and cell-specific transcriptomic data. 20 This demonstrated that human peripheral (tibial 

– mixed motor and sensory) nerve is amongst the tissues with the highest expression of 

PDXK (Figure 35A) with evidence for expression specifically in peripheral sensory 

neurons, based on single cell mouse transcriptomic data 20 (Figure 35B). Weighted gene 

co-expression analysis demonstrated that in 9/11 brain regions analysed PDXK was co-

expressed with genes relating to synaptic transmission and neuronal identity, in keeping 

with the B6-responsive epilepsy phenotypes. Co-expression data from the tibial nerve 

showed that PDXK was located within a module enriched for genes involved in 

oxidation-reduction processes (GO:055114, FDR-corrected p-value = 2.36 x 10-9) (Figure 

36 and Table 4.10).	 
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Neurofilament light (NFL) concentrations in plasma from individual with homozygous PDXK 
mutation (II-5) and heterozygous carrier (III-1). The grey bars show the NFL levels of case II-
5 prior to treatment and for the heterozygote III-1. The NFL level in II-5 before treatment is 
high and consistent with values published in other inherited peripheral neuropathies7 (solid 
line) indicating on-going axonal damage. The black bar shows the NFL levels in the 
individual after taking PLP supplementation. The levels have reduced to that of normal 
controls (dashed line) suggesting an amelioration of the axonal breakdown.   
	

Figure	34	Neurofilament	light	(NFL)	concentrations	in	plasma	from	individual	with	

homozygous	PDXK	mutation 
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A	

B	

PDXK is highly express in peripheral and central nervous system and in the same regulon with genes 
already linked to axonal peripheral neuropathies. 
A. Expression of PDXK in human tissues. Box and whisker plots showing the expression of PDXK across 
multiple human tissues.  Data generated by the GTEx consortium. Expression in tibial nerve is 
highlighted with a dark grey arrow and is amongst the tissues with the highest PDXK expression.  
 
B. Expression of PDXK in multiple cell types of the mouse central and peripheral nervous system 
generated using single cell RNA-seq. PDXK gene expression across single cells isolated from the 
mouse central and peripheral nervous system and displayed using a heatmap demonstrates highest 
expression of this gene in neurons of the mouse hindbrain20. However, PDXK was also expressed by 
peripheral neurons including sensory neurons. 
	

Figure	35	PDXK	gene	expression. 
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Only the most connected genes are shown. PDXK gene is highlighted in yellow. Genes 

known to be associated with GO term GO:0055114, oxidation reduction process are 

highlighted in red. Size of gene nodes reflect their connectivity with the rest of genes in 

the module. PDXK is amongst the top 60 most connected genes. Proximity of genes in 

the plot reflects their similarity in terms of shared connections with other genes.  

Interestingly, within the PDXK regulon from the tibial nerve we found DHTKD1 already 

linked to Mendelian disorders and associated with primary peripheral axonal 

neuropathy. 502; 503 This data suggests that within this regulon there may be other genes 

involved in neuronal maintenance that could cause a similar disease phenotype to be 

discovered.   

Figure	36	Top	Down	plot	of	the	black	module	genes	in	the	tibial	nerve	tissue 
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Table 4.11. Vitamin B6-related disease models 
 

Model Phenotype Mechanism 
Effect on B6 

pathway 
Response to PLP 
supplementation 

 
Pharmacological models 

 
Isoniazid, levodopa, 
gentamicin, D-
penicillamine 

Axonal peripheral 
neuropathy 495 

Interaction between the 
reactive aldehyde group of PLP 
with nucleophilic acceptors such 
as amine, hydrazine, 
hydroxylamine or sulphydryl 
groups rendering PLP inactive Decrease in 

serum PLP 
 

Prevents onset of 
peripheral 
neuropathy Methylxanthines Axonal peripheral 

neuropathy 504; 505 
Directly inhibit enzymes 
involved in B6 metabolism 

Carbamazepine, 
vigabatrin, sodium 
valproate 

Axonal peripheral 
neuropathy 506 507-509 

Potent hepatic inducers of 
cytochrome P450, induce 
enzymes involved in the 
catabolism of PLP 

B6 antivitamin 
Ginkgotoxin (4’-O-
methylpyridoxine) 

Epileptic 
convulsions, leg 
paralysis and loss of 
consciousness 510 

Analogue of PLP. Inhibition of 
pyridoxal kinase by serving as an 
alternate substrate for the 
enzyme 

Decrease in 
PLP 
formation 

NA  

 
Animal models 

 
Mouse Preweaning lethality 

(MGI:1351869) 
PDXK knockout  NA NA 

Mouse Abnormal walking 
track patterns, 
axonal peripheral 
neuropathy with 
intact myelin on 
nerve biopsy 511 

PLP dietary-deficient Decrease in 
serum PLP 

Complete reversal of 
symptoms with PLP 
supplementation  

Rat Tissue-specific  PDXK 
response to B6 
deficiency 512; 513 

B6 diet deficient PDXK activity 
rapidly 
decreases in 
the liver, 
muscle and 
plasma 
compared to 
the brain 

Reversal with PLP 
supplementation 

C. elegans Sensory-motor 
integration deficit in 
neuromuscular 
behaviour 514 

PDXK knockout NA Rescued by 
expression of a WT 
transgene. 

Drosophila Motility and eye 
dysfunction with 
compromised 
climbing ability, 
ommatidial array 
disruption and 
decreased longevity 
515 

PDXK knockdown by RNA 
interference 
  

NA Rescued by 
expression of a WT 
transgene.  
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4.1.4 Discussion 
	

It was shown previously that several inherited disorders affecting B6 vitamer 

metabolism, or resulting in inactivation of PLP, are implicated in neurological conditions. 

These include PNPO- (MIM: 603287) 516, ALDH7A1- (MIM: 266100) 517 and PROSC-

deficiency (MIM: 604436) 518 where the lack of PLP in the brain leads to early onset, 

vitamin B6-dependent epilepsy refractory to anti-convulsants. Delayed vitamin B6 

supplementation results in early death or severe handicap in these disorders. 

Furthermore, the PDXK activity is tissue-specific under PLP-deficiency conditions. In rats, 

B6 deficiency leads to rapid decreases in PDXK activity in the peripheries (liver, muscle 

and plasma) with maintained PDXK activity and B6 supply in the brain. 512; 513 This could 

explain the absence of seizures in PDXK-deficient cases that present predominantly with 

peripheral nerve injury and normal CNS function. Furthermore, animal models of PDXK 

knockdown, B6 dietary deficiency as well as pharmacological models all show significant 

decreases in circulating PLP levels with reversible adverse effect(s) on the 

peripheral/sensory nerve similar to the human phenotype observed (Table 4.11). Whilst 

we acknowledge that co-expression networks generated from bulk RNA-seq of 

peripheral nerves are complex to interpret there is growing evidence for the presence 

and importance of axonal RNA transport. 519-521 PLP is a cofactor for several 

mitochondrial enzymes, but it is not certain how PLP is transported into mitochondria in 

humans; in yeast there is evidence for involvement of Mtm1p. 522 Thus, our findings are 

interesting given the strong phenotypic similarity (optic atrophy and axonal 

polyneuropathy) to other disorders caused by mutations in genes involved in 

mitochondrial functions associated with neurodegeneration such as OPA1 (MIM: 

605290), DHTKD1 (MIM: 614984), MFN1 (MIM:  608506) and MFN2 (MIM: 608507). 
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We recommend that PDXK mutations should be screened for in individuals with 

polyneuropathy and optic atrophy, and that treatment should be started promptly to 

prevent progression to severe neurological impairment.  Furthermore, B6 vitamers can 

be linked to diseases through a wide range of processes and genes involved in the 

vitamin B6 pathway. Therefore, our results can be extended to other neuropathies of 

different aetiology characterised by reduction of PLP levels. Collectively, these data 

establish the importance of vitamin B6 for normal neurological function in both central 

and peripheral nervous systems and identifies PLP as a therapeutic target.  
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Chapter 5. Disease-Gene discovery as a model for identification of missing genes in 

biological pathways 

 

In the previous chapter I showed how disease-gene discovery helps identify molecular 

mechanisms that cause disease; and in the example of PDXK provided an opportunity 

for targeted therapy. In this chapter I describe a different path to disease-gene 

discovering using a genome-wide approach aiming to identify “missing genes” in 

biological pathways - identifying additional genes that have not been described in the 

template pathways.  

5.1. Mutations in NKX6-2 cause progressive spastic-ataxia and hypomyelination  

 

Statement of contribution: I designed and organised this study. I identified the NKX6-2 

mutations in patients with spastic ataxia and hypomyelination. I pursued further 

genetic studies to confirm pathogenicity of this mutation: I analysed large data samples 

of whole exome sequencing of patients with similar phenotype, I performed Sanger 

sequencing in the most promising candidates and performed homozygozity mapping. I 

analysed the predicted consequences of the mutations through bioinformatics 

pipelines and programs. I have assessed patients clinically at baseline and for 

longitudinal follow-ups. The cases from Saudi Arabia were assessed by Fawzan Alkuraya 

(Developmental Genetics Unit, Department of Genetics, King Faisal Specialist Hospital 

and Research Center). Neuroimaging assessment was performed by myself and Indran 

Davagnanam (Department of Brain Repair & Rehabilitation UCL ION). I performed all 

sample collection and all skin biopsies for growing the fibroblasts. I coordinated the 

validation experiments described below and wrote the manuscript where the data was 

published.  
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Exome sequencing was performed by Macrogen, gene expression and co-expression 

analysis was performed by Mina Ryten (Reta Lila Weston Research Laboratories) and 

Juan A. Botía	 (Department of Information and Communications Engineering, University 

of Murcia). Western blot was performed by me and Natalia Zanetti (Department of 

Clinical and Experimental Epilepsy UCL ION).  

	

5.1.1 Introduction  
	

The clinical combination of hereditary spastic paraplegia and cerebellar ataxia forms a 

frequent and heterogeneous group of neurological conditions. Progression varies and is 

often slow when affected individuals present in the adult neurology setting, whilst in 

children the condition is usually rapid and associated with other clinical features such 

as epilepsy, cognitive decline, dystonia and hypomyelination on MRI.   

Early and widespread clinical signs reflect the pivotal position of myelination in the 

nervous system and the need for adequate and measured myelination for many critical 

functions 523 and preservation of brain plasticity. 524; 525 Defects in myelin underlie many 

neurological disorders, some acquired e.g. immune-mediated destruction of myelin in 

multiple sclerosis, and some congenital (inborn errors of myelin metabolism). The latter 

group of hypomyelinating diseases is highly heterogeneous phenotypically depending 

of the site of involvement (central nervous system vs. peripheral nerves), severity, and 

age of onset. Hypomyelinating leukodystrophies are genetically determined diseases 

characterized by detectable deficiency of myelin in the brain as evident on MRI. The 

archetypical example is Pelizaeus–Merzbacher disease (PMD) (MIM 312080), an X-

linked disease caused by mutations in the PLP1 (MIM 300401), which encodes for 

proteolipid protein-1, a major component of myelin. Affected individuals can present as 

neonates with severe hypotonia and nystagmus or later with progressive spasticity and 
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ataxia. Mutations in other genes such as SPG11 (MIM 610844) or FA2H (MIM 611026) 

causing spastic paraplegia can present with similar phenotype, but the imaging is 

characteristically associated with thinning of the corpus callosum. In many inherited 

spastic-ataxias where the affected gene is primarily involved in developmental 

processes the symptoms are often most predominant and severe in children. In adults, 

once the myelination process has ended the disease is less progressive and often static. 

Although a multitude of other genetic forms of hypomyelinating leukodystrophies have 

been identified in recent years, many remain uncharacterized at the gene level. 526  

5.1.2 Methods 
 

Whole Exome sequencing 

The individuals included in this study were recruited along with the parents and 

unaffected siblings with informed consent. All families had extensive genetic, metabolic 

and mitochondrial investigations carried out that excluded acquired and other 

inherited causes of hypomyelination and/or hereditary spastic paraplegia. In family 1 

and 2 whole exome sequencing and alignments were carried out at Macrogen 

(Macrogen Inc.Seoul, South Korea) as described in Chapter 3 and in family 3, Exome 

capture was performed on the index using TruSeq Exome Enrichment kit (Illumina) 

following the manufacturer’s protocol. Only variants with MAF of < 0.01 in 1000 

Genomes Project 445, NHLBI GO Exome Sequencing 446, and ExAC 447, coding/splicing, 

homozygous variants that are within the autozygome of the affected individual and are 

predicted to be pathogenic were considered as likely causal variants. 527; 528 

Haplotype analysis 

Samples from family 1 and 2 were re-aligned using Novoalign (Novocraft, Selangor, 

Malaysia) to the hg19 genomic reference and variants were called using GATK 
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HaplotypeCaller-based pipeline. 440-442 Shared regions of homozygosity were identified 

using HomozygosityMapper. 459 

Comparative modeling 

The Ensembl database 462 was used to identify homeodomain region with NKX6-2 and 

to obtain multispecies alignments. SWISS-MODEL 463 was used to identify known 

structures with a high sequence similarity to NKX6-2 and for PDB model generation.  

3a01.2.A PDB model was selected as a template showing the highest sequence 

similarity (56.25%). DUET 464 was used to predict c.C487G mutation effect on protein 

stability. 

Western blotting 

Cells were cultured using fibroblast samples from affected individuals and healthy 

controls, and the proteins were obtained as described in Chapter 2. Equal amounts of 

proteins (12 ug per lane) from affected individuals and healthy controls were separated 

by SDS/PAGE using Bis-Tris gradient gels (4–12% NuPAGE; Invitrogen) and transferred 

by electrophoresis onto Immobilon-P transfer membranes (Millipore). After being 

blocked with fat-free milk, membranes were immunoblotted with the respective rabbit 

anti-NKX 6-2 (Abcam ab179532; 1:1000) antibodies at 4 °C overnight. Blots were then 

exposed to horseradish peroxidase-conjugated goat anti-rabbit IgG (17210, Bio-Rad 

Laboratories, 1:5,000) for 1h at room temperature. Blots were developed using ECL-

Prime (GE Healthcare), visualized via a ChemiDoc Touch Imaging System, and analysed 

using Image Lab 5.2 software (Bio-Rad Laboratories). For the quantifications, the signal 

intensity of each of the Kv1 bands was normalized to the signal intensity of the 

corresponding reversible Ponceau staining as a reliable loading control.472 The NKX6-2 

level was expressed as a percentage of the control sample. 

Gene Co-expression Network Analyses 
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We generated a Gene Co-expression Network (GCN) using expression data generated 

by the UK Brain Expression Consortium and assayed with the Affymetrix Exon 1.0 ST 

Array in intralobular white matter originating from 83 neuropathologically-normal 

individuals. In total, 19152 transcripts were used by the weighted gene co-expression 

network analysis (WGCNA) R package 467 as described in Chapter 2. We considered all 

associations with corrected P-values of less than 0.05 as significant. 

Given that NKX6-2 is known to be a transcription factor we also used an Algorithm for 

the Reconstruction of Gene Regulatory Networks in a Mammalian Cellular Context 471 

(ARACNe-AP) to identify its most probable target genes in human white matter. The 

algorithm was used in its bootstrapping mode with 100 bootstraps.  The resulting 

regulon (consisting of the predicted target genes) was functionally annotated with 

gProfileR R package using Gene Ontology (GO) database without Electronic Inferred 

Annotations (EIA) and accounting for multiple testing with gSCS.  

Identification of phenotypically similar known Mendelian disorders  

We used the web-resource Phenomizer (http://compbio.charite.de/phenomizer/	

accessed on 10th. March 2017) to identify known Mendelian disorders with a high 

degree of phenotypic similarity to the affected individuals with homozygous 

deleterious variants in NKX6-2 as detailed in Chapter 2. All Mendelian disorders with a 

corrected p-value of <0.001 (Benjamini Hochberg procedure) were retained. 

 

5.1.3 Results  
	
	

Unrelated individuals from three families with individuals affected by spastic-ataxia and 

brain hypomyelination present on MRI, inherited in an autosomal recessive fashion 

were included in our study. An early onset progressive disorder was present in all seven 
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affected individuals. Initial and predominant features have always been motor with 

variable sparing of cognitive function (Table 5.1). Family 1 is of North Indian descent. 

The two affected siblings presented with spasticity, nystagmus and ataxia. The older 

sibling, case 1(III-1), achieved only initial motor milestones being able to sit up but was 

never able to walk or run and developed a complex spastic-ataxia phenotype. The 

initial investigations revealed cerebellar atrophy on MRI at the age of two years. The 

disease progressed and at the age of 27 he was wheelchair-bound with a severe 

pyramidal syndrome involving predominantly the lower limbs associated with 

nystagmus, hypometric saccades, reduced up-gaze, very limited voluntary eye 

movements, cerebellar dysarthria, titubation, truncal and limb ataxia with dystonic 

posturing and torticollis. Sensory examination was normal.  

The brother, case 2 (III-2), had a similar phenotype but a milder form. He started 

walking at 12 months but by the age of five years old he noticed difficulties running and 

at 8 years old he needed a walking frame. The disease progressed in a similar way to his 

sister developing additional cerebellar dysarthria and ataxia while in high school. His 

cognitive function was within normal range as he achieved 10 top GCSE school grades. 

By the age of 22 years old he was able to walk only a few steps with maximum 

assistance. He had square-wave jerks and marked gaze evoked nystagmus but was able 

to initiate eye movements in all directions. There was retrocollis with 

sternocleidomastoid muscle hypertrophy and upper limbs dystonia. In the lower limbs 

there was a severe pyramidal syndrome and weakness. He had significant ataxia in 

both upper and lower limbs. Cognitive function remained normal and he completed a 

university degree in business and management with a 2:2. Nerve conduction studies 

were performed in both siblings and showed no evidence of demyelination of 

peripheral nerves (Figure 37).  
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Examination of the third affected case in this family (case 3, (III-3)) was very similar and 

consistent with a spastic ataxia phenotype. His first symptoms started at the age of six 

months when he presented with nystagmus and hypotonia in the limbs. Symptoms 

progressed with delayed motor milestones, truncal and limb ataxia and dysarthria.  At 8 

years old he was already a wheelchair user. A moderate pyramidal syndrome replaced 

the hypotonia as the disease progressed.  

The second family was of Kenyan/Tanzanian origin and had two affected siblings. Case 

4 (III-2) was 44 years old at the time of our study, the oldest in our cohort. She 

presented with symptoms of nystagmus, gait ataxia and spasticity in the lower limbs at 

one year old. The MRI at that time confirmed cerebellar and brainstem atrophy. More 

than 40 years into her disease she was wheelchair-bound, presenting with cervical and 

lower limb dystonia, gross head titubation, hypometric saccades, horizontal nystagmus 

in all directions of gaze with limited eye movements both horizontally and vertically. 

There was truncal and limb ataxia with severe stiffness in the lower limbs and very brisk 

reflexes. Sensation was normal. Her affected cousin had an almost identical phenotype 

with a progressive spastic ataxia but died young from tuberculosis.  

Children (case 6 (IV-6) and 7 (IV-7)) of a third consanguineous Saudi Arabian family 

presented with nystagmus and developmental delay, most pronounced in the motor 

domain.  Physical examination was notable for nystagmus and hypotonia that later 

progressed in the peripheries to spasticity (Table 5.1).  

MRI appearance was consistent between all seven cases (Figure 38).  The most striking 

finding was of hypomyelination with diffusely increased T2W and FLAIR signal in the 

white matter with corresponding iso- to hyperintense signal on T1 images.  Increased 

T2W signal was seen in the periventricular white matter, globi pallidi, external capsules, 

superior and inferior cerebellar peduncles, dentate hilus and the pons.  There was 
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relative sparing of the cortico-spinal tracts in the brainstem.  Cerebellar atrophy was 

found in adult cases, in addition to diffuse spinal cord volume loss with abnormal T2W 

hyperintensity of the ventral and dorsal horn cells of the spinal cord. 
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Normal range  
MOTOR Nerve Conduction Studies SENSORY Nerve Conduction Studies 

Median nerve Tibial nerve Median nerve Ulnar nerve  Sural nerve 
DL <4 

ms CMAP amp 
>8 mV MCV >50 

m/s DL <5.5 
ms CMAP amp 

>7.5 mV MCV >40 
m/s SNAP amp 

>10mV SCV >49 
m/s SNAP amp 

>13 mV SCV >52 
m/s SNAP amp 

>9mV SCV >40 
m/s 

Individual 1 

(III-1) 3.8 9.6 64 3.7 8.6 46 40 62 25 61 26 54 
Individual 2 

(III-2) 3.4 8.5 53 4.9 8.7 40 32 61 17 64 14 45 
Legend: DL-distal latency, CMAP-compound muscle action potential, SNAP-sensory nerve action potential. Amp-amplitude, MCV-motor conduction velocity, 
SCV-sensory conduction velocity, LL-lower limbs. 

  

A. Pedigree of the families with NXK6-2 mutations. B. Nerve conduction studies results in family 1 
showing normal myelination of peripheral nerves.  
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Figure	37	Pedigree	of	the	families	with	NXK6-2	mutations 
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1-2: Coronal T1W and FLAIR sequences demonstrating periventricular FLAIR hyperintensity and corresponding 
iso- to hyperintense T1W signal relative to grey matter, suggestive of hypomyelination. Some hyperintensity of 
the dentate hilus is noted. 3-4: Axial T2W and Coronal FLAIR sequences demonstrating abnormal T2W 
hyperintense signal in the periventricular white matter, globi palladi, and external capsules. 5-6: Coronal FLAIR 
demonstrating T2W hyperintensity in the periventricular white matter and superior cerebellar peduncles. Axial 
T2W sequence demonstrating hyperintensity of the inferior cerebellar penduncles. 7-9: Sagittal T2W and T1W 
as well as axial T2W sequences showing diffuse spinal cord volume loss and abnormal T2W hyperintensity 
symmetrically affecting the grey matter of the ventral and dorsal horn cells. 10-13: Axial T1W and T2W 
sequences demonstrating diffuse T2W hyperintensity and T1W iso- to hypo-intensity of the pons with relative 
sparing of the cortico-spinal tracts. There is disproportionate volume loss of the cerebellum as well as the 
superior and middle cerebellar peduncles. 14-17: Axial T2W: Subtle T2W hyperintense signal change affecting 
the anterior limbs of the internal capsules, thalami and left peritrigonal white matter. Demonstrating pontine 
diffuse T2W hyperintense signal sparing the cortico-spinal tracts and volume loss of the cerebellum and 
superior cerebellar peduncles. 18-21: Axial and coronal T2 weighted spin echo and axial Flair Images showed 
diffusely increased T2 signal intensity in cerebral 
and cerebellar  white  matter  bilaterally  and  symmetrically  indicating  delayed  myelination in the youngest 
cases. 
 

1 2 3 4 

5 6 7 8 9 

10 11 12 13 

14 15 16 1
7 

18 19 20 21 

17 

Figure	38	Magnetic	Resonance	Imaging	findings	in	the	NKX6-2	cases 
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Table 5.1. Description of all phenotypes associated with NKX6-2 mutations. 
 Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7 
cDNA sequence c.121A>T  c.121A>T  c.121A>T  c.121A>T  c.121A>T  c.487C>G  c.487C>G  
Amino acid change p.Lys41* p.Lys41* p.Lys41* p.Lys41* p.Lys41* p.Leu163Val p.Leu163Val 
Gender (Male/Female) F M M F M F M 
Age at examination (in years) 27 23 8 44 30 6 4 
Age of onset (in years) 3 months 5 years 6 months 1 year 3 years 1 month 1 month 
Disease duration 27 18 7 43 27 6 4 
Disability score 4 3 3 4 4 4 4 
Symptom at onset  nystagmus ataxia nystagmus nystagmus nystagmus nystagmus nystagmus 

Phenotype 

Pyramidal syndrome yes yes yes yes yes yes yes 
Cerebellar syndrome  yes yes yes yes yes yes yes 
Ashworth score (1-4) 3 3 2 3 2 3 3 
Dystonia cervical, limbs cervical, limbs limbs cervical, limbs absent absent absent 
Sensation  normal  normal  normal  normal  normal  normal  normal  

Eye movement  Limitation of the 
eye movements  

Hypometric 
sacades, 
nystagmus 

Hypometric 
sacades, 
nystagmus 

Limitation of the 
eye movements  

Hypometric 
sacades, 
nystagmus 

Hypometric 
sacades, 
nystagmus 

Hypometric 
sacades, nystagmus 

Cognitive function normal  normal  normal  normal  normal  
Abnormal, Severe 
global 
psychomotor delay 

Abnormal, Severe 
global psychomotor 
delay 

Brain MRI results 
Cerebellar 
atrophy, 
hypomyelination 

Cerebellar 
atrophy, 
hypomyelination 

Cerebellar 
atrophy, 
hypomyelination 

Cerebellar 
atrophy, 
hypomyelination, 
thin corpus 
callosum 

Not available 
White matter 
changes, 
hypomyelination 

White matter 
changes, 
hypomyelination 

Disability score was defined as: 0-asymptomatic, 1–able to walk but difficult to run, 2-uses one stick and/or orthosis, 3-uses two sticks/walker, 4-unable to walk, uses 
wheelchair.  
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Whole exome sequencing was conducted in the three families independently, including 

samples from parents, affected and unaffected children. Variants were filtered for 

homozygous, highly deleterious, rare mutations. After prioritizing mutations according 

to the above criteria only one variant was segregating with the disease. It revealed a 

homozygous premature stop mutation in NKX6-2 (MIM 605955): NM_177400.2: 

c.121A>T; p.Lys41* in family 1 and 2. There were no other variants that segregated 

with the disease in these two families. Although these families are not known to be 

related, we have identified the same homozygous truncating variant in NKX6-2 that 

fully segregated with the disease within each family. In order to investigate whether 

the p.Lys41* mutation was inherited on the same haplotype we performed 

homozygosity mapping in individuals from family 1 and 2. In total four regions of 

homozygosity were identified and shared by the three affected individuals, including a 

1.4M region on chromosome 10 which contains NKX6-2 (chr10: 134013906-35440214) 

(Figure 39A). Further genotype analysis confirmed the presence of a shared haplotype 

block surrounding NKX6-2 (Supplementary S5.1) supporting the founder effect of the 

mutation. The c.121A>T mutation is located in exon 1 and creates a premature stop 

codon at amino acid 41 predicted to result in nonsense-mediated messenger RNA 

(mRNA) decay (NMD) and the loss of the homeobox functional domain.  This mutation 

was not previously associated with a human phenotype and was absent in our in-house 

datasets of 1,284 ethnic matched exome-sequenced cases and public databases. 447-529 

Independently, autozygosity mapping was performed in family 3. While several 

autozygous intervals were found to be shared between the two affected siblings, only 

two were exclusive to them when compared to the rest of the family (chromosome 2: 

180761383-181784642 and chromosome 10: 133033315–135434551) (Figure 39D and 

Supplementary S5.1). Exome sequencing was carried out in the index case and variants 
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were filtered by the homozygosity coordinates, as well as frequency (MAF<0.001 using 

2,363 Saudi exomes and ExAC 447), and potential gene effects (splicing or coding 

excluding non-splicing synonymous). Only one homozygous variant remained after 

applying these filters: NKX6-2: NM_177400.2: c.487C>G; p.Leu163Val, and it fully 

segregated with the disease in the family under a fully penetrant autosomal recessive 

model (Figure 39E). This variant was only present once in the heterozygous state in our 

database and is absent in ExAC. 447 The p.Leu163Val variant replaces an absolutely 

conserved leucine residue in the consensus homeobox domain of the protein (Figure 

39F). This residue is part of an evolutionary constrained element (Supplementary S5.2) 

and is predicted deleterious and probably damaging by SIFT and PolyPhen, respectively. 

The general structure of homeodomains is helix-loop-helix-turn-helix. Based on 

sequence similarity and in-silico modelling the p.Leu163Val mutation is predicted to lie 

within the first helix and to be protein destabilizing (DUET 464 DDG score -

1.418Kcal/mol). Based on amino acid conservation between homeodomains the 

leucine residue is predicted to be highly conserved.  

A fibroblast cell line was established for individual 2 to examine the effect of the 

truncating variant on NKX6-2 protein.  Immunoblot analysis on the extracted protein 

revealed complete absence of the expected 29kda band as well as the hypothetical 

band representing the truncated variant, which implies that the variant is likely null 

(Figure 39G).  The remarkably similar phenotype among individuals who are 

homozygous for a truncating, likely null, allele and those homozygous for a missense 

variant suggests that the latter is a functional null.  Taken together, our results show 

that NKX6-2 mutations underlie the phenotype observed in the Saudi and Indian 

families. 
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NKX6%2 !!
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Ponceau!
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G

B

Chromosome# Start#(base#pair)# End#(base#pair)#

10! 134013906! 135440214!
16! 88763958! 88793858!
2! 234602202! 234708428!
8! 3611622! 6389889!

D#

Chromosome# Start#(base#pair)# End#(base#pair)#

10! 133033315! 135434551!

2! 180761383! 181784642!

A. Homozygosity mapping in family 1 and 2 identified four homozygous regions which were shared 

by the three affected individuals from family 1 and 2. The region on chromosome 10 includes 

NKX6-2 (arrow) shared between the two families. B. Sanger sequencing confirming c.121A>T in 

the two families. C. Conservation of the p. Lys41* across species. D. Homozygosity mapping in 

family 3 identified two homozygous regions that were shared by the affected individuals 3. The 

region on chromosome 10 includes NKX6-2 (arrow). E. Sanger sequencing confirming the 

c.487C>G and segregation in the family. F. Conservation of the p.Leu163Val residue within the 

NKX6-2 homeodomain across species. The mutation is marked in red above the corresponding 

amino acid. G. Western blot analysis showing a complete absence of NKX6-2 protein in affected 

individual compared to control (individual III-1 family 1 in the pedigree).  

 

Figure	39	NKX6-2	mutations	in	the	extended	cohort 
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In humans, NKX6-2 is expressed in developing and adult human brain (Figure 40A-B). 

While GTEx 465 reports the highest expression in spinal cord and substantia nigra, 

BRAINEAC 530 suggests that intralobular white matter expresses the most NKX6-2 mRNA 

followed by medulla and substantia nigra (Figure 40A).  
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A. NKX6-2 gene expression in different brain areas in adult pathologically normal 

human brains3. NKX6-2 is expressed in all ten brain regions with highest expression 

detected in white matter (WHMT – white matter, MEDU – medulla, SNIG – substantia 

nigra, THAL – thalamus, HIPP – hippocampus, PUTM – putamen, TCTX –temporal 

cortex, OCTX – occipital cortex, FCTX –frontal cortex, CRBL –cerebellum) 

B. NKX6-2 gene expression in developing brain10 (NCX - neocortex; STR – striatum, HP 

– hippocampus, AMY – amygdala, MD – midbrain, CBC – cerebellum).	

Figure	40	NKX6-2	gene	expression	in	normal	developing	brain	and	adult	brain 
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Since NKX6-2 is known to be a transcription factor we investigated these findings 

further in-silico using an Algorithm for the Reconstruction of Accurate Cellular 

Networks (ARACNe) based on an Adaptive Partitioning strategy (AP) in a Mammalian 

Cellular Context. In this way we identified NKX6-2’s most probable target genes in 

human white matter (the location of maximal expression).  The resulting regulon, 

which consisted of 407 predicted target genes, was significantly enriched for genes 

associated with central nervous system development (GO:0007417, P-value 0.0049) 

and cytoskeletal protein binding (GO:0008092, P-value 6.0e-4). Interestingly, within this 

gene set are transcription factors known to be required for the generation of mature 

postmitotic oligodendrocytes, namely NKX2-2 (MIM 604612) and SOX10 (MIM 

602229).531 Furthermore, by assessing the NKX6-2 regulon for enrichment within 

modules of highly co-expressed genes generated using Weighed Genes Co-expression 

Analysis (WGCNA), we identified significant overlap of the genes within the regulon 

(Fisher’s Exact test) in three co-expression modules (black, brown and salmon) all 

enriched for oligodendrocytes markers (P-value 0.03, 7.2e-12 and 1.13e-126 

respectively). These findings strongly suggest that in keeping with the mouse model, 

NKX6-2 is a transcription factor involved in the maturation of oligodendrocytes in 

humans.  

We extended our analysis further to place NKX6-2 within the context of known 

Mendelian disorders. We identified 72 genes within the NKX6-2 regulon that are 

already linked to a Mendelian disorder within the Online Mendelian Inheritance in Man 

(OMIM) database. Amongst this list we identified FA2H and PLP1 (Spastic Paraplegia 35 

(MIM 612319) and Pelizaeus-Merzbacher Disease (MIM 312080)) as well as five genes 

in which mutations are associated with peripheral demyelinating disorders (PMP22 

(MIM 601097), LITAF (MIM 601098), NDRG1 (MIM 601455), SH3TC2 (MIM 601596), 
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SOX10 (MIM 609136) and YARS (MIM 608323)) (Figure 41). Given these findings, we 

used the tool Phenomizer to identify a set of known Mendelian disorders with 

significant phenotypic similarity to individuals with bi-allelic NKX6-2 mutations and 

check for enrichment of this gene set amongst the 72 genes and associated disorders 

identified within the NKX6-2 regulon.  
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Legend: Seed hereditary spastic paraplegia associated genes contain inner yellow circle 

while context genes are represented by inner blue circles. The context genes at the plot 

are enriched for genes in the regulon of NKX6-2 (23 out of 35, FET p-value 2.2e-16) 

predicted by ARANCE-AP. 

 

Figure	41	A	bottom-up	plot	showing	a	different	connectivity	of	NKX6-2	compared	to	

PLP1	and	FA2H	suggesting	a	regulatory	role	of	NKX6-2. 



	 194	

Remarkably, we found that the NKX6-2 regulon was significantly enriched for disorders 

with high phenotypic similarity to our cases (P-value 0.00079). Thus, as well as 

demonstrating that bi-allelic mutations in NKX6-2 produce a hypomyelinating disorder, 

these findings imply that amongst the remaining 335 genes within the NKX6-2 regulon 

there are likely to be other gene mutations associated with disorders involving myelin 

generation and maintenance in central nervous system.  

5.1.4 Discussion 
	

NKX6-2 is a member of the NKX protein family of transcription factors, with established 

roles during the development of an organism. Awatramani et al have demonstrated the 

important role of NKX6-2 as a gene repressor transcription factor regulating 

oligodendrocyte gene expression in mouse oligodendrocytes. 532 Furthermore, they 

show that NKX6-2 is working in tandem with several other genes involved in 

myelination 532 supporting our findings of NKX6-2 acting within the same pathways of 

genes already associated with myelination.   The homeobox is a highly conserved 

180bp DNA-binding domain that mediates specific contact with the minor and major 

grooves of DNA in a strictly sequence-specific fashion. 533-535 It is likely that disrupting 

this sequence through replacing the highly conserved leucine residue will disrupt DNA 

binding.  All known functions of NKX6-2 are thought to be mediated through its 

transcription activity in the nucleus. We note that the equivalent residue in NKX6-1 

(p.Leu521) (MIM 602563) is also invariant in humans based on the 60,709 individuals 

whose sequence data are available through ExAC. 447 It is conceivable that the 

cerebellar atrophy represents a more severe phenotype only seen in those with bi-

allelic truncation.  However, these individuals are generally much older than the two 

young siblings with the missense variant so it may also represent an age-related 

phenotype. 
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NKX6-2 was originally identified in the search for novel homeobox domain-containing 

genes by probing mouse embryonic cDNA library. 536 The strong expression in the 

postnatal glial cells and testes of mouse prompted the original name GTX. 536 Although 

there are three members of NKX6 (1-3), NKX6-2 is mostly related to NKX6-1 with which 

it shares significant structure homology and overlapping domains of expression. 532 The 

duo NKX6-2 and NKX6-1 has been extensively studied in the context of class II of 

homeodomain transcription factors, which are induced by SHH (MIM 600725) in the 

course of neural tube patterning to confer ventral progenitor cell identities. 537; 538 Both 

genes are co-expressed initially in a broad ventral domain but their expression later 

becomes mutually exclusive, in part driven by the repression of NKX6-2 by NKX6-1. 539 

Although NKX6-2 deficiency causes de-repression of DBX1 with resulting increase in V0 

and decrease in V1 neurons, there was no net loss of motor neurons, and the apparent 

lack of discernible phenotype in Nkx6-2-/- was assumed to be caused by redundancy 

with NKX6-1. 539 The redundancy model is supported by the observation that while 

there is significant developmental arrest of motor neurons in Nkx6-1-/-, this arrest is 

compounded in double mutants. 539; 540   

Although the above studies were helpful in defining the location of NKX6-2 in the 

developmental network during neural tube development, they suggested that its role 

was likely dispensable.  However, Southwood generated another knockout mouse line 

that provided critical insight into the indispensable role of NKX6-2. 541 Apart from 

confirming the previously established strong expression of NKX6-2 in the brain and 

spinal cord they demonstrated a strong and long-lasting expression in oligodendrocytes 

well into adulthood. 541 Importantly, loss of NKX6-2 was found to result in significant 

motor and behavioural deficits.  This phenotype was delayed postnatally and coincided 

with the timing of maximum myelination, which prompted the investigation of myelin 
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in these mice.  Significant abnormalities were noted in myelin including 

hypomyelinated and even naked axons, although they were less marked than other 

gene knockouts known to cause myelin defects e.g. md rats, quaking mice, and Mag-

null and Cgt-null mice. 542 543; 544 Not only were these abnormalities seen in all 

examined white matter tracts, but also, they were extended to the cranial nerves, 

including the optic nerve. 

The phenotype we observe in individuals with bi-allelic deleterious variants in NKX6-2 is 

supported by the previously published data on mouse and oligodendrocyte NKX6-2 

deficiency 532; 545; 546 in several aspects.  Most conspicuous is the resemblance in myelin 

pathology, which we also note to be relatively mild, compared to classical 

hypomyelinating leukodystrophies.  Of particular relevance is the specific reference by 

Southwood et al that the optic nerve myelin is significantly decreased given the 

prominent and universal nystagmus phenotype our individuals.  Nystagmus is a 

common feature of hypomyelinating and demyelinating disorders and although the 

pathogenesis is not fully understood, it is thought to be caused by impaired visual 

feedback loops during development. 547 Also relevant is the finding that motor neurons 

in the spinal cord develop with only subtle perturbation from their progenitors in Nkx6-

2-/-, which appears to be recapitulated in affected individuals who have no evidence of 

lower motor neuron disease. 

Furthermore, based on in-silico analysis and gene regulatory networks and co-

expression data in humans we show that NKX6-2 is involved in the genesis and 

development of oligodendrocytes, mirrored in the clinical phenotype of individuals 

with NKX6-2 mutations that clinically progress and then remain static after myelination 

is complete. Most importantly, in agreement with previous work on animal and cell 

model 545 we provide evidence that within the NKX6-2 regulon there are other genes 
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already linked to Mendelian disorders associated with spastic-ataxia and/or hypo or 

demyelination.  Apart from placing the NKX6-2 within the myelin regulation pathway as 

previously reported and linking it to a human Mendelian disorder when disrupted, our 

data suggest that there could be other such genes in the NKX6-2 regulon involved in 

central myelination that could cause diseases in humans to be discovered. 

In conclusion, we show that the NKX6-2 is recurrently mutated in several families and 

individuals with a spastic-ataxia and hypomyelinating leukodystrophy phenotype. After 

development and in adolescence the phenotype stabilizes clinically. This syndrome 

confirms the non-redundant role of NKX6-2 in myelin homeostasis in the central 

nervous system and expands the genetic causes of spastic-ataxia, the heterogeneity of 

developmental genes and inborn errors of myelin metabolism in humans. 



	 198	

Chapter 6. Disease-Gene discovery as a model for studying functionally 
uncharacterized genes 

 

In the previous two chapters I showed how using clinical and genetic approaches in 

disease-gene discovery can identify the molecular mechanisms of diseases thus 

providing opportunities to design targeted therapies and to reconstruct biological 

pathways by addressing the “missing genes” problem. In this final chapter on novel 

disease-gene discovery, I take these approaches a step further by showing how 

studying the patients’ phenotype in combination with genome-wide discovery can 

advance our understanding of the gene and the protein function that they encode, in 

functionally uncharacterised genes. Working backward, from the phenotype 

and determining the genetics for those characteristics is an efficient model for 

studying genes and their functions 

 

Statement of contribution: I designed and organised this study. I identified the NAA60 

mutations in patients with primary familial brain calcifications. I pursued further 

genetic studies to confirm pathogenicity of this mutation: I analysed large data samples 

of whole exome sequencing of patients with similar phenotype, I performed Sanger 

sequencing in the most promising candidates and performed homozygozity mapping. I 

analysed the predicted consequences of the mutations through bioinformatics 

pipelines and programs. I have assessed patients clinically at baseline and for 

longitudinal follow-ups. I performed all sample collection for monitoring disease 

progression and response to treatment. I performed all skin biopsies for growing the 

fibroblasts. I coordinated the validation experiments described below and wrote the 

manuscript that is in preparation for submission.  
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Exome sequencing was performed by Macrogen, Recombinant protein and inorganic 

phosphate measurements were performed by Natalia Zanetti (Department of Clinical 

and Experimental Epilepsy UCL ION). Immunofluorescence, fluorescent microscopy 

and surface biotinylation were performed by Lauren LaMonica, Andreas Ernst and 

James E Rothman (Department of Cell Biology, Yale School of Medicine, New Haven, 

USA).   Henriette Aksnes, Kirsten M. Brønstad and Thomas Arnesen (Department of 

Biomedicine, University of Bergen, Norway) performed in vitro peptide Nt-acetylation 

assay and immunoprecipitation.  

6.1	Biallelic	NAA60	Variants	Cause	Autosomal	Recessive	Primary	Familial	

Brain	Calcifications	

	

6.1.1 Introduction  
 

Primary familial brain calcification (PFBC), previously known as idiopathic basal ganglia 

calcification (IBGC) or Fahr’s disease, is a genetic condition characterised by calcium 

deposition in the brain, including the basal ganglia, usually presenting as a combination 

of movement disorders, headache, psychiatric and cognitive involvement. The exact 

prevalence is unknown, and a genetic diagnosis is achieved in less than 50% of PFBC 

cases 548. Population-based genomic analysis indicates that PFBC is underestimated and 

underdiagnosed 549.  

To date, pathogenic variants in six genes have been linked to the disease via calcium 

and phosphate homeostasis with mutations in SLC20A2 (OMIM: 158378) and XPR1 

(OMIM: 605237); endothelial integrity and function affecting the blood-brain barrier via 

mutations in PDGFB (OMIM: 190040) and PDGFRB (OMIM: 173410). Among these, 

mutations in SLC20A2 account for approximately 45% of all autosomal dominant and 
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de-novo reported familial cases from diverse ethnicities 550. More recently biallelic 

mutations in MYORG (OMIM: 618255) 551,552 and JAM2 (OMIM: 606870) 553; 554 have 

been implicated in the pathogenesis of autosomal recessive PFBC. However, the 

majority of autosomal recessive PFBC remain undiagnosed 555.  

Here, we report two patients with extensive brain calcifications, including in the basal 

ganglia, inherited in an autosomal recessive fashion.  In the family described here we 

used a combination of homozygosity mapping, exome sequencing and functional 

validation to identify and characterise the causal variants in NAA60, providing evidence 

that biallelic NAA60 variants are a cause of recessive PFBC.  

Previous studies have shown that NAA60 is required for N-terminal (Nt)-acetylation of 

several membrane proteins and that knockdown of NAA60 results in the disruption of 

the Golgi structure 556-558. NAA60 localizes to the cytoplasmic face of the Golgi 

apparatus 556 through peripheral binding achieved by two a-helices located at the C-

terminal end 557. Still, no studies have established the purpose of NAA60’s unique 

localization to the Golgi and the physiological role that this novel Nα-acetyltransferase 

and its protein modification serves on protein function and subcellular transport. 

This study aims to identify a new mechanism of primary familial brain calcification 

pathogenesis, and more broadly, to understand the role of Nt-acetylation in the Golgi 

apparatus in this process.  

 

 

6.1.2 Methods  
	

Study participants, phenotype and clinical measures  
 
Patients with autosomal recessive or negative family history and confirmed clinical and 

radiological diagnosis of PFBC were recruited from multiple centres. We screened 78 
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cases from 53 families with PFBC that were negative for pathogenic variants in 

SLC20A2, PDGFB, PDGFRB, and XPR1, MYORG, JAM2 and had a recessive or negative 

family history. Secondary causes of brain calcification were excluded in all cases. 

Neurogenetics specialists performed comprehensive neurological examination and 

phenotyping. 

In cases with biallelic NAA60 variants, the results from additional investigations were 

retrospectively analysed based on chart review where available. Neuroimaging with 

computed tomography (CT) and brain magnetic resonance imaging (MRI) confirmed the 

presence of brain calcifications in all reported cases (n=2). Cognitive impairment was 

assessed by formal psychometry.  

The individuals included in this study were recruited along with unaffected family 

members under ethics-approved research protocols (UCLH: 04/N034) with informed 

consent. 

Genome-wide sequencing and haplotype analysis 
 

DNA was extracted from peripheral blood. Whole exome sequencing (WES), was 

performed in all families. Illumina HiSeq4000 instrument (Illumina, San Diego, CA, USA) 

was used to generate 100 bp paired-end reads. Alignment was performed using BWA  

(http://bio-bwa.sourceforge.net/) 439 with GRCH38 as a reference.  Variants were called 

using the GATK 440; 442; 559; 560 Unified Genotyper-based pipeline 440; 442; 559 workflow. All 

variants were annotated using ANNOVAR 444 and filtered using custom R scripts. Only 

novel or very rare variants with a minor allele frequency (MAF) of < 0.01 in the 1000 

Genomes Project 72 and genome Aggregation Database (gnomAD) 456 were included. 

Variants were filtered for biallelic, highly deleterious, rare mutations segregating with 

the disease in the trios. For the NAA60 (ENST00000407558, Genbank transcript ID 
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NM_001083601) variants segregation was confirmed in all other family members using 

the following primers: forward primer ACGTGTGAGCCTGACTTTC, reverse primer was 

GGAAGAGACTGGGTGCAGAT.  

 

Construction of Plasmids  

The NAA60 mutant sequence bearing a C-terminal frameshift mutation was obtained 

from patient genomic sequencing data. The mutant sequence includes a frameshift 

mutation at amino acid 108, leading to a premature stop codon and the absence of the 

C-terminal amphipathic Golgi membrane targeting α-helices as well as half of the 

catalytic domain. A frameshift mutation of the NAA60 construct, in which a premature 

stop codon was inserted at amino acid 108, was generated by PCR of wt cDNA. NAA60 

cDNA clones were subcloned to SNAP-DHHC3 plasmids [removing SNAP-DHHC3] (NEB, 

Ipswich, MA, USA) and conjugated to FLAG or MYC tag peptides (Sigma Aldrich, St. 

Louis, MO, USA). The following wildtype and C-terminal truncation sequences were 

designed for NAA60 localization experiments:  

NAA60 Wildtype Peptide Sequence   

[NH2]MTEVVPSSAL SEVSLRLLCH DDIDTVKHLC GDWFPIEYPD SWYRDITSNK 

KFFSLAATYR GAIVGMIVAE IKNRTKIHKE DGDILASNFS VDTQVAYILS LGVVKEFRKH 

GIGSLLLESL KDHISTTAQD HCKAIYLHVL TTNNTAINFY ENRDFKQHHY LPYYYSIRGV 

LKDGFTYVLY INGGHPPWTI LDYIQHLGSA LASLSPCSIP HRVYRQAHSL LCSFLPWSGI 

SSKSGIEYSR TM[COOH].  

NAA60 Mutant Peptide Sequence  

[NH2]MTEVVPSSAL SEVSLRLLCH DDIDTVKHLC GDWFPIEYPD SWYRDITSNK 

KFFSLAATYR GAIVGMIVAE IKNRTKIHKE DGDILASNFS VDTQVAYILS LGVVKEFTA[COOH].   
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Cell culture and transfection 

HeLa cells for NAA60 localization experiments were maintained at 37°C in 5 % CO2 in 

Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, NY, United States) 

supplemented with 10 % fetal bovine serum (FBS) (Gibco). Plasmid transfections were 

performed with Fugene HD (Promega, Madison, WI, USA) as recommended by the 

manufacturer. Transfection of cDNA was used at a final concentration of 100 µg/ml. 

Human fibroblasts from a family with primary familial brain calcifications were 

maintained at 37°C in 5 % CO2 in fibroblast medium supplemented with 10% FBS, 1% L-

glutamine, 1% antibiotic- antimycotic solution, 0.1% fibroblast growth factor (FGF), 

0.1% hydrocortisone (Cell Biologics, Chicago, IL, USA).  

RPE-1 cells used for NAA60 subcellular localization studies and HEK293T cells used for 

immunoprecipitation of FLAG-NAA60WT and FLAG-NAA60PFBCmut were cultured in 

DMEM, high glucose with pyruvate (Sigma, 6546) supplemented with 10 % FBS and 1 % 

Penicillin/Streptomycin and maintained as above.  

Plasmid transfection of RPE-1 and HEK293T cells was performed with XtremeGene 9 

(Roche) according to recommended protocol and using 2 μl transfection reagent per μg 

plasmid. For microscopy, transfected cells were fixed approximately 18 hours post 

transfection; for immunoprecipitation cells were harvested 48 hours post transfection. 

 

Immunofluorescence and Fluorescence Microscopy  

For NAA60 imaging experiments, transfected HeLa cells were chemically fixed in 4% 

paraformaldehyde in phosphate buffered saline (PBS) for 10 min at room temperature 

(RT). Cells were then permeabilized in permeabilization buffer (0.3 % NP-40, 0.05 % 

Triton-X 100, 0.2% bovine serum albumin (BSA) (IgG free), 1X PBS) for 3 min at RT, 

washed three times in wash buffer (0.05 % NP-40, 0.05 % Triton-X 100, 0.2 % BSA (IgG 
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free), 1X PBS), and subsequently blocked in blocking buffer (0.05 % NP-40, 0.05 % 

Triton-X 100, 5% normal goat serum, 1X PBS) for 1 hr. Primary antibodies were diluted 

at 1:500 in blocking buffer, and added to cells for 1 hr at RT. Next, the cells were 

washed three times in wash buffer (0.05 % NP-40, 0.05 % Triton X-100, 0.2 % BSA (IgG 

free), 1X PBS), incubated with a dilution of a fluorophore-labeled secondary antibody 

(1:1000) in blocking buffer for 1 hr at RT, washed three times with wash buffer, and 

twice in PBS. To investigate the distribution of a wildtype NAA60 construct conjugated 

to a FLAG epitope tag in HeLa cells we used structured-illumination microscopy (SIM). 

For SIM samples, the cells were mounted with ProLong Gold antifade reagent (Life 

Technologies, Carlsbad, CA) and 1 mm thick pre-cleaned microscope slides (Thermo 

Fisher Scientific, Waltham, MA). A final super-resolved image was reconstructed by 

superimposing several raw images at various diffraction grating orientations. 

Anti-GPP130 was purchased from Covance (Princeton, NJ, USA); anti-FLAG and anti-

MYC were purchased from Sigma (St. Louis, MO, USA); and anti-NAA60, anti-SLC20A2, 

anti-PDGFRb, and anti-XPR1 were purchased from Abcam (Cambridge, MA, USA). All 

secondary antibodies conjugated to fluorescent dyes were purchased from Molecular 

Probes (Eugene, OR, USA). Confocal imaging of NAA60 was performed on a Leica SP8 

Gated STED 3X Super Resolution microscopy with a 63x oil objective. Image 

quantifications (integrated intensity, line profiles) were performed in ImageJ. 

For SLC20A2 imaging experiments, human fibroblasts were chemically fixed in 4% 

paraformaldehyde in PBS for 10 min at RT. Cells were then rinsed once in PBS and then 

either permeabilized in permeabilization buffer (0.3 % NP-40, 0.05 % Triton-X 100, 0.2% 

BSA (IgG free), 1X PBS) for 3 min at RT for total acetylation level imaging or placed 

directly in detergent-free blocking buffer (5% normal goat serum, 1X PBS) incubating 

for 1 hr for surface acetylation level imaging. Permeabilized cells were then washed 



	 205	

three times in wash buffer (0.05 % NP-40, 0.05 % Triton-X 100, 0.2 % BSA (IgG free), 1X 

PBS), and subsequently blocked in blocking buffer (0.05 % NP-40, 0.05 % Triton-X 100, 

5% normal goat serum, 1X PBS) for 1 hr. Primary antibodies were diluted at 1:500 in 

blocking buffer, and added to cells for 1 hr at RT. Next, the cells were washed three 

times in wash buffer (0.05 % NP-40, 0.05 % Triton X-100, 0.2 % BSA (IgG free), 1X PBS), 

incubated with a dilution of a fluorophore-labeled secondary antibody (1:1000) in 

blocking buffer for 1 hr at RT, washed three times with wash buffer, and twice in PBS. 

Confocal imaging of SLC20A2 was performed on a Zeiss LSM 880 Confocal Microscope. 

Image quantifications (integrated intensity, line profiles) were performed in ImageJ. 

 

Surface Biotinylation  

Patient fibroblasts from a family with familial basal ganglia calcifications, including an 

unaffected mother and two affected children harboring a C-terminal NAA60 truncation, 

were grown in T75 flasks to 100% confluency. The fibroblasts were washed twice in PBS 

and subsequently incubated in 5 ml/flask of a 0.5 mg/ml sulfo-NHS-biotin solution in 

PBS (ThermoFisher) for 30 min on ice. The cells were then washed in quenching buffer 

(PBS, 100 mM glycine), and incubated in 10 ml/flask for 15 min on ice. The cells were 

washed once with PBS, scraped, and incubated in lysis buffer (50 mM HEPES-NaOH, pH 

7.4, 100 mM NaCl, 5 mM EDTA, (v/v) Triton X-100, protease inhibitor cocktail), 

sonicated, and subjected to pulldown with Neutravidin-agarose (Pierce). Inputs were 

compared to endogenous actin. Levels of biotinylated surface proteins were estimated 

based on a ratio of control to patient fibroblasts. Protein concentration in the lysate 

was monitored by a Bradford Assay. Total protein concentration was determined at 

595 nm according to manufacturer's protocol for a standard 1-ml cuvette assay (Bio-

Rad, 500-0203, Mississauga, ON). 
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DTNB in vitro peptide Nt-acetylation assay for NAA60 purified from E. coli 

Purification of His-SUMO-hNAA601-184 was performed as previously described 561. 

Plasmid was transformed into E. coli BL21 (Invitrogen) by heat shock. The bacteria were 

grown in 200 ml LB at 37 °C until an OD600 of 0.6. The culture was kept on ice for 15 min 

before His-SUMO-NAA601-184 expression was induced by 200 μM IPTG. After 20 h of 

incubation at 17 °C the bacteria culture was harvested and the pellet was stored at -

20°C. Bacteria pellet was thawed on ice, and the cells were lysed by sonication in lysis 

buffer (100 mM HEPES pH 7.5, 300 mM NaCl, 2mM DTT supplemented with protease 

inhibitor cocktail EDTA-free (Roche)). Cell debris was removed by centrifugation 15,000 

x g for 30 min. The supernatant was applied to a 5 ml His Trap column, the column was 

washed with wash buffer (100 mM HEPES pH 7.5, 200 mM NaCl, 2 mM DTT, 20 mM 

Imidazole) and the protein was eluted by slowly increasing the imidazole concentration 

to 300 mM. Eluted fractions containing His-SUMO-NAA601-184 were combined and 

loaded on a Size Exclusion Chromatography column (Superdex 200 16/600, GE 

Healthcare). Fraction containing monomeric His-SUMO-hNAA601-184 was collected. 

Protein purity was confirmed by SDS/PAGE and Coomassie staining, and concentration 

was determined by absorbance measurements at 280 nm. The purified protein was 

concentrated by using Amicon Ultra Centrifugation filters and frozen in small aliquotes 

at -80°C. Purified SUMO-NAA601-184 (500 nM) was mixed with peptides (300 μM) and 

Ac-CoA (300 μM) in acetylation buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 1mM 

EDTA) to a total reaction volume of 50 μl and incubated at 37°C for 20 minutes. 

Negative controls without enzyme were also prepared. The acetylation was stopped by 

adding 100 μl Quenching buffer (3.2 M Guanidin-HCl, 100 mM Na2HPO4 pH 6.8). For 

negative controls, enzyme (500 nM) was added after quenching. The samples were 
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mixed with 20 μl DTNB buffer (100 mM Na2HPO4 pH 6.8, 10 mM EDTA) prepared with 

fresh DTNB (10 mg/ml). 150 μl of each sample was transferred to a 96 well plate and 

the absorbance was measured at 412 nm. For each peptide tested, three replicates of 

positive and negative controls were set up. The absorbance of negative controls was 

averaged and subtracted from the samples. Product concentration is calculated using 

the Lambert Beer equation and the extinction coefficient of TNB2-(13700/M cm). 

 

Immunoprecipitation and [14-C]-Nt-acetylation assay 

5,000,000 HEK293T cells/dish were seeded on 10-cm dishes and grown for 24 h before 

transfection with pCMV-FLAG-NAA60WT (5 μg/10-cm) or pCMV-FLAG-NAA60Mutant (15 

μg/10-cm). 10 x 10-cm dishes were used per condition (WT, Mut, untransfected). 

However, initial tests showed that IP from samples transfected with FLAG-NAA60WT 

produced higher output than those transfected with FLAG- NAA60Mut. Therefore, only 3 

of the 10 dishes were transfected with the wild type plasmid. 48 h after transfection, 

cells were washed in cold PBS, harvested in cold PBS by centrifugation at 17,000 xg for 

1 min and frozen at -80°C. Pellets were thawed, resuspended in lPH lysis buffer (50 mM 

Tris-HCL pH 8.0, 150 mM NaCl, 5mM EDTA, 0.5 % NP40, Complete EDTA free protease 

inhibitor (Roche), 350 μl IPH / dish) and tubes were left on rotating wheel for 25 min. 

The lysates were given a shorts spin (15 sec) on a bench top centrifuge and 20 μg anti-

FLAG (sigma F1804-20046) was added to the supernatant. The mixture was incubated 

on a rotating wheel for 3 h before 200 μl prewashed magnetic beads (Invitrogen 

Dynabeads 10004D) were added and again incubated on rotating wheel overnight. 

Beads were washed three times in IPH lysis buffer and one time in 2x acetylation buffer 

(100 mM HEPES pH 7.5, 200 mM NaCl, 2mM EDTA). 
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Magnetic beads from FLAG-NAA60 IP, [14-C]Ac-CoA (25 μM) and 200 μM substrate 

peptide MAPL were mixed in acetylation buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 

1mM  EDTA) and incubated at 37ºC on a shaker for 2 h. Beads were isolated using a 

magnet, and 20 μl of the suspension was transferred to a P81 Phosphocellulose paper. 

After air-drying, filters were washed 3x 5 min in HEPES pH 7.4. The filters were again 

air-dried, transferred to scintillation tubes and 5 ml scintillation solution was added 

before counting in scintillation counter. For each condition, three replicates were 

performed, and pre-tests were performed to be able to apply equal enzyme inputs. 

 

Quantification of inorganic phosphate  

We quantified the extracellular free phosphate using the PiPer Phosphate Assay kit (Life 

Technologies, Grand Island, NY) was used to detect inorganic phosphate (Pi) as per 

manufacturer instruction. Fibroblast fines from affected patients, carriers, and healthy 

controls were cultured under standard conditions. The cultured medium was collected 

after 3 days of incubation as previously described 562. All assays were performed in 

triplicate in clear bottom 96-well assay plates (BD Falcon). All plates were incubated at 

37°C in the dark for 15 minutes and read in an iMarkTM Microplate Absorbance Reader 

(Bio-Rad Laboratories) at excitation/emission wavelengths of 544/590 nm. For 

comparison, significance of differences was determined by two-tailed Student’s t-test; 

differences were considered statistically significant at p-values < 0.05. 
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6.1.3 Results  
	
 

Disease characterization 

Two siblings from a non-consanguineous British family were included in this study 

(Figure 42A). The proband, case F1-II-1 had a normal birth and normal development up 

to the early twenties. She presented with a combination of movement, cognitive and 

psychiatric features. She first noticed episodes of unsteadiness; brief loss of 

consciousness followed by falls when she was in her twenties. EEG performed at the 

time did not reveal the cause of these events. At the age of 42 years, she presented to 

neurology as the falls had increased in frequency. She started falling backwards and her 

gait became broad-based and was unstable when turning around the corners. Her brain 

CT scan revealed extensive symmetrical calcifications involving basal ganglia, the pons 

and the cerebellar structures (Figure 42B). Investigations excluded any acquired and 

metabolic causes of brain calcifications. Her condition progressed and five years into 

the disease the ataxia-related symptoms deteriorated, her speech became dysarthric 

and she started to experience word-finding difficulties with significant deterioration in 

her memory. She developed severe depression requiring medication. Her neurological 

examination showed a combination of cerebellar ataxia with new additional features of 

parkinsonism (bradykinesia and rigidity) and cognitive impairment, being unable to 

follow simple instructions. Neuropsychology testing revealed functioning in the 

impaired range on an un-timed measure of non-verbal abstract reasoning, suggesting 

significant decline in non-verbal intellectual abilities. Focal testing revealed grossly 

impaired attentional and executive functioning and slowed speed of processing. Visual 

perception was also impaired. Performance was poor on measures of language 
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comprehension and recognition memory. Overall, the profile suggested profound 

cognitive dysfunction, which although mostly implicated anterior and subcortical 

functions, was fairly global in nature. 

As the condition continued to progress, neurological examination 10 years into her 

disease, showed significant deterioration. She became wheelchair bound, requiring 

help with most of daily activities and developed severe headaches. Neurological 

examination revealed a combination of severe bradykinesia, rigidity, dystonic postures 

in the neck and limbs, broken pursuit, reduced up-gaze, dysarthria, weak cough with 

poorly protruding tongue. Levodopa treatment had a modest benefit at the onset of 

the disease, but limited benefit was recorded at this stage. On the last examination, 17 

years into the disease, she presented with a combination of cognitive deficit, severe 

extrapyramidal and cerebellar syndrome, severe speech and swallowing difficulties, 

becoming anarthric and unable to swallow, requiring percutaneous endoscopic 

gastrostomy (PEG) feeding.  There were extensive brain calcifications on brain imaging.  

Her younger brother, case F1-II-2, had a normal development and health up until his 

twenties. His symptom at onset was severe psychosis requiring hospitalization. He 

continued to have visual and auditive hallucinations and was subsequently diagnosed 

with Schizophrenia. Despite medical treatment, the hallucinations were refractory to 

treatment. A CT scan performed at the age of 39 showed extensive symmetrical brain 

calcifications involving bilateral basal ganglia.  Despite a different onset, the disease 

progressed in a similar way to his sibling. He started having walking difficulties due to a 

combination of cerebellar and parkinsonian syndrome. Ten years from onset of 

psychiatric symptoms he needed walking aids and three years after that, he became 

bed-bound. On last examination, 15 years from onset of the disease, the patient 
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required full-time care, was anarthric, unable to swallow and being PEG-fed, presenting 

very limited movement due to severe rigidity and bradykinesia.  

Identification of disease-causing NAA60 variant 

Previous extensive genetic, metabolic and mitochondrial investigations excluded 

acquired and other known inherited causes of brain calcifications. Whole exome 

sequencing (WES) and homozygozity mapping was conducted in the trio from family 1 

samples from two affected siblings and the unaffected mother. Homozygozity mapping 

revealed several autozygous intervals shared between the two affected siblings, but 

only three were exclusive to them when compared to the rest of the family (Chr16: 

1858153-6070168 and two shorter ROH blocks on chromosome 17- Chr17:12855719-

13399616 and Chr17:80039028-80275253) (Figure 42C). The region on chromosome 16 

revealed a shared homozygous variant in the two affected cases in NAA60 

c.321_327del, p.Arg108Thrfs*3 (ENST00000407558, NM_001083601). This variant 

segregated with the disease in the family under a fully penetrant autosomal recessive 

model (Figure 42D). NAA60 c.321_327del was only present twice in the heterozygous 

state in gnomAD and was absent in homozygous state. The early stop codon introduced 

by this variant is predicted to result in production of a truncated protein at amino acid 

108 leading to a premature stop codon, lacking the C-terminal amphipathic α-helix 

located at amino acids 192-202.  

In humans, NAA60 is expressed in developing and adult human brain (supplementary 

1A). While GTEx 465 reports the highest expression in cerebellum and cerebellar 

hemisphere (supplementary 1B), BRAINEAC 530 suggests that putamen expresses the 

most NAA60 mRNA (Figure 42E). 

 

NAA60 biallelic variant leads to protein failure to localise to the Golgi Apparatus  



	 212	

To assess whether the NAA60 frameshift mutation in patients with brain calcifications 

alters the subcellular distribution of this Nα-acetyltransferase, and potentially its 

function, we cloned analogous sequences mirroring the unaffected and affected 

patient constructs. A mutant sequence was generated in which a premature stop 

codon was inserted at amino acid 108 (wt: 252 amino acids), leading to the absence of 

the C-terminal amphipathic α-helix located at amino acids 192-202 that facilitates the 

membrane attachment.  

Structured-illumination microscopy revealed that NAA60-FLAG co-distributed with the 

cis-Golgi marker, GPP130 (Figure 43A), confirming that NAA60 is unique among all Nα-

acetyltransferases for its Golgi localization. Strikingly, structured illumination 

microscopy revealed that NAA60 lacking the amphipathic domain no longer localizes to 

the Golgi apparatus, and instead localizes aberrantly in particulate structures (Figure 

43B).  
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Figure	42NAA60	biallelic	variants	lead	to	primary	familial	brian	calcification 

A. Pedigree of the family with NAA60 biallelic variants. B. Computed tomography (B1-B4) and 
Magnetic Resonance Imaging (B5-B8) findings in the NAA60 cases. There is bilateral, symmetrical 
calcification involving the basal ganglia, posterior pulvinar, folia of cerebellar hemispheres and 
vermis, pons and both cerebral hemispheres at the grey - white matter junction with some focal 
involvement of the cortex around the central sulcus, the occipital lobes and patchy foci of dentate	 
and brachium pontis bilaterally. In addition, there is extensive confluent white matter hyperintensity 
within cerebellar hemispheres, involving the centrum semiovale extending bilaterally to involve the 
corona radiate and the corticospinal tracts. Central volume loss with dilated ventricular system is 
observed together with grossly thickened skull.  C. Homozygosity mapping in family 1 identified 
three homozygous regions, which were shared by the two affected individuals. The region on 
chromosome 16 includes NAA60 (arrow) shared between the two affected family members. D. 
Sanger sequencing confirming c.321_327del in the family. E. Predicted proteins resulting from the 
PFBC variants in NAA60 described here. Wildtype NAA60 is a 242 amino acids (aa) long protein part 
of the N-terminal acetyltransferase (NATs) family. These share a distinct secondary structural GNAT 
domain (aa 55-156 of NAA60, indicated in yellow), comprising a critical binding site for the Acetyl-
CoA donor (aa 108-113 of NAA60, indicated in red). In addition NAA60 has a C-terminal extension 
unlike other NATs in which two Golgi membrane-binding amphipathic helices are found (aa 190-224, 
indicated in blue). The p.Arg180Thrfs*3 variant found in family 1 lacks completely the membrane 
targeting domains as well as at least half of the GNAT, including the critical AcCoA binding motif. F. 
NAA60 gene expression in different brain areas in adult pathologically normal human brains3. NAA60 
is expressed in all ten brain regions with highest expression detected in the putamen, cerebellum 
and occipital regions (PUTM – putamen, HIPP – hippocampus, CRBL –cerebellum, OCTX – occipital 
cortex, THAL – thalamus, MEDU – medulla, FCTX –frontal cortex, TCTX –temporal cortex, SNIG – 
substantia nigra, WHMT – white matter).  
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Previously, it was suggested that a knockdown of NAA60 uniquely results in a 

disruption of the ribbon architecture by unlinking of the Golgi stacks 556. To determine 

whether the NAA60 frameshift variant detected in patients with PFBC reproduces this 

phenotype, we performed immunofluorescence microscopy of primary, permeabilized 

patient fibroblasts. However, Golgi structure appeared intact in all cell lines, both in 

affected and unaffected individuals (Supplementary S6.1).  

 

NAA60 variant results in lack of intrinsic enzymatic activity, unable to perform Nt-

acetylation 

Since the truncation NAA60 p.Arg108Thrfs*3 variant lacks half of the GNAT domain, 

responsible for forming a recognizable tertiary structure common to all N-

acetyltransferases, and also leads to the loss of the Ac-CoA binding motif (the binding 

Figure	44	NAA60	biallelic	variants	lead	to	primary	familial	brain	calcifications 

NAA60 PFBC mutant from family 1 fails to localise to the Golgi Apparatus. Structured-
illumination microscopy with maximum intensity Z-projections expressing NAA60-FLAG co-
stained with an endogenous cis-Golgi marker, GPP130. RPE-1 cells were transfected with 
FLAG-NAA60 wild type (WT) or FLAG-NAA60MutFam1 and co-stained with anti-FLAG and anti-
GM130, imaged, deconvolved abd shown as Z-stack projection.   A. NAA60 WT appears to 
localise closely to the cis Golgi, likely in the medial or trans regions. B. FLAG-NAA60 mutant 
revealed that the cis-Golgi localisation observed for the full-length NAA60 construct was lost 
upon depletion of the amphipathic helix at amino acid position 192-202. 
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Figure	43NAA60	mutant	disrupts	proper	targeting	of	the	protein	to	the	Golgi	and	localises	diffusely	throughout	the	
cell,	in	particulate	structures 
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site for the acetyl donor), we measured the impact of the mutation on the intrinsic 

enzymatic activity of NAA60. Importantly, enzymatic activity testing showed that the 

mutant NAA60 p. p.Arg108Thrfs*3 was not able to perform Nt-acetylation of a classical 

NAA60-type substrate (Figure 44A-B). Furthermore, immunoprecipitation of NAA60 

variant (Figure 44A) incubated with MAPL substrate peptide and acetylation buffer mix 

showed that only the wildtype version produced N-terminally acetylated product 

(Figure 44B). Thus since the NAA60 p.Arg108Thrfs*3 is catalytically dead, all NAA60 

physiological substrates are likely to lack the Nt-acetyl group.   

 

SLC20A2, a phosphate importer, is a potential substrate of NAA60  

NAA60 has many substrates; however, in the context of PFBC disease, SLC20A2 and 

XPR1 are of particular interest due to their role in PFBC pathology, and are also likely 

substrates of NAA60 based on their subcellular localization, membrane binding and N- 

terminal sequence. However, these proteins were not previously demonstrated as 

substrates of NAA60. We next tested the ability of NAA60 to Nt-acetylate a peptide 

corresponding to the N-terminus of SLC20A2 in vitro (Figure 44C). The N-terminus of 

SLC20A2 is MAMDE. Since it is possible that this may exist in iMet-processed variant, 

two variants of this peptide were tested. The peptide MAMD was Nt-acetylated to the 

same degree as the classical NAA60 substrate MAPL, previously found to be acetylated 

by NAA60 both in cells and in vitro. 563 In contrast, the iMet-processed variant, AMDE, 

was not an appropriate substrate of NAA60 in vitro and performed similarly to negative 

controls, normally Nt-acetylated by other NATs in the cell. Our data also suggests that 

SLC20A2 is an in vitro substrate of NAA60. 
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A lack of N-terminal acetylation may cause mislocalisation of proteins 564. To check for 

potential mislocalisation of non-Nt-acetylated variants of top candidates, SLC20A2- 

Myc-DDK and XPR1-Myc-DDK were expressed as both wild type and non-Nt-

acetylatable mutant versions (Figure 44D, upper and middle panel), as previously 

described 556. For SLC20A2, the Myc-DDK tagged set localised primarily to the ER. For 

XPR1-Myc-DDK, localisation was observed in Golgi, vesicles and plasma membrane. 

Expression of SLC20A2 without tag (Figure 44D, lower panel) altered the localisation to 

a similar pattern as XPR1-Myc-DDK and was deemed to more correctly reflect the 

physiological condition. N-terminal mutation into versions not recognised by the NAT 

machinery did not alter the localisation pattern for SLC20A2 nor XPR1.  
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4. RESULTS 
 
 
4.1. PFBC-NAA60 both fails to associate with the Golgi and lacks intrinsic 
enzymatic activity 
 
NAA60 wildtype localized primarily to the Golgi as expected, whereas the PFBC-NAA60 
distributed in cytosol and nucleus (Fig 4A), similar to other equivalent or less severe 
truncations performed previously (Aksnes et al, 2015b). This is also expected since PFBC-
NAA60, which is truncated from aa 108-242 does not contain the C-terminal helices that 
facilitate the membrane attachment (Aksnes et al, 2017). Importantly, activity testing 
showed that the PFBC patient version of NAA60 was not able to perform Nt-acetylation of a 
classical NAA60-type substrate (Fig 4B-C). When IP’ed NAA60 variants (Fig 4B) were 
incubated with MAPL substrate peptide and acetylation buffer mix, only the wildtype version 
produced N-terminally acetylated product (Fig 4C). This is also expected since the severe 
truncation omits half of the GNAT domain which forms a recognizable tertiary structure 
common to all N-acetyltransferases, including NATs. In addition, the PFBC-NAA60 does not 
contain the Ac-CoA binding motif (aa 108-113) which is the binding site for the acetyl donor.  
Thus in NAA60 p.(F107fs) patient cells, all NAA60 substrates are likely to be unacetylated due 
to the lack of catalytic activity of this NAA60 variant. 
 
 

 
 
 
Figure 4. Functional comparison of NAA60 wildtype (NAA601-242) to PFBC-NAA60 (NAA601-107) shows that 
patient version of NAA60 is mislocalized and catalytically dead. 
A. FLAG-NAA60 wildtype and FLAG-NAA60 PFBC patient mutant was expressed in RPE1 cells, immunostained 

with anti-FLAG and imaged with a wide-field microscope using 100x objective. Green: FLAG-NAA60wt/FLAG-

NAA60mut; Blue: DAPI nuclear staining. 

B. The same constructs as in A were expressed in HEK293T cells and immunoprecipitated (IP) with anti-FLAG to 

produce proteins for activity test in C.  

C. IP products from B were tested for their ability to Nt-acetylate the NAA60-type substrate peptide MAPL in a 

classical in vitro [14C] Nt-acetylation assay. *** indicate p value < 0,005 by student t-test. 

.  
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mutant versions (Figure 6, upper panel), similar as performed previously (Aksnes et al, 
2015b). For SLC20A2, the Myc-DDK tagged set localized primarily to the ER. For XPR1-Myc-
DDK, localization was observed in Golgi, vesicles and most likely also plasma membrane. 
Expression of SLC20A2 without tag (Figure 6, lower panel) changed the localization to a 
similar pattern as XPR1-Myc-DDK and was deemed to more correctly reflect the 
physiological condition. N-terminal mutation into versions not recognized by the NAT 
machinery, did however not change the localization pattern for SLC20A2 nor XPR1 in this 
setup, but we think it is worthwhile to further check this endogenously and in patient cells. 
 
 

 
 
Figure 6. Localization of exogenously expressed SLC20A2 and XPR1 with wt or mutated N-termini in 
RPE1 cells. 
Upper: Myc-DDK plasmids of SLC20A2 (left) and XPR1 (right) was expressed in RPE1 cells, immunostained with 

anti-FLAG and imaged with a wide-field microscope using 100x objective.  

Lower: SLC20A2 was exogenously expressed without tag and  immunostained with anti-SLC20A2 and imaged as 

above. 

 
 
 
 
5. ONGOING ACTIVITIES AND PLANS 
 
Although our data show that NAA60 p.(F107fs) is catalytically dead and that the SLC20A2 N-
terminus is an in vitro substrate of NAA60, we still do not have firm evidence that SLC20A2 is 
a cellular substrate of NAA60 and that impaired Nt-acetylation of SLC20A2 negatively 
impacts its cellular function. The following ongoing activities address these remaining points.   
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A. NAA60 wildtype (NAA601-242) (wt) and NAA60 (NAA601-107) mutant (mut) were 

expressed in HEK293T cells and immunoprecipitated (IPed) with anti-FLAG to produce 

proteins for activity test in B. B IP products from A were tested for their ability to Nt-

acetylate the NAA60-type substrate peptide MAPL in a classical in vitro [14C] Nt-

acetylation assay. For each condition, three replicates were performed and pre-tests 

were performed to be able to apply equal enzyme inputs. ** indicate p value < 0.005 

by student t-test. C In vitro DTNB enzyme activity test of NAA60 towards SLC20A2 N-

terminus. NAA60 was expressed and purified from E. coli and mixed with various 

peptides in acetylation buffer. NAA60 was here tested towards the classic NAA10, 

NAA20, NAA80 and NAA60 substrates in addition to full and potential iMet- processed 

SLC20A2 N-termini. For each peptide tested, three replicates of positive and negative 

controls were set up. The absorbance of negative controls was averaged and 

subtracted from the samples; ns, not significant, **** p ≤ 0.0001, one-way ANOVA 

with Dunnetts’s multiple comparison test. D. Localisation of exogenously expressed 

SLC20A2 and XPR1 with wt or mutated N-termini in RPE1 cells. Top and middle panels: 

Myc-DDK plasmids of SLC20A2 (top) and XPR1 (middle) was expressed in RPE1 cells, 

immunostained with anti-FLAG and imaged with a wide-field microscope using 100x 

objective. Lower panel: SLC20A2 was exogenously expressed without tag and 

immunostained with anti-SLC20A2 and imaged as above. 

 

Figure	44	Lack	of	intrinsic	enzymatic	activity	due	to	biallelic	NAA60	variant	. 
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Primary Familial Brain Calcifications cases exhibit reduced surface levels of the 

phosphate importer SLC20A2  

As SLCA20A appears to be a substrate of NAA60, we investigated whether the NAA60 

variant affects the phosphate importer function of SLC20A2. To assess whether the 

NAA60 p.Arg108Thrfs*3 variant alters functional ion transport via the downregulation 

of Pi-symporters, we used a surface biotinylation strategy in fibroblasts obtained from 

homozygous cases, heterozygous carrier and controls. Surface levels of SLC20A2 in 

NAA60 mutant revealed that the affected PFBC cases have significantly decreased 

levels of this phosphate importer, while the heterozygous carrier has surface levels 

similar to that of the control lines (Figure 45A-B).  

To confirm whether a reduction in surface SLC20A2 levels in the affected cases is 

consistent at the microscopic level, immunofluorescence microscopy was used. Sum Z- 

projections of non-permeabilised cells incubated in SCL20A2 antibody indicated that 

affected cases have consistently lower surface levels of the phosphate importer 

(Figure45C-D). 
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Primary Familial Brain Calcifications cases show a reduction in extracellular 

phosphate uptake 

A. Representative western blot from human fibroblasts subjected to sulfo-NHS-biotin labeling 

and pulldown, revealing that the (B) affected cases (F1-II-1 and F1-II-2) have significantly 

reduced levels of the importer compared to heterozygous unaffected carrier (F1-I-1) and 

control line, where N=3. Results were compared to endogenous actin levels and are not a 

result of differing cell count. Error bars represent SD. (C) Immunofluorescence microscopy of 

surface levels of the phosphate importer, SLC20A2, in a family with primary familial brain 

calcifications. Non-permeabilised fibroblasts from the unaffected carrier (F1-I-1) with NAA60 

heterozygous variant and the affected cases (F1-II-1 and F1-II-2) with homozygous NAA60 

variant were incubated in SLC20A2 antibody and imaged for surface levels of the protein. 

Sum Z-projections reveal that (D) the affected cases consistently reveal decreased surface 

intensity levels of SLC20A2 in comparison to an unaffected heterozygous carrier and control 

line, where N=50. Error bars represent SEM. E. Quantification of inorganic phosphate [Pi] by 

detecting free Pi in fibroblasts culture medium from cases associated with NAA60 variants, 

SCA20A2 variants and healthy controls after 3 days of incubation (T1). A statistically 

significant more Pi was detected in the culture media of NAA60 cases than controls (p<0.05). 

The experiment was repeated three times. F. Pi depletion in fibroblast culture from cases 

associated with NAA60 variants, SCA20A2 variants and healthy controls showing higher 

depletion in control (43.3%) than in NAA60 mutant culture medium (7.9%), indicating a 35.5% 

reduction in Pi uptake by NAA60 mutant fibroblasts.  
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Figure	45Surface	levels	of	the	phosphate	importer	SLC20A2	are	significantly	reduced	in	NAA60	mutant	and	are	associated	
with	a	reduction	in	extracellular	phosphate	uptake	in	cases	with	primary	familial	brain	calcifications. 
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To quantify the levels of extracellular inorganic phosphate (Pi) in NAA60-related PFBC 

cases, we used an indirect method to measure Pi concentration based on detection of 

free Pi in fibroblasts culture medium through the formation of the fluorescent product 

resorufin. 562 Inorganic phosphate was quantified in culture medium of sub-confluent 

fibroblasts harvested at the beginning (T0) and after three days of cell cultures (T1) 

from cell lines from cases carrying the NAA60 variants compared to age-matched 

controls and SCL20A2 mutant case (Figure 45E). We show that in affected cases with 

biallelic NAA60 variants there is a lower depletion of Pi in cell cultures from NAA60 

mutant cases (7.9%) compared to SCL20A2 mutant case (36.1%) and controls (43.3%) 

(Figure 45F), revealing a 35.5% reduction in Pi uptake by NAA60-mutant fibroblasts 

compared to controls.  

6.1.4 Discussion 
	

In this study, we show that biallelic variants in NAA60 lead to recessive primary familial 

brain calcification. Clinically, NAA60-related brain calcification presents in patients in 

their early twenties and is associated with a combination of ataxia, parkinsonism, 

headache, psychiatric and cognitive features. The phenotype observed in individuals 

with biallelic deleterious NAA60 variants suggests a high variability at onset among 

individuals of the same family ranging from insidious, occasional falls and headaches to 

severe psychosis and hallucinations. However, as the disease progresses, the 

phenotype becomes more uniform, with association of cerebellar and parkinsonian 

syndrome, poorly responsive to Levodopa, consistent with other PFBC-causing genes. 

565 In advanced stages of NAA60-related PFBC, a rapid cognitive decline, severe 

akinetic-rigid syndrome, severe dystonic postures, anarthria and severe dysphagia 
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requiring PEG-feeding render patients bed-bound and dependent in all daily activities.  

Survival in cases from family 1 was on average 25 years from disease onset. 

Gene expression data suggests that all brain regions express NAA60, with the highest 

expression in the putamen, followed by hippocampus, cerebellum, occipital cortex and 

thalamus. These areas are mirrored perfectly in the clinical phenotype and calcification 

distribution on neuroimaging assessment in our cases. Interestingly, the central 

pontine calcification identified in one of the cases presented here was previously 

reported only in the autosomal recessive MYORG-related PFBC 566 in which the disease 

mechanism was also linked to abnormal calcium phosphate brain depositions. 551 This 

suggests a regional vulnerability of the pons to this disease-pathway as this anatomical 

region is typically not affected in other genetic PFBC cases. 552  

NAA60 is an N-alpha-acetyltransferase that uniquely localizes to the Golgi apparatus. A 

key function of the Golgi apparatus is in the sorting and flow of new cargo from one 

location to another. Impaired coordination due to abnormal acetylation can result in a 

virtual ‘traffic jam’, a process already implicated in neurodegenerative conditions such 

as Parkinson’s, Alzheimer’s, and Huntington’s diseases. 567 N-alpha-acetylation is a 

fundamental protein modification performed by N-alpha-acetyltransferases or N-

terminal acetyltransferases (NATs), which transfer an acetyl group from acetyl 

coenzyme A to the amino group of protein substrate’s N-termini. 568 As a member of 

the NAT family, NAA60 enzymatically modifies N-termini in this way 563, and specifically 

acts towards membrane proteins of an N-IN topology with a Met-hydrophobic or Met-

amphipathic-type N-terminus. 556 

To date, little is known about the function of NAA60. Previous studies have shown that 

NAA60 is an essential protein for maintaining Golgi structure integrity, 556; 557 and that 

fragmentation of the Golgi apparatus occurs upon knockdown of NAA60, likely due to 
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impaired membrane-bound protein activity. A Drosophila genetic screen also 

suggested that NAA60 may be related to neural functioning through the development 

of infantile neuronal ceroid lipofuscinosis, a pediatric neurological disease that causes 

degeneration of the retina, cortex, and cerebellum. 557; 569 However, a physiological 

role for the specific localization of NAA60 to the Golgi apparatus has not been 

established. Moreover, the cellular phenotypes and the full spectrum of protein-

substrate effects that may result from the absence of NAA60-mediated N-terminal 

acetylation have not been determined. 

In this study, we confirm that NAA60 is indeed unique among all known 

acetyltransferases for its localization to the Golgi apparatus. Furthermore, we show 

that the mutant NAA60 construct, based on the variant associated with the human 

PFBC phenotype leading to a premature stop codon at amino acid 108, completely 

disrupts targeting of the protein to the Golgi. Importantly, activity assays here 

demonstrated that this disease variant of NAA60 is incapable of performing Nt-

acetylation, in agreement with the loss of half of the catalytic GNAT domain in the 

p.Arg108Thrfs*3 variant. 

NAA60’s physiological connection to the development of calcium deposits likely occur 

through its substrates of N-terminal acetylation. Prior analysis of the cytoplasmic and 

organellar-enriched proteome fractions of siControl and siNAA60-treated human A-

431 cells revealed the presence of 1,699 unique human N-terminal peptides 556, more 

than 20 of which were members of the SLC (solute carrier) family. Dysfunction of the 

SLC family of proteins, along with the platelet-derived growth factor receptor PDGFRb, 

and inorganic phosphate exporter XPR1, account for nearly half of all primary familial 

brain calcification cases. 570; 571 One solute carrier in particular, SLC20A2, has the 

strongest physiological connection to the development of brain calcifications. 571; 572 
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Recent in vitro studies have suggested a role for the solute carrier in maintaining 

phosphate homeostasis in cerebrospinal fluid, indicating that SLC20A2 variants 

severely impaired phosphate transport in the brain. 572 Interestingly, a key step in the 

Pi-induced calcification process is the deregulated expression of NaPi symporters, of 

which the SLC family-substrates of NAA60-have been found to reduce the expression 

of phosphate. 567 

Here, using two independent methods, we show that SLC20A2, a phosphate importer, 

is significantly depleted at the surface of cells from affected cases carrying biallelic 

NAA60 variants, leading to the improper build-up of phosphate. Indeed our data 

revealed a 35.5% reduction in phosphate uptake by NAA60-mutant fibroblasts, similar 

to phosphate depletion levels reported in SLC20A2-related PFBC 562, therefore 

providing the most likely disease mechanism for brain calcification formation in 

NAA60-related disease. The role of abnormal phosphate homeostasis in PFBC is further 

supported by pathological studies in other PFBC due to variants in genes such as 

MYORG showing that the calcified brain structures are composed of calcium 

phosphate depositions. 551 

Our ability to quantify levels of biotinylated surface proteins in affected patients 

bearing biallelic NAA60 frameshift variant serves as formative work in establishing an 

association for this particular N-alpha-acetyltransferase with the development of brain 

calcifications. Rather than serving as an inert protein modification, this study reveals 

that N-terminal acetylation is a vital process that when not operative, drastically alters 

phosphate homeostasis, possibly through the lacking Nt-modification group on key 

PFBC-related substrate(s).  

Generally, brain calcifications are frequent in the general population and are 

increasing with age from about 1% in young adults to more than 20% in the elderly. 573; 
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574 They are also found in a variety of major neurodegenerative conditions. Almost half 

of Down syndrome cases 575, 20% of Parkinson's disease (PD), and 10% of Alzheimer's 

disease (AD) cases develop brain calcifications 576 with overlapping histological 

pathogenesis and clinical manifestations. 573; 577 Therefore, deciphering the genetic 

basis and molecular mechanisms of brain calcification could facilitate further 

understanding of disease processes associated with more common neurodegenerative 

disorders.   

In summary, we show that biallelic NAA60 variants cause autosomal recessive primary 

familial brain calcifications leading to disease via reduced Nt-acetylation of its 

substrates, one of which possibly being the phosphate importer SLC20A2. We reveal 

that reduced surface levels of phosphate importer SLC20A2 leads to a reduction in 

extracellular phosphate uptake. We further confirm that NAA60 is unique among N-

terminal acetyl transferases for its localization to the Golgi apparatus and we show that 

in NAA60-related disease, the mutant not only fails in localizing to the Golgi, but also 

completely lacks enzymatic activity. In addition to establishing a physiological basis for 

NAA60-related PFBC disease, this study suggests a biochemical explanation of its 

disease-causing mechanisms, besides highlighting NAA60-mediated N-alpha-acetylation 

as a fundamental process of Golgi and neuronal functioning.   
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Chapter 7. Defining the complete disease-spectrum for novel rare genetic diseases. 
The role of international cooperation and dissemination of results 

	
In Chapter 6 I described several approaches for disease-gene discovery starting with in-

depth phenotyping of patients and extended genetic and functional studies. In this 

chapter I emphasise that finding the first family with the novel gene is only the initial 

step. The job is only finished when the original findings are validated in larger cohorts 

of patients, ideally independently or in collaboration with the lab describing the initial 

cases. Here I show the importance of validation of novel disease-genes in larger cohorts 

for determining the full genotype-phenotype spectrum and defining the disease 

characteristics. I also stress the importance of international collaboration for ensuring 

high quality research into rare diseases. These diseases may be rare in one region but 

more common on a wider geographic scale. 

7.1 PDXK variants cause PLP-responsive hereditary motor and sensory neuropathy type 

6C with optic atrophy (HMSN6C). Extended analysis beyond the original families 

	
Statement of contribution: The mutation was identified by Reza Maroofian 

(Neuromuscular Diseases, UCL ION). I participated in the designed and organisation of 

this study. I analysed the predicted consequences of the mutation through 

bioinformatics pipelines and programs. I have analysed baseline clinical and enzymatic 

results and initiated the therapy in the patients. I coordinated the validation of 

mutation pathogenicity based on PDXK enzymatic activity and contributed to the 

manuscript where these results are presented. Enzymatic assay was performed by 

Youssef Khalil, Philippa B. Mills and Peter T. Clayton (Genetics and Genomic Medicine, 

GOS Institute of Child Health, University College London).   
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7.1.1 Introduction 
	
Recently, we published the first report of biallelic variants in PDXK, causing PLP-

responsive hereditary motor and sensory neuropathy type 6C with optic atrophy 

(HMSN6C, OMIM 618511). 578 As discussed in Chapter 4, we reported five affected 

individuals from two unrelated families presenting with axonal peripheral 

polyneuropathy and optic atrophy progressing to ambulation loss and blindness. 

Importantly, PLP supplementation was shown to improve the biochemical and motor 

phenotype of the affected individuals. The reported mutations (p.Arg220Gln and 

p.Ala228Thr) were shown to affect PDXK ATP-binding through conformational 

rearrangements, leading to reduced PDXK enzymatic activity and low plasma PLP 

concentrations.   

Here, we report further confirmation of the new disease-causing PDXK mutations in 

two affected individuals from a consanguineous family presenting with a childhood-

onset sensorimotor axonal neuropathy and first signs of optic atrophy with a novel 

biallelic PDXK mutation. This work was possible thanks to an international collaboration 

between UCL and hospitals in Iran and Germany.  

7.1.2 Methods 
	
Whole Exome Sequencing 

Next-generation sequencing (NGS) and investigations were performed with informed 

consent as described in chapter 4.  WES data was and homozigosity mapping was 

processed as previously described in Chapter 4.  
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Protein modelling  

RCSB Protein Data Bank (http://www.rcsb.org/pdb/home/home.do) was used to 

determine the human PDXK protein structure (2F7K and 3KEU) and images were 

generated using PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC. 

Pyridoxal kinase activity measurement 

The pyridoxal kinase activity present in dried blood spots (DBS) was determined by 

using the protocol described previously by Chelban et al. 578 In summary, 3 mm discs 

punched from dried blood spots were incubated for 10 min at 37 °C with shaking at 300 

rpm in a reaction buffer containing 20 mmol/L potassium phosphate (pH 6.1), 10 

μmol/L pyridoxal and 300 μmol/L MgATP (all purchased from Sigma-Aldrich, 

Gillingham, UK), prior to addition of 120 μl of a reaction stop mix identical to that used 

for the determination of pyridoxamine 5’-phosphate oxidase activity from DBS. 

DBS were collected from the affected siblings, the heterozygous carrier parents and the 

unaffected sibling, two previously published PDXK pathogenic variants and six healthy 

controls with PDXK variants previously excluded. Pyridoxal kinase activity of dried blood 

spots was determined by using liquid chromatography-tandem mass spectrometry 

(UPLC-MS/MS) to determine the formation of pyridoxal 5’-phosphate after incubation 

of these with the enzyme substrate pyridoxal and expressed as pmol PLP (3 mm DBS)−1 

h–1 from DBS.  

Data collection and statistical analysis were performed using Waters MassLynx and 

GraphPad Prism 6.0 software packages. 

HPLC measurement of B6 vitamers   
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Pyridoxal phosphate was measured by HPLC with fluorescence detection using a 

Chromsystems kit as described previously. 476  

7.1.3 Results  
Childhood-onset peripheral neuropathy and optic atrophy phenotype 

Two affected siblings (Patient II.1, currently 17 years old; Patient II.2, currently 14 years 

old) presented at the age of 9 and 10 years old. Initially, the symptoms were 

predominantly in the lower limbs. Progressive lower limbs weakness then started to 

involve the upper limbs. At last examination, both patients have high stepping gain but 

are able to walk independently. Neurological examination showed muscle atrophy and 

weakness of the thenar, hypothenar, and intrinsic hand muscles (Figure 46A-F), pes 

cavus and hammertoe deformity (Figure 46D) with a total MRC muscle score of 55 (of 

60) in both affected siblings. Reflexes were moderately decreased in the upper limbs 

and absent in the lower limbs. Sensation was reduced distally in all modalities (light 

touch, pinprick, vibration and joint position sense). In Patient II.1, vibration sense was 

reduced to the iliac crests and to the elbows bilaterally with preserved pain sensation, 

whereas Patient II.2 showed reduced pain and vibration sensation to the iliac crests 

and the wrists. Visual acuity was reduced in both patients (6/10 in II.1 and 7/10 in II.2), 

yet colour and peripheral vision remained intact. Moreover, fundoscopic examination 

revealed bilateral optic disk pallor, and optical coherence tomography confirmed optic 

atrophy in both patients, showing peripapillary thinning of the combined retinal nerve 

fibre layer (NFL), ganglion cell layer (GCL) and inner plexiform layer (IPL). In Patient II.2, 

the NFL, GCL and IPL thickness was significantly below average in all six paripapillary 

sectors in both eyes, with an average thickness of 83 µm and 84 µm in the right and left 
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eye, respectively (Figure 46G). The remaining cranial nerve examination was normal. 

Nerve conduction studies in Patient II.2 showed absent compound muscle action 

potential (CMAP) of the right peroneal and tibial nerves and reduced CMAP of the 

median and ulnar nerves. Sensory nerve action potentials (SNAPs) were absent in the 

right sural nerve. 

Motor nerve conduction velocity was normal (47 m/s), whereas sensory nerve 

conduction velocity was reduced in the right median (29 m/s) and ulnar (26 m/s) 

nerves. These results are consistent with chronic axonal sensorimotor neuropathy with 

predominance in the lower limbs and electromyography was consistent with chronic 

length-dependent denervation only in both patients.  

A Pedigree of the family. II.1 and II.2 are the affected individuals. B-C Atrophy of the hand 

muscles and finger contractures of individual II.1. D Pes cavus and hammertoe deformity of 

individual II.2. E-F Atrophy of the hand muscles of individual II.2. (G) Optical coherence 

tomography (OCT) results of individual II.2. Abnormal thinning of the retinal nerve fibre layer 

(NFL), ganglion cell layer (GCL) and inner plexiform layer (IPL) taken together.  

 

Figure	46	Phenotype	of	new	cases	with	PDXK	mutation 
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Table 7.1: Clinical features of all affected individuals with PDXK variants reported  
 
 Present family Original familes 
Phenotype/Case II.1 II.2 5 individuals / 2 families * 
Demographics  
Origin  Iran Iran Cyprus, Italy/Scotland 
Gender F M 1 M, 4 F 
Age at examination,yrs 17 14 29 to 79 years 
Age at onset, yrs 9 10 2 to 9 years 
Progression 
Symptoms at onset Lower limb weakness  Upper and lower limb weakness  Lower limb weakness and wasting 
Upper limb weakness  At 10 yrs  At 10 yrs 12 to 20 yrs 
Optic atrophy  At 10 yrs At 10 yrs  29 to 50 yrs 
Neurological examination  
Fundoscopy  Pale optic discs  Pale optic discs  Pale optic discs (4/5) 
Other cranial nerves  Normal  Normal Normal  
Skeletal deformities Pes cavus, hammer toes, 

clawing of hands  
Pes cavus, hammer toes, clawing 
of hands  

Pes cavus (5/5), hammer toes (5/5), 
clawing of hands (3/5) 

Power Moderate weakness of 
dorsiflexion/plantar 
flexion, long finger 
extensors and intrinsic 
muscles of the hands 

Moderate weakness of 
dorsiflexion/plantar flexion, long 
finger extensors and intrinsic 
muscles of the hands 

Moderate to severe weakness of  
dorsiflexion/plantar flexion, long finger 
extensors; mild to moderate-severe 
weakness of intrinsic muscles of the 
hands 

MRC power score 55 55 44; 44; 54; 56  
Reflexes Upper limbs: reduced  

Lower limbs: reduced  
Upper limbs: reduced  
Lower limbs: reduced  

Areflexia; mute 
plantar responses (4/5) 

Sensation Reduced vibration sense 
to iliac crest and elbow  

Reduced pain and vibration sense 
to iliac crest and wrist 

Reduced pain and vibration sense in distal 
limbs (4/5) 

Romberg sign Negative Negative  Present (4/5) 
Coordination Normal Insecure in handling things Normal (4/5) 
Visual acuities  6/10 7/10 Reduced (2/5); NA(2/5) 
Colour vision Normal Normal Impaired (4/5) 
Peripheral vision Normal Normal  Normal (4/5) 
Cognitive function Normal Normal Normal (4/5) 
Seizures Absent Absent Absent (4/5) 
Investigation results  
MRI head  Normal Normal Normal (2/5); NA (2/5) 
Optic n. and chiasm CT Optic atrophy Optic atrophy  Normal (2/5); NA(2/5) 
VEPs NA NA Attenuated with 

anomalous waveform on flash VEPs (2/5); 
NA (2/5) 

Somatosensory evoked 
potentials 

Poorly formed due to 
severe polyneuropathy 

NA Poorly formed due to severe 
polyneuropathy (1/5); NA (3/5)* 

Nerve conduction study NA  Severe sensorimotor axonal 
neuropathy 

Severe sensorimotor axonal neuropathy 
(4/5) 

Electromyography  NA  Chronic denervation in a length-
dependent pattern; no myopathic 
changes 

Chronic denervation in a length-
dependent pattern; no myopathic 
changes (4/5) 

Renal function Normal Normal Normal (4/5) 
Biochemical profile 
Liver function Normal Normal Normal (4/5) 
GI tract NA NA Normal (4/5) 
Plasma amino acids **  NA Normal  Normal (1/5); NA (3/5) 
Vitamin B1, normal range 3-
17 ng/ml 

9.7 11.2 Normal  (3/5); NA (1/5) 

Vitamin B6, normal range 
20-125 nmol/l 

10.8 9.6 7.8 and 9 

Vitamin B12, normal range 
200-835 pg/ml  

192 167 Elevated (1/5); normal (3/5) 

	
*	 one	 of	 the	 reported	 patient	 died	 at	 71	 year-of-age	 from	 an	 unrelated	 medical	 condition	 and	 could	 therefore	 not	 be	 included	 in	 the	
examination.	**	Plasma	amino	acids	tested	methionine,	isoleucine,	leucine,	tyrosine,	phenylalanine,	ornithine,	lysine,	histidine,	and	arginine.	
CT	=	computed	tomography;	F	=	female;	GI	=	gastrointestinal;	M	=	male;	MRC	=	Medical	Research	Council;	MRI	=	magnetic	resonance	imaging;	
NA	=	not	available;	VEP	=	visual	evoked	potential;	yrs	=	years		
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Biallelic PDXK variants associated with childhood-onset peripheral neuropathy and 

optic atrophy 

Variants from WES were filtered for biallelic, highly deleterious, rare mutations. After 

prioritizing mutations according to the above criteria only one variant was segregating 

with the disease. It revealed a homozygous missense variant in PDXK (NM_003681.4), 

c.225T>A (p.Asn75Lys), as the most promising candidate. This variant was located in a 

homozygous region of 5.2 Mb in the 21q22.3, is absent in gnomAD 

(https://gnomad.broadinstitute.org/), in the Greater Middle East Variome database 

(http://igm.ucsd.edu/gme/), and in the Iranome database (http://www.iranome.ir/).  

 

PDXK p.Asn75Lys mutation affects protein structure  

The p.Asn75 is located in the loop between helix α2 and strand β4. 579 In silico 

modelling analyses showed that the p.Asn75Lys mutation affects the hydrophobic 

interactions, which could in turn have a destabilizing effect on WT-Met74 and thus on 

the dimeric conformation of PDXK (Figure 47A). Secondly, the p.Asn75Lys substitution 

has a putative impact on WT-Lys76 (Figure 47A-B), a posttranslational ubiquitin 

attachment site. The latter could have a major effect on protein degradation and 

turnover and thus, function.   

 

Confirmation of PDXK p.Asn75Lys pathogenicity via reduced enzymatic activity and 

low PLP 

To confirm the pathogenicity of the PDXK p.Asn75Lys mutation we measured the PDXK 

enzymatic activity and the end product, PLP, in patients’ blood samples. We then 
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measured the PDXK activities from samples with previously published pathogenic PDXK 

variants for comparison. Each sample was analysed in duplicate. We show that the 

novel p.Asn75Lys mutation leads to almost complete loss of PDXK enzymatic activity in 

the two homozygote siblings whereas there is higher activity in the heterozygote 

carrier parents and sibling, although still below the published normal range of 2.6 – 

14.7 pmol/hr. These results are consistent with values obtained in patients with 

published PDXK pathogenic variants (Figure 47C).  

Finally, we measured plasma PLP concentrations in the affected individuals. Low 

plasma PLP levels were detected in both affected siblings (Table 7.1).  

 

Supplementation with PLP  

After confirmation of low vitamin PLP levels in both patients (10.8 and 9.6 nmol/l, 

respectively), oral PLP supplementation (50 mg/day) was started. Four weeks after 

starting the PLP supplements plasma levels had increased to above-average levels of 

350.3 nmol/l (II.1) and 144.2 nmol/l (II.2), respectively.  
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7.1.4 Discussion  
	
Here we report two siblings at adolescent age (14 and 17 years) with autosomal 

recessive axonal sensorimotor polyneuropathy and optic atrophy caused by a biallelic 

PDXK variant. The optic atrophy and motor symptoms began concurrently at 10 years 

of age. Unlike the mild decrease in the visual acuity, colour vision was normal at the 

A Cartoon representation of the crystal structure of Homo sapiens PDXK (X-Ray diffraction, 

2.8 Å resolution, PDB ID 2F7K). In the upper structure, PDXK monomers are depicted in dark 

and light grey. The hydrophobic residues at the dimer interface (Ile15, Ile35, Met74, and 

Met287) are depicted as spheres in both monomers. The middle panel shows a 

magnification (12 Å Sphere) into the Met74-Asn75 area. M1 and M2 indicate monomer 1 

and 2, respectively. The lower images depict the WT-Asn75 and mutant Lys75 residues 

depicted as magenta sticks. Notice the absence of a hydrophobic bond (dotted yellow line) 

in the mutant residue. B Conservation of Asn75 in PDXK across species. Bold&underlined: 

amino acid changes causing a charge alteration. Bold&italic: amino acid changes within 

similar groups. C Erythrocyte PDXK activity in dried blood spots from cases homozygous for 

the novel p.Asn75Lys and previously published, known pathogenic p.Ala228Thr versus 

controls. Patients homozygous for p.Asn75Lys have lower activity than all controls. Activity 

measured as PLP formed after incubation of a 3mm dried blood spot punch with pyridoxal.  

Each sample was analysed in duplicate and the mean is shown.   

 

Figure	47	The	structure	and	enzymatic	activity	in	new	PDXK	mutation 
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time of the assessment. The patients’ young age at the time of diagnosis enabled an 

early start of PLP supplementation treatment, which not only allows patient’s long-

term monitoring but will also reveal the potential efficiency of prompt PLP treatment in 

preventing the progression of the disease.  

Enzymatic activity assays showed that the PDXK activity was less affected in the 

homozygous p.ala228Thr than in the heterozygous p.Asn75Lys. As Asn75 is located in 

the loop between helix α2 and strand β4, which is a posttranslational ubiquitin 

attachment site, changes at this position may explain the more severe impact seen on 

the enzymatic activity when compared to mutations located at Ala228 position. 

Furthermore, we were unable to perform NCS in the heterozygous p.Asn75Lys carriers 

therefore a subclinical phenotype with minor NCS changes in these individuals cannot 

be excluded. Further work, investigating heterozygous PDXK carriers with PDXK 

enzymatic activity below the normal range, is necessary in order to elucidate the full 

PDXK-related disease processes. 

Previously, we reported motor improvement with patients regaining their ability to 

walk and alleviation of neuropathic pain in two elderly probands after 24 months of 

PLP treatment. However, no improvement was observed in sensation or vision, most 

likely due to the advance disease stage. In the peripheral nervous system (PNS), the 

upregulation of numerous growth-promoting genes (like SPRR1A 580, GAP-43 and CAP-

23 581, and Sox-11 582) after nerve damage allows axonal regeneration and functional 

recovery, which is why a gain of motor function can be observed after vitamin B6 

supplementation. Nevertheless, a recovery in visual symptoms is not expected, since 

axon regeneration is extremely limited in the central nervous system (CNS), mainly due 
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to the regeneration-inhibitory CNS environment 583 generated by the expression of 

growth-inhibiting molecules by oligodendrocytes and astrocytes 584, as well as the lack 

of upregulation of growth-promoting genes after nerve damage. 585 As the original 

probands reported by us in the discovery paper were both over 75 years old at the start 

of treatment, and had lost their visual capacity significantly, the possibility to regain the 

vision was comprehensively low. Therefore, in these new cases, it will be especially 

interesting to see whether an early start of vitamin B6 supplementation could prevent 

further optic nerve damage and keep patients from losing their visual capacity, and 

whether a long-term treatment will allow improvements in sensation as well as in 

motor function. 

This third, unrelated family confirms that biallelic mutations in PDXK lead to axonal 

peripheral polyneuropathy with optic atrophy via reduced PDXK enzymatic activity and 

low PLP. As this is a rare opportunity for treatment intervention, it is essential that 

variants in PDXK should be investigated particularly in patients with autosomal 

recessive, early-onset polyneuropathy, enabling PLP supplementation in time to 

prevent loss of ambulation and vision.  
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7.2 Genetic and phenotypic characterization of NKX6-2-related spastic ataxia and 

hypomyelination disease (SPAX8). Extended analysis beyond the original families.  

 
Statement of contribution: I designed and organised this study. I performed all of the 

data analysis and clinical assessments of patients except for the patients from Saudi 

Arabia who were clinically investigated by Namik Kaya. I performed all skin biopsies for 

growing the fibroblasts. I coordinated the validation experiments described below and 

wrote the manuscript where the data was published.  

Exome sequencing was performed by Macrogen, western blot was performed by Nancy 

Malintan (Department of Clinical and Experimental Epilepsy UCL ION).   

	
7.2.1 Introduction  

	
Hypomyelinating leukodystrophies are a heterogeneous group of genetic disorders 

with a wide spectrum of phenotypes. Given that myelination is a highly regulated 

process these disorders usually result from genetic abnormalities. However, the 

majority of individuals with hypomyelinating disorders have no genetic diagnosis. 586 

Hypomyelination can result from dysfunctions in myelin generation or maintenance 

pathways including mutations in the myelin proteins (PLP1), protein translation 

(POLR3A, POLR3B, POLR1C) and gap junction proteins linking astrocytes and 

oligodendrocytes (GJC2).  

We have recently described a new phenotype associated with bi-allelic mutations in 

NKX6-2 leading to spastic-ataxia 8 (SPAX8), autosomal recessive, with hypomyelinating 

leukodystrophy (OMIM: 617560). 587 As described in Chapter 5, the reported NKX6-2 
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mutations were bi-allelic truncating or located in the highly conserved homeobox 

domain. Clinically, they presented with early onset spastic-ataxia or hypotonia 

progressing to severe spasticity within a few months and were associated with 

hypomyelination. 587  

Here, we present a large, ethnically diverse cohort, describing comprehensively an 

expanding clinical and neuroimaging syndrome and a large genotypic spectrum of 

NKX6-2-related disease.  

7.2.2 Methods  

The study included affected individuals with spastic-ataxia and hypomyelination from 

unrelated families of different ethnic backgrounds. Families were recruited under 

Institutional Review Board/ethics-approved research protocols (UCLH: 04/N034) with 

informed consent. For comprehensive genotype-phenotype analyses we included all 

reported genetically diagnosed NKX6-2 mutations. 

 

Genetic analysis  

 

Whole exome sequencing (WES) was performed in the probands and unaffected 

parents in all families as previously described. 588 Alignment was performed using BWA  

(http://bio-bwa.sourceforge.net/) 439 with GRCH37 as a reference. Variant calling, and 

annotation were done as outlined here. 587 Called variants were filtered for rare or 

novel, coding/splicing, homozygous and compound heterozygous variants using custom 

R scripts. All disease causing variants reported in Human Gene Mutation Database 

(HGMD), ClinVar 454 and variants with a minor allele frequency (MAF)<1% in 1000 
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Genomes Project 445, NHLBI GO Exome Sequencing 589, and genome Aggregation 

Database (gnomAD) 456 were included. Variants were assessed for novelty and 

pathogenicity. Novel variants were assessed using the American College of Medical 

Genetics and Genomics (ACGM) score and classification for mutations. 2 All NKX6-2 

variants (NM_177400) considered disease causing were validated with bidirectional 

Sanger sequencing as described previously. 590 Primer sets are:  

c.DNA 
change Forward primer Reverse primer 
c.301C>A GCATCAGCGACATCCTGG GCGCCCATGGACACTAAC 

c.541C>G AACCTTCGAGCAGACCAAGTAC CGAGGGTTTGTGCTTCTTGAG 

c.571C>T  AACCTTCGAGCAGACCAAGTAC CGAGGGTTTGTGCTTCTTGAG 

c.592A>G AACCTTCGAGCAGACCAAGTAC CGAGGGTTTGTGCTTCTTGAG 

c.598C>T AACCTTCGAGCAGACCAAGTAC CGAGGGTTTGTGCTTCTTGAG 

 

 

RT-PCR 

For RT-PCR analysis, total RNA was extracted from fibroblasts using RNeasy Mini Kit 

(Qiagen) as per manufacturer’s instructions. We extracted RNA from case F1-III:1 and 

age-matched controls, and reverse transcribed to cDNA using the High Capacity cDNA 

Synthesis kit (Applied Biosystems). A PCR was then performed with the following 

primers; Forward: GATGAAGACGTCGCTGTTCC, Reverse: CTGGAACCAGACCTTCACCT. 

 

Western blotting 

Fibroblast samples from individual F1-III:1 and healthy controls were obtained. After 

reaching 90% confluency, the cultured cells were harvested. Total protein lysates were 

extracted using RIPA buffer with protease inhibitors-EDTA free (Thermo Fisher 
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Scientific).  Total protein concentration was determined by Bradford assay. Equal 

amounts of 30 μg of protein were analysed by SDS-PAGE followed by Western blotting 

using anti-NKX6-2 antibody (Abcam ab179532; 1:1000). The blot was visualised and 

densitometry quantification of NKX6-2 bands was performed using the BioRad 

Chemidoc imaging system (BioRad Laboratories). Experiments were performed three 

times.  

 

Phenotype  

Clinical data were collected using standardized forms including patient history, 

neurological examination, and neuroimaging evaluations for each patient carrying 

NKX6-2 pathogenic variants.  

 

Statistical analysis 

Quantitative values were reported as mean with standard deviation. To determine 

predictors for disease severity and age of onset we compared phenotype measures 

across the groups with logistic regression analysis. Statistical analyses were performed 

using one -way ANOVA with Bonferroni post-hoc test. P-value of ≤ 0.05 was considered 

statistically significant.   
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7.2.3 Results  
 

Genotype spectrum in NKX6-2-related disease  

In this study we identified 11 new cases from 8 families (Figure 48) carrying pathogenic 

variants in NKX6-2. Eight distinct mutations were found including 4 were novel variants 

(Figure 49A). One was present in gnomAD with very low allele frequency in 

heterozygous state (MAF 0.0001170) but absent as homozygous (c.541C>G) (Figure 

49B), and three were known pathogenic variants.  The c.196delC identified in family IV 

and V was present in a shared homozygous region (Figure 49C). All missense variants 

were located in conserved amino acid positions (Figure 49D).  

We extended our analysis to include 33 individuals from 21 families carrying NKX6-2 

mutations identified in this study and previously reported 587; 591-593 (Table 7.2, 

Supplementary S7.2.1). So far, 13 distinct NKX6-2 variants have been linked to SPAX8 

het=heterozygous; hom= homozygous; the individuals tested in this study are indicated 
with a dot.   

Figure	48		Family	trees	in	all	new	NKX6-2	families	reported	in	this	study 
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disease. Several mutations (c.121A>T, c.487C>G, c.196delC) were reported in multiple 

families. The c.196delC and c.487C>G were identified in 5 families each, all originally 

from the Middle East. Haplotype analysis from three families confirmed that c.196delC 

was a founder mutation. However, the c.487C>G carriers didn’t share same haplotype, 

the mutation arising recurrently. 593 The c.121A>T was identified in three families of 

Indian origin. Haplotype analysis data from two of these families confirmed a founder 

effect. 587 With one exception (p.Arg101Ser), all missense mutations affected the 

Homeobox domain. 

To establish the deleterious effect of p.Arg101Ser variant we performed RT-PCR and 

WB. Control RT-PCR for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

confirmed the presence of cDNA in all samples. In the patient, NKX6-2 cDNA was 

severely reduced compared to controls (Figure 50A). Immunoblot analysis confirmed 

significant reduction in NKX6-2 protein levels in the patient compared to controls 

(Figure 50B-C). 

The majority of reported cases (81.8%, 27/33) presented in the first year of life, half of 

these (14/27) as neonates. We analysed whether the mutation type influenced the age 

of onset. Sixteen cases carried two truncating alleles, 13 had bi-allelic missense 

mutations and four had compound heterozygous variants including one truncating 

mutation. Although an earlier mean onset age was observed in the group harbouring 

two truncating alleles, versus the group with 2 missense alleles (7.3 months vs 8.3 

months), the difference was not statistically significant (p=0.78) 

Phenotype spectrum in NKX6-2-related disease 
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Assessment of the age of onset and disease severity revealed two ends of an expanding 

phenotype spectrum of NKX6-2 mutations.  

A. NKX6-2 gene with all the mutations identified. All known and novel mutations identified 

in our cohort are labeled in blue star; all mutations previously reported are labeled in 

magenta star and plotted on top of the gene. B. Sanger sequencing confirmation with 

segregation analysis for novel NKX6-2 variants reported in this study. C. Homozygozity 

mapping in family IV and V identified a homozygous region on chromosome 10, shared by 

affected individuals and containing the pathogenic homozygous variant c.196delC in NKX6-
2.  D. Conservation across species of each novel missense mutation reported in this study.  

	

Figure	49	Mutation	spectrum	of	NKX6-2	–related	disease 
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Neonatal and very early onset  

Neonatal onset was associated with higher rate of severe global psychomotor disability 

when compared with onset after 1 month old (p=0.05) (Figure 51A). Twenty cases with 

information on motor milestones showed very severe motor deficit; all children failing 

to achieve independent ambulation and 70% (14/20) failing to achieve head control. 

Furthermore, 90% of children with disease onset before one year never achieved verbal 

milestones/meaningful speech.  

Complex medical needs included severe dysphagia requiring gastrostomy (6/33 cases), 

congenital heart disease (1/33), respiratory failure (2/33) leading to death, 

undescended testicles (1/33), severe dental and/or gum abnormalities (6/33 cases), 

Figure	50	Functional	analyses	and	pathogenicity	of	variants	identified	in	Family	1	with	

compound	heterozygous	NKX6-2	variants 

A. Reverse transcription PCR in compound heterozygous missense case F1-III:1 showed 

absent or severely reduced NKX6-2 compared to control (CTR); glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) used as a loading control.  B. Reduced NKX6-2 

protein levels confirmed by Western blot in individual F1-III:1. Total protein lysate 

extracted from human fibroblasts assessed by SDS-PAGE and analysed by western 

blotting using anti-NKX6-2 antibody (left panel).  C. Densitometry analysis shows 

significant reduction in NKX6-2 protein levels in fibroblasts harbouring the NKX6-2 

missense mutation compared to control cells.  *** p < 0.01, replicate values, mean and 

SD are shown; one-way ANOVA with Bonferroni post-hoc test.  
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inguinal hernia (1/33). Survival in this group was shorter with 12.1% (4/33) of children 

dying in their first five years.  

Childhood onset  

Childhood onset with predominantly motor delay and complex spastic-ataxia was 

identified in seven individuals in this study and those previously reported. 587  Case F1-

III:1 has the least severe motor phenotype in our series (Supplementary S7.2.2).  Case 

F8-II:1 has a phenotype resembling the previously reported cases with the c.121A>T 

mutation- severe spastic-ataxia but relatively preserved cognition. 587 The seven cases 

all achieved ambulation, though required walking aids (walking frame) 1 to 3 years into 

the disease and wheelchair 3 to 8 years later. Features including head titubation and 

severe dystonia in the previously reported patients who achieved adulthood, suggest 

that they may be related to disease progression rather than genotype.  

Complex spastic-ataxia and developmental delay  

The most common symptom at onset was nystagmus (25/33 cases) (Figure 51B) 

described as horizontal gaze-evoked, in the majority of cases. Other ocular 

manifestations were square wave jerks, hypometric saccades, impaired smooth pursuit 

and reduced visual acuities (4 cases). Limitation of bilateral, lateral gaze eye 

movements was seen later in three cases that reached adulthood.  

Spasticity with brisk reflexes in the upper and lower limbs, and upgoing plantar 

responses were present in all cases. Axial hypotonia was reported at presentation in 9 

patients, all with onset of disease before 1 year of age associated with upper and lower 
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limb spasticity soon after presentation. Cervical and/or limb dystonia was present in 

around ~ 40% of cases where information was available. Examination of the peripheral 

nervous system was normal in all cases and normal nerve conduction studies were 

reported in two cases that reached adulthood.  

Seizures were present in four (12.5%) patients harbouring NKX6-2 mutations. Case F1-

III:1 presented primary tonic progressing to secondarily generalised seizure at six years. 

Electroencephalography at the age of 13 showed loss of age-based background activity 

and absent anterior-posterior gradient of background activity with focal tonic seizure 

presenting clinically as hemifacial seizures. There was intermittent frequency slowing, 

most pronounced at frontal electrodes and multifocal epileptic discharges (sharp waves 

and sharp-slow-waves) pronounced over the right hemisphere and several focal tonic 

seizures. The seizures were multi-drug resistant. No details regarding seizure 

phenomenology are available in the other three cases. 591; 593 Cognitive function varied 

greatly between patients. Interestingly, two cases reported here (F1-III:1 and F8-II:1) 

and four previously reported 587 (total 6/33) had normal cognitive development for 

their age. Case F8-II:1 and the four previously reported cases with normal cognitive 

development carry the homozygous nonsense mutation p.Lys41* while F1-III:1 carries 

two missense compound heterozygous variants (p.Arg101Ser; p.Leu181Val). However, 

severe cognitive impairment with arrested speech development was present in 66% of 

all children with bi-allelic NKX6-2 pathogenic variants and in all reported children with 

neonatal onset. We acknowledge that in most cases, an accurate cognitive function 

assessment was difficult due to severe motor impairment and/or developmental 

language delay.  
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Other features present in SPAX8 patients included strabismus (4/33 patients), scoliosis 

(6/33), neck or/and limb dystonia (9/23), contractures (4/33 patients), dysmorphism 

(2/33), hip dislocation (2/33) and single cases of hearing impairment and hirsutism. 
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A. The neonatal onset group has statistically significant higher frequency of global 

psychomotor developmental delay (red) compared with the other 2 groups (onset from 2 

months - 1 year and onset after 1 year). Childhood onset is associated with predominantly 

motor delay (blue). P=0.05, r2=0.9). n.s=not significant. B. Clinical features associated with 

NKX6-2 mutations (the horizontal axis), the number of cases on the vertical axis (total 

n=33). Hor =horizontal, gaze evoked nystagmus. C. FLAIR and T2 weighted MRI acquisitions 

from case F1-III:1 exhibiting T2 hyperintense signal change in periventricular WM 

surrounding the frontal horn of the right lateral ventricle, and frontal and temporal 

opercular and subinsular WM T2 weighted hyperintense signal change associated with a 

degree of cortical volume loss. Note the normal signal intensity of the globi pallidi, thalami, 

and external capsules, mesencephalon and pons. There is disproportionate cerebellar 

volume loss with mild T2-weighted hyperintense signal change in the peri-dentate WM. D. 
Longitudinal MRI in case F7-II:3 at ages of 4 years (D1, D2) and 8 ½ years (D3, D4)(D1, D3- 

mid-sagittal T1-weighted; D2, D4- coronal T2-weighted) showing progressive thinning of 

the corpus callosum and cerebellar atrophy associated with WM abnormality sparing the U 

fibers (2,4). There is progressive enlargement of the cortical sulci and extra axial CSF 

spaces indicating underlying global brain atrophy. 

Figure	51	Genotype-phenotype	correlation	and	neuroimaging	spectrum	of	NKX6-2	mutations 
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Neuroimaging spectrum in NKX6-2-related disease 

The key neuroimaging feature in the majority of cases was a hypomyelinating 

leukodystrophy. Magnetic resonance images (MRI) (Figure 52) showed signal 

abnormality with atrophy noted supratentorially within the thalami, and the globus 

pallidi. Infratentorially, there was notable involvement of the pons with signal 

abnormality involving the transverse pontine fibres with relative expansion to the 

entire pons. This contrasted with the orthogonal orientated fibres of the corticospinal 

tracts of relatively normal signal, providing a distinctive prominent appearance of the 

mid-pons on the axial T2-weighted sequences. Furthermore, signal change was noted 

in the cerebellar hemispheres, particularly involving the subcortical white matter (WM) 

and the dentate nuclei. Cerebellar volume was relatively increased in very young 

patients, likely related to the underlying WM changes, and demonstrated mild atrophic 

change over time. Not all children developed cerebellar atrophy (Table 7.3).  

Interestingly, in case F1-III:1 with two missense compound heterozygous mutations 

neuroimaging findings were milder compared to cases carrying homozygous truncation 

mutations (Figure 51C). Marked cerebellar atrophy was a key finding in this case. 

Furthermore, two other paediatric NKX6-2-related cases were reported previously 

without overt hypomyelination. 592 Thinning of the corpus calosum was present in 6/33 

patients. A longitudinal MRI study in F7-II:3 at 4 and 8 years old shows progressive 

thinning of corpus callosum and cerebellar atrophy, associated with WM abnormality 

sparing the U fibers (Figure 51D). 
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From left to right: multiple T1 weighted (column 1) and T2 weighted (columns 2-5) MRI acquisitions 
through four cases (top to bottom rows: F4-III:1, F3-II:1, F6-II:6, F2-II:1). Normal to hyperintense T1- 
white matter (WM) signal (column 1) in areas corresponding to the T2-weighted hyperintense signal 
(column 2) confirmed hypomyelination. Column 2 demonstrates diffuse T2 weighted hyperintense 
signal change in subcortical, deep WM including external capsules, globi pallidi and thalami. Columns 3 
and 4 demonstrate dorsal mesencephalic and diffuse pontine T2 weighted hyperintense signal change. 
Column 5 demonstrates diffuse cerebellar WM T2 weighted hyperintense signal change including the 
peri-dentate WM with relative preservation of cerebellar volume. 

	

Figure	52	Hypomyelination	in	NKX6-2-related	disease 
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Table 7.2. Variant description of all NXK6-2 mutations reported to date.  
Zygosity c.DNA 

change 
Amino acid 
change  

Type of 
mutation 

Novel/ 
Known  

ACMG score  ACMG 
classification 

Onset Phenotype Additional signs 
reported 

Hypomyelina
tion 

Cerebellar 
atrophy 

Reference  

Compound 
heterozygous 

c.301C>A p.Arg101Ser Missense Novel PM2, PM3, 
PP1, PP3 

Likely 
pathogenic 

Childhood  Predominantly 
motor delay 

 Seizures Mild Yes This study 

c.541C>G  p.Leu181Val Missense Novel PM1, PM3, 
PP1, PP3 

Likely 
pathogenic 

This study 

Compound 
heterozygous 

c.571C>T  Gln191* Nonsense Novel PVS1, PM1, 
PM2, PM3, PP1 

Pathogenic Neonatal  Severe global 
psychomotor delay  

 No Diffuse, 
severe 

No This study 

c.592A>G Asn198Asp Missense Novel PM1, PM2, 
PM3, PP1 

Likely 
pathogenic 

This study 

Homozygous c.598C>T p.Arg200Trp Missense Novel PS1, PM1, 
PM2, PM3, PP1 

Pathogenic Neonatal  Severe global 
psychomotor delay 

 No Diffuse, 
severe 

Yes This study 

Homozygous c.121A>T p.Lys41* Nonsense Known  PVS1, PS3, 
PM2, PM3, PP1 

Pathogenic Childhood  Predominantly 
motor delay 

 Dystonia. 
Limitation of eye 
movements  

Diffuse, 
severe 

Yes This study, 
Chelban et 
al587 

Homozygous c.196delC p.Arg66Glyfs
*122 

Frameshift Known  PVS1, PM2, 
PM3, PP1 

Pathogenic Neonatal  Severe global 
psychomotor delay 

 Limitation of 
eye movements, 
hearing 
impairment. 
Gastrostomy for 
severe 
dysphagia. 
Scoliosis 

Diffuse, 
severe 

No This study, 
Anazi et 
al592, Baldi 
et al593 

Homozygous c.487C>G p.Leu163Val Missense Known  PM1, PM2, 
PM3, PP1 

Likely 
pathogenic 

Neonatal  Severe global 
psychomotor delay 

Seizures. 
Gastrostomy for 
severe 
dysphagia. 

Variable 
severity. 2 
cases with no 
hypom. 

Yes This study, 
Chelban et 
al587, Baldi 
et al593 

Homozygous c.565G>T p.Glu189* Nonsense Known  PVS1, PM1, 
PM2, PM3, PP1 

Pathogenic Neonatal  Severe global 
psychomotor delay 

Severe dystonia Diffuse, 
severe 

Yes Dorboz et 
al591 

Compound 
heterozygous 

c.589C>T p.Gln197* Nonsense Known  PVS1, PM1, 
PM2, PM3, PP1 

Pathogenic Neonatal  Severe global 
psychomotor delay 

Swallowing 
difficulties. Poor 
visual acuity  

Diffuse, 
severe 

No Dorboz et 
al591 

c.599G>A p.Arg200Gln Missense Known  PM1, PM2, 
PM3, PP1 

Likely 
pathogenic 

Homozygous c.606deli
nsTA 

p.Lys202Asnf
s?1 

Frameshift Known  PVS1, PM1, 
PM2, PM3, PP1 

Pathogenic Neonatal  Severe global 
psychomotor delay 

Severe dystonia Diffuse, 
severe 

Yes Dorboz et 
al591 

Homozygous c.608G>A p.Trp203* Nonsense Known  PVS1, PM1, 
PM2, PM3, PP1 

Pathogenic Neonatal  Severe global 
psychomotor delay 

Seizures Diffuse, 
severe 

No Baldi et 
al593 

Legend: NA-not available, m-months, y-years, VEP-visual evoked potentials, ERG-electroretinogram, hypom- hypomyelination.  
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Table 7.3.  Neuroimaging spectrum of NKX6-2-related disease.  
Study This study 
Family  I II III IV V VI VII VIII 
Subject 1 2 3 4 5 6 7 8 9 10 11 

M
ut

at
io

n 

c.DNA change c.301C>A; 
c.541C>G 

c.571C>T; 
c.592A>G  

c.598C>T c.196delC c.196delC c.196delC c.196delC c.487C>G c.487C>G c.487C>G c.121A>T  

Amino acid change p.Arg101Ser; 
p.Leu181Val 

p.Gln191*; 
p.Asn198Asp 

p.Arg200Trp p.Arg66Glyfs*1
22 

p.Arg66Glyfs
*122 

p.Arg66Glyfs
*122 

p.Arg66Glyfs
*122 

p.Leu163Val p.Leu163Val p.Leu163Val p.Lys41* 

Zygozity Compound 
heterozygous 

Compound 
heterozygous 

Homozygous Homozygous Homozygous Homozygous Homozygous Homozygous Homozygous Homozygous Homozygous 

Ne
ur

oi
m

ag
in

g 

Hypomyelination  No External 
capsules, globi 
pallidi, 
thalami, 
periventricular
, cerebellar 

External 
capsules, 
globi pallidi, 
thalami, 
periventricul
ar, cerebellar 

External 
capsules, globi 
pallidi, 
thalami, 
periventricular
, cerebellar 

NA NA External 
capsules, 	
thalami, 	
periventricul
ar	 

External 
capsules, 	
thalami, 	
periventricul
ar	 

External 
capsules, 
globi pallidi, 
thalami, 
periventricul
ar 

External 
capsules, globi 
pallidi, 
thalami, 
periventricular 

External 
capsules, 
globi pallidi, 
thalami, 
periventricul
ar 

Cerebral atrophy No No Mild cerebral 
atrophy 

No NA NA No No No Yes No 

Basal ganglia 
abnormalities  

No No No No NA NA Yes No Yes No Yes 

Peri/Paraventricular 
cysts 

No No No No NA NA No No No No No 

Thin corpus callosum No No No No NA NA No No No Yes No 
Cerebellar atrophy Yes, vermis and 

superior 
cerebellar 
peduncles 

No Yes, vermis 
and superior 
cerebellar 
peduncles 

No NA NA No No Yes, vermis 
and superior 
cerebellar 
peduncles 

Yes, vermis 
and superior 
cerebellar 
peduncles 

Yes, vermis 
and superior 
cerebellar 
peduncles 

Other investigations  Chronic lesion in 
the fronto-
temporal white 
matter.  
EEG-	multifocal 
epileptic 
discharges. 

No  Abnormal 
VEP. Normal 
ERG. 

No NA NA No No No No Normal NCS 
and EMG 
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Study Chelban et al Dorboz et al 
Family  VII VIII IX X XI XII 
Subject 12 13 14 15 16 17 18 19 20 21 22 

M
ut

at
io

n 

c.DNA change c.121A>T  c.121A>T  c.121A>T  c.121A>T  c.487C>G  c.487C>G  c.606delinsTA c.565G>T c.565G>T c.599G>A; 
c.589C>T 

c.599G>A; 
c.589C>T 

Amino acid change p.Lys41* p.Lys41* p.Lys41* p.Lys41* p.Leu163Val p.Leu163Val p.Lys202Asnfs
*? 

p.Glu189* p.Glu189* p.Gln197*; 
p.Arg200Gln 

p.Gln197*; 
p.Arg200Gln 

Zygozity Homozygou
s 

Homozygo
us 

Homozygo
us 

Homozygous Homozygous Homozygous Homozygous Homozygous Homozygous Compound 
heterozygou
s 

Compound 
heterozygous 

Ne
ur

oi
m

ag
in

g  

White matter 
abnormalities 

Periventricu
lar, globi 
pallidi, 
external 
capsules, 
cerebellar 
peduncles, 
dentate 
hilus, pons.   

Periventric
ular, globi 
pallidi, 
external 
capsules, 
cerebellar 
peduncles, 
dentate 
hilus, pons.   

Periventric
ular, globi 
pallidi, 
external 
capsules, 
cerebellar 
peduncles, 
dentate 
hilus, pons.   

Periventricular
, globi pallidi, 
external 
capsules, 
cerebellar 
peduncles, 
dentate hilus, 
pons.   

Periventricular
, globi pallidi, 
external 
capsules 

Periventricul
ar, globi 
pallidi, 
external 
capsules 

Periventricular
, thalamus, 
cerebellar 
peduncles 

Periventricular, 
thalamus, 
cerebellar 
peduncles 

Periventricul
ar, thalamus, 
cerebellar 
peduncles 

Periventricul
ar, thalamus, 
cerebellar 
peduncles 

Periventricular, 
thalamus, 
cerebellar 
peduncles 

Cerebral atrophy No No No No No No No No No No No 
Basal ganglia 
abnormalities  

No No No No No No No No No No No 

Peri/Paraventricular 
cysts 

No No No No No No No No No No No 

Thin corpus callosum No No No Yes No No No No No No No 

Cerebellar atrophy Yes, vermis 
and 
superior 
cerebellar 
peduncles 

Yes, vermis 
and 
superior 
cerebellar 
peduncles 

Yes, vermis 
and 
superior 
cerebellar 
peduncles 

Yes, vermis 
and superior 
cerebellar 
peduncles 

No No Yes, cerebellar 
vermis 

Yes, cerebellar 
vermis 

No No No 

Other  Normal NCS 
and EMG 

Normal 
NCS and 
EMG 

No No No No ERG-normal, 
VEP-delayed 
BAEP-delayed 

ERG-normal, 
VEP-delayed 
BAEP-delayed 

NA NA NA 

	
	
	
	
	



	 253	

Study Anazi et al Baldi et al 
Family  XIII XIV XV XVI XVII XVIII XIX 

Subject 23 24 25 26 27 28 29 30 31 32 33 

M
ut

at
io

n 

c.DNA change c.196delC c.196del c.196del c.196del c.487C>G  c.487C>G  c.608G>A 

Amino acid change p.Arg66Glyfs*1
22 

p.Arg66Glyfs*122 p.Arg66Glyfs*1
22 

p.Arg66Glyfs*122 p.Leu163Val p.Leu163V
al 

p.Trp203* 

Zygozity Homozygous Homozygous Homozygous Homozygous Homozygous Homozygo
us 

Homozygous 

Ne
ur

oi
m

ag
in

g  

White matter 
abnormalities 

Hypomyelinati
on (no further 
details 
available) 

Diffuse 
hypomyelination 

Diffuse 
hypomyelinati
on 

Diffuse 
hypomyeli
nation 

Diffuse 
hypomyelina
tion 

Diffuse 
hypomyelina
tion 

NA No No Diffuse 
hypomyeli
nation 

Diffuse 
hypomyelinati
on 

Cerebral atrophy NA No NA Generalize
d 

Generalized Generalized Yes No No Yes Yes 

Basal ganglia 
abnormalities  

NA NA NA NA NA NA NA NA NA NA NA 

Peri/Paraventricular 
cysts 

NA NA NA NA NA NA NA NA NA NA NA 

Thin corpus callosum NA No NA Yes Yes Hypoplasia NA No No Yes Yes 
Cerebellar atrophy NA No NA NA NA No NA No No Yes (no 

further 
details 
available) 

Yes (no further 
details 
available) 

Other  NA No No No No No No No No No No 
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7.2.4 Discussion 
	

Recently we described the first cases of NKX6-2 mutations leading to hypomyelination 

and spastic-ataxia phenotype in humans. 587 Given the rarity of hypomyelinating 

disorders and the absence of an unbiased cohort to screen, it is difficult to estimate the 

frequency of NKX6-2 mutations. However, genetic analysis of the UCL leukodystophies 

cohort identified 10 cases of hypomyelination with pathogenic mutations in PLP1 (four 

families), single cases of TUBB4A, POLR3A/B and CLCN2. 594 Here we present six 

additional cases (three families) of hypomyelination due to NKX6-2 mutations from the 

same research group suggesting a more significant burden of NKX6-2 mutations.  

We expanded the phenotypic spectrum and showed that NKX6-2 mutations lead to a 

neonatal onset at the severe end and childhood onset at the milder end. Interestingly, 

the compound heterozygous missense variants c.301C>A (p.Arg101Ser) and c.541C>G 

(p. Leu181Val) led to a significant reduction (>70%) of the NKX6-2 protein. It is possible 

that the small amount of NKX6-2 protein identified by western blot provided a degree 

of myelination leading to a less severe clinical picture. This individual and the three 

cases previously published 593 presented with multi-drug resistant epilepsy. In focal 

cortical dysplasia, a common cause of drug-resistant epilepsy, hypomyelination 

abnormality was confirmed in numerous histopathological epilepsy surgery specimen 

studies. 595 Focal dysplasia is currently linked to abnormalities in the differentiation of 

glial cells from their progenitors and their migration to the cortical place 596, a process 

regulated by transcription factors including NKX6-2. 597  

Additional clinical features associated with NKX6-2 mutations-cervical and/or limb 

dystonia, congenital abnormalities (congenital heart disease, undescended testes), 

severe dental and/or gum abnormalities -reflect the developmental role of NKX6-2 as a 
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member of the homeobox gene family. 598 These genes are involved in the 

development, specifying geographical orientation of the body by directing the 

formation of limbs and organs. 599 Some homeobox genes such as PAX6 600, OTX2 601, 

and MEOX1 602 were involved in a variety of developmental and neurological disorders 

with brain abnormalities.  

Clinical and neuroimaging findings in NKX6-2-related disease reflect the involvement of 

WM and pyramidal tracts (spasticity, brisk reflexes, upgoing plantars), cerebellum 

(truncal and limb ataxia, nystagmus), and bulbar function (dysarthria, dysphagia). 

Complications related to these clinical manifestations led to significant impairment in 

vital functions including swallowing (although dysphagia was not routinely assessed in 

all cases, severe dysphagia requiring gastrostomy was reported in several cases), 

respiration and functionally disabling spasticity, similarly to other myelin-related 

diseases. 603 Early screening and recognition of these disease-related complications are 

important aspects during the clinical assessments of these patients.  

Furthermore, our study expands the MRI spectrum of NKX6-2 mutations from diffuse 

hypomyelination to focal T2-weighted hyperintensity and parenchymal volume loss. 

Recently, other hypomyelinating leukodystrophy genes such as TUBB4A and POLR3A 

have been shown to have distinct phenotypes and neuroimaging spectrum, ranging 

from spastic paraplegia to spastic-ataxia without overt hypomyelination to 

hypomyelinating leukodystrophies resulting from different mutations. 604; 605 We 

identified a similar pattern in NKX6-2 with cases presenting clinically with spastic-ataxia 

in the absence of hypomyelination and a reduction of NKX6-2 protein levels (case F1-

III:1) compared to extended hypomyelination in cases with truncating mutations 

resulting in no expression of NKX6-2 protein as previously reported. 587 Therefore, we 
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highlight the importance of molecular diagnosis with additional functional work and 

confirmatory evidence.  

In conclusion, we show that the phenotypic and neuroimaging expression in NKX6-2 

mutations can range from a complex, neonatal onset at the severe end, a childhood 

onset at the milder end of the spectrum and that phenotypes with epilepsy in the 

absence of overt hypomyelination, and diffuse hypomyelination without seizures, can 

occur. We recommend that NXK6-2 should be included in hypomyelinating 

leukodystrophy and spastic-ataxia diagnostic panels.  
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7.3 MYORG-related disease is associated with central pontine calcifications and atypical 

parkinsonism 

 

Statement of contribution: I designed and organised this study. I performed all of the 

genetic analysis and variant identification and validation together with Sanger 

sequencing confirmation of segregation. I preformed the data analysis and clinical 

assessments of patients except for the patients from Italy who were clinically 

investigated by Miryam Carecchio (Department of Neuroscience, University of Padua). 

I wrote the manuscript where the data was published.  

Exome sequencing was performed by Macrogen.   

 

7.3.1 Introduction  
	
Primary familial brain calcification (PFBC) is a genetic neurodegenerative condition 

characterised by calcium deposition in the basal ganglia and other brain regions 

usually presenting with a combination of movement disorders, migraine, psychiatric 

and cognitive impairment. The exact prevalence of PFBC is unknown but population-

based genomic analysis indicates that it is underestimated and underdiagnosed 549 

with a molecular diagnosis achieved in only up to 50% of PFBC cases. 548 The 

pathogenesis of PFBC involves calcium and phosphate homeostasis via mutations in 

SLC20A2  (OMIM: 158378) and XPR1  (OMIM: 605237) and endothelial integrity and 

function affecting the blood-brain barrier via mutations in PDGFB (OMIM: 190040) and 

PDGFRB (OMIM: 173410). Among these, mutations in SLC20A2 account for 

approximately 45% of all autosomal dominant and de-novo reported familial cases 

from diverse ethnicities. 550 However, a large proportion of autosomal recessive PFBC 
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remain undiagnosed. 555 Recently, bi-allelic mutations in MYORG (OMIM: 618255) 

have been implicated in the pathogenesis of autosomal recessive PFBC in families of 

Chinese 551 and French 552 ethnicity.  Here, we report a large multi-centric cohort of 

ethnically diverse patients with bi-allelic variants in MYORG and broaden the 

phenotypic spectrum related to MYORG mutations.  

 

7.3.2 Methods  
 
Subjects 
 
Patients with autosomal recessive or negative family history and confirmed clinical 

and radiological diagnosis of PFBC were recruited from multiple centres. Genetic 

testing was performed on stored blood samples of patients with unidentified 

aetiologies of PFBC. Ethnically, the families were of British, Italian, Irish, Pakistani and 

Israeli origin. Secondary causes of brain calcification were excluded in all cases. All 

cases were negative for other PFBC-related genes (SLC20A2, PDGFRB, PDGBB, XPR1) 

and had comprehensive phenotyping performed by neurogenetics specialists. 

In cases with bi-allelic MYORG variants, the results from additional investigations were 

retrospectively analysed based on chart review where available: neuroimaging with 

computed tomography (CT) in all reported cases (n=8), brain magnetic resonance 

imaging (MRI) (n=4), dopamine active transporter (DAT) scan (n=2), 

fluorodeoxyglucose (FDG)-positron emission tomography (PET) (n=2).  Cognitive 

impairment was assessed by formal psychometry.  

 
Genetic testing 
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DNA was extracted from peripheral blood. Whole exome sequencing (WES), was 

performed in all families. Illumina HiSeq4000 instrument (Illumina, San Diego, CA, 

USA) was used to generate 100 bp paired-end reads. Alignment was performed using 

BWA  (http://bio-bwa.sourceforge.net/) 439 with GRCH38 as a reference.  Variants 

were called using the GATK 440; 442; 559; 560 Unified Genotyper-based pipeline 440; 442; 559 

workflow. All variants were annotated using ANNOVAR 444 and filtered using custom R 

scripts. Only novel or very rare variants with a minor allele frequency (MAF) of < 0.01 

in the 1000 Genomes Project 72 and genome Aggregation Database (gnomAD) 456 or 

known pathologic mutations were included. Variants were filtered for homozygous, 

compound heterozygous, highly deleterious, rare mutations segregating with the 

disease. Except for family 1 and 7, segregation was confirmed in all other families. 

For every rare MYORG variant identified (ENST00000297625, Genbank transcript ID 

NM_020702) we determined pathogenicity and novelty. Pathogenicity was assessed 

using the American College of Medical Genetics and Genomics and the Association for 

Molecular Pathology (ACMG- AMP) recommendations for variant classification. 2 Only 

pathogenic and likely pathogenic variants were included here. All pathogenic and 

likely pathogenic variants were confirmed with bidirectional Sanger sequencing. 

Primers are available in supplementary table S7.3.1.  

 

Standard protocol approvals, registrations, and patient consents 

The individuals included in this study were recruited along with unaffected family 

members under ethics-approved research protocols (UCLH: 04/N034) with informed 

consent. 
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7.3.3 Results  
 

Genetic spectrum  

We screened 86 cases from 60 families with PFBC that were negative for pathogenic 

variants in SLC20A2, PDGFB, PDGFRB, and XPR1 and had a recessive or negative family 

history. We identified pathogenic and likely pathogenic homozygous and compound 

heterozygous variants in MYORG (ENST00000297625, Genbank transcript ID 

NM_020702) in 8 cases from 7 families (figure 53). Overall, bi-allelic MYORG mutations 

accounted for 11.6% (7/60) of PFBC families in our cohort. We identified 12 distinct 

mutations of which four were novel (Figure 54A) and eight were present in gnomAD 

with very low allele frequency in heterozygous state and absent in homozygous state 

(supplementary table S7.3.2.).  

Figure	53	Sanger	sequencing	confirmation	and	pedigrees	of	the	families	with	
MYORG	mutations 

Case	1 

c.176G>A,	hom	 

Family	1 

Case	3 Case	2 

c.1611C>T,	hom c.1611C>T,	hom 

Family	2 

c.1634G>A,het	 c.1598C>T,	het	 

Case	4 

Family	3 

Case	5 

c.2211_22126del,	het c.349T>C,	het	 

Family	4 

Case	6 

c.2162G>A,	het c.1383C>G,	het 
Family	5 

Case	8 

c.1967T>C,	het c.1270_1277dupCGCTGGTG,	het 

Family	7 

																				+/+ 
c.1270_1277dupCGCTGGTG/ 
c.1967T>C 

+/+ 
c.1611C>T 

+/+ 
c.1611C>T ? c.176G>A 

+/+ 

c.2162G>A/ 
c.1383C>G 

+/+ 

+/- . 
+/- 

c.2211_2212del 
/c.349T>C 

+/+ 
		 

+/- +/- 

. 

. . 

c.1634G/A/ 
c.1598C>T 

+/+ 

+/- . 

Case	7 

c.325C>T,	het	 c.1832G>T,	het	 
Family	6 

c.325C>T/ 
c.1832G>T 

+/+ +/- 
 . 

Legend: het-heterozygous; hom-
homozygous; “+” -mutation 
present; “-“ - mutation absent. 
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With the exception of one variant (p.Ile656Thr) none of the variants presented here 

have been previously reported in MYORG-related brain calcifications. Apart from copy 

number variants, all types of mutations have been found in this cohort (one nonsense, 

one frameshift deletion, one insertion and nine missense variants). All missense 

variants were located in conserved and highly conserved amino acid positions (Figure 

54B). The 12 mutations identified in this study were located throughout the gene with 

no obvious mutational hotspots. Two mutations were inherited in homozygous state 

A. Schematic representation of MYORG with all the mutations identified in our study 
and those reported to date. The MYORG functional domains and their cellular 
localization are indicated: green-N-terminal sequence (cytoplasmic); grey-helical 
(transmembrane); orange- glycosidase domain (extracellular). The mutations reported 
in this cohort are plotted on top of the gene; mutations previously reported are below 
the gene.  
B. Conservation across species for novel missense MYORG variants. The variants are 
marked with red boxes for the corresponding amino acid.  
	

Figure	54	Genetic	spectrum	of	MYORG	mutations 
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in the two consanguineous families; the five non-consanguineous families presented 

with compound heterozygous variants.  

Phenotype spectrum  

In our cohort, MYORG mutation carriers presented with a high phenotypic variability. 

The average age of onset was 59.1 years (median 56.4 years, range 39 years to 

incidental finding at 87 years). Symptoms at onset varied from parkinsonism (37.5%), 

ataxia and/or dysarthria (37.5%), headache (12.5%). Insidious onset with brain 

calcifications found incidentally was in 12.5% of cases. Table 7.4 and supplementary 

table S7.3.3. present clinical details of all MYORG-related cases included in this study.  

An initial progressive parkinsoninsm associated with supranuclear gaze palsy 

phenotype was identified in 1/3 of cases at disease onset. Case 1 presented at the 

initial clinical examination age 40 years with profound facial hypomimia with a staring 

expression, reduced up and down gaze, associated with profound bilateral 

bradykinesia, rigidity, reduced arm swings and a combination of ataxia and freezing. 

She had poor response to Levodopa. Case 5 presented at the age of 56 with 

asymmetric parkinsoninsm and supranuclear gaze palsy with poor response to 

Levodopa. Progressive deterioration of motor function, dysarthria, dysphagia and gait 

ataxia became evident over the following years. Case 8 presented at the age of 62 

years with parkinsonism, frequent falls, staring gaze with vertical gaze palsy that 

progressed over 16 years along with gait ataxia, cognitive decline, urinary 

incontinence and pyramidal signs.  All cases presenting with parkinsonism and 

supranuclear gaze palsy had associated cognitive impairment characterised by 

executive dysfunction, poor verbal fluency and concrete verbal reasoning with low 

scores on MMSE. Two of the three patients had a reduced tracer uptake on DAT-scan 
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consistent with symmetrical, bilateral marked loss of presynaptic dopaminergic 

neurons (particularly in the putamen). 

A cerebellar-bulbar syndrome of variable severity was present in all our cases ranging 

from very mild (case 4) to moderate dysarthria and dysphagia affecting mainly speech 

and swallowing (case 2, 6, 7).  Severe gait and limb ataxia were present in 3/8 of cases 

(case 1, 3, 5).  Parkinsonism was detectable in 7 out of 8 cases, often associated with 

other features including supranuclear gaze palsy, early frequent falls, early cognitive 

decline and lack of response to Levodopa.  

One associated extrapyramidal sign in MYORG-related disease was limb dystonia.  This 

was clinically presenting as dystonic posturing in the upper limb precipitated by 

walking. A third of our patients had bilateral pyramidal signs in the lower limbs.  Other 

associated clinical features were headache (2 cases), urinary incontinence (2 cases) 

and cramps in the lower limbs (1 case).  

Neuropsychiatric evaluation revealed two cases with depression. Cognitive 

assessment showed impaired cognitive function in 62.5% of cases, with different 

degrees of severity. MYORG patients showed reduced verbal fluency and poor verbal 

reasoning in the first year of disease (case 1 and 3), mild memory impairment (case 2, 

MMSE 27/30) with progression over the following years (case 7, MOCA 21/30 and case 

8, MMSE 23/30) to a diagnosis of dementia (case 5).  

Response to levodopa in cases with parkinsonian phenotype was poor-to-moderate 

and proved particularly ineffective in patients with parkinsonism associated with 

supranuclear gaze palsy. Case 1 with confirmed DAT-scan abnormality had some 

modest benefit from Levodopa in the first year of treatment. However, the response 

to treatment was short-lived and faded in the next 2 years of disease.  
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Table 7.4. Phenotype description of all MYORG mutations reported in this study. 

Case number Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

Family number 1 2 3 4 5 6 7 

Ethnicity/Country Caucasian Middle East Caucasian 

cDNA sequence c.176G>A c.1611C>T c.1611C>T 
c.1634G>A, 
c.1598C>T 

c.2211_2212del, 
c.349T>C 

c.2162G>A, 
c.1383C>G 

c.325C>T, 
c.1832G>T 

c.1401_1402insC
GCTGGTG, 
c.1967T>C 

Amino acid change p.Gly59Asp p.Pro496Leu p.Pro496Leu 
p.Gly545Asp, 
p.Ser533Leu 

p.Leu696Profs*10, 
p.Ser117Pro 

p.Gly680Ser,  
p.Pro420Arg 

p.Gln109Ter, 
p.Arg611Leu 

p.Trp426Cysfs*11
, p.Ile656Thr 

Zygosity Homozygous Homozygous 
Compound 
heterozygous 

Compound 
heterozygous 

Compound 
heterozygous 

Compound 
heterozygous 

Compound 
heterozygous 

Sex (Male/Female) Female Male Male Female Female Female Male Female 

Age at examination (in 
years) 41 52 46 87 72 81 67 68 

Age of onset (in years) 39 51 45 
Incidental 
finding at 87 
years	

56 73 62  62	

Disease duration 3 years 1 year  1 year  Unknown 16 years 8 years 5 years  6 years	

Disability  
Requires 
assistance with 
most tasks 

Normal 
independent 
daily living  

Normal 
independent 
daily living  

Normal 
independent 
daily living  

 Bed-ridden	
 Requires 
support for 
walking	

 Independent	
 Bed-ridden, 
needs assistance 
for self-care	

Symptom at onset  Parkinsonism 
and ataxia 

Headache 
Ataxia and 
dizziness  

Unknown 	 Parkinsonism  
Progressive 
dysarthria 

Progressive 
Dysarthria and 
dysphagia 

Parkinsonism  

Phenotype 

Parkinsonism Yes Yes No Yes Yes  Yes Yes  Yes 

Cerebellar 
syndrome 

Gait ataxia, 
dysarthria	 Dysarthria  Limb ataxia 	

Mild 
dysdiadochokin
esia. Wide 
based gait. 

Dysarthria, ataxia	 Dysarthria Dysarthria Dysarthria 
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Case number Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 
Pyramidal 
syndrome yes no no no yes no no no 

Dystonia Yes No No No No No No No 

Eye movements 
and cranial 

nerves 

Supranuclear 
gaze palsy 

Normal Normal Normal 
Supranuclear gaze 

palsy, dysarthria, 
dysphagia 

No 
Dysphagia, 
dysarthria	

Supranuclear 
gaze palsy, 
dysphagia 

Psychiatric 
symptoms No No No No Depression No No Depression 

Other	 No Headache 
Headache, 
vertigo 

No 
Urinary 
incontinence 

No No 
Rhinolalia, 
urinary 
incontinence 

Cognitive function	

Reduced verbal 
fluency, poor 
Luria and 
concrete 
verbal 
reasoning  

Mild memory 
impairment 
MMSE 27/30	

 MMSE 28/30	 Normal  
Dementia and  
executive 
dysfunction	

Normal 
MCI (MOCA 
21/30)	 MMSE 23/30 

CT results 

Calcifications 
localisation 

Symmetrical, 
bilateral basal 
ganglia, 
cerebellar folia, 
subcortical white 
matter	

Symmetrical, 
bilateral basal 
ganglia, 
thalamus, 
subcortical 
white matter 

Symmetrical, 
bilateral basal 
ganglia, 
subcortical 
white matter	

Symmetrical, 
bilateral basal 
ganglia, 
thalami, 
cerebellar 
hemispheres.   	

Symmetrical, 
bilateral basal 
ganglia, thalami, 
cerebellar 
hemispheres, pons 

Symmetrical, 
bilateral basal 
ganglia, 
cerebellar 
hemispheres, 
subcortical 
white matter 

Symmetrical, 
bilateral basal 
ganglia, 
thalami, 
cerebellar 
hemispheres, 
pons 

Symmetrical, 
bilateral basal 
ganglia, thalami, 
cerebellar 
hemispheres, 
pons 

Atrophy 

Bilateral 
frontotemporal 
and cerebellar 
atrophy 

No No No  No 
Bilateral fronto-
temporal 
atrophy 

Cerebellar, 
pontine and 
midbrain 
atrophy  

No 

Legend: MMSE –mini-mental state examination, MCI- mild cognitive impairment, MOCA- the Montreal Cognitive Assessment
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Neuroimaging spectrum  

All patients showed extensive brain calcifications regardless of disease duration. Basal 

ganglia (putamen, internal globus pallidus, caudate nucleus) were involved in all cases, 

while cerebellar hemispheres (folia and dentate nuclei) was involved in 75% of cases. 

Half of the cases also showed calcification of subcortical white matter. Extensive 

central pontine calcification was present in three cases. Cerebral cortical atrophy was 

observed in 37% cases (Figure 55A). 

A. Neuroimaging spectrum in MYORG cases. Case 5 (C1-C3), 7 (C4-C6) and 8 (C7-C9) showed 

similar calcification pattern distribution with extensive involvement of cerebellar dentate 

nuclei and hemispheres, basal ganglia, thalami and subcortical white matter; a characteristic 

central pontine calcification is present in all cases; fronto-temporal and cerebellar atrophy was 

present in case 7; case 6: calcification of internal globus pallidus, subcortical white matter and 

dentate nuclei, with minimal involvement of thalami bilaterally. Severe frontotemporal and 

cerebellar atrophy is also detectable.  

B.  MYORG clinical spectrum correlates with MYORG gene expression in different brain areas. 

MYORG gene expression in different brain areas in adult pathologically normal human 

brains28. MYORG is expressed in all ten brain regions with highest expression detected in 

putamen (WHMT – white matter, MEDU – medulla, SNIG – substantia nigra, THAL – thalamus, 

HIPP – hippocampus, PUTM – putamen, TCTX –temporal cortex, OCTX – occipital cortex, FCTX 

–frontal cortex, CRBL –cerebellum) 

	

Figure	55	Neuroimaging	spectrum	in	MYORG	cases 
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7.3.1 Discussion 
	
In this study we screened MYORG mutations in 86 cases from 60 unrelated, autosomal 

recessive PFBC families. We identified seven new families of different ethnic 

backgrounds with disease-causing MYORG variants. Bi-allelic MYORG mutations were 

associated with primary familial brain calcifications in 11.6% of families from our 

cohort. We identified 12 distinct mutations suggesting that recurrent MYORG 

mutations are infrequent. Most of the initial reported cases came from consanguineous 

families. 551; 552 Here we present a cohort largely lacking in known consanguinity, with 

the majority of mutations inherited in compound heterozygous state.  

Our data suggests that the majority of cases have a disease onset in late adulthood 

with a combination of dysarthria, ataxia, parkinsonism and cognitive decline consistent 

with the phenotypes previously reported in MYORG mutations 551; 552; 606-609 as well as 

other autosomal dominant PFBC-causing genes. 565 However, parkinsonism with 

supranuclear gaze palsy was frequently observed (37.8% of cases) in our cohort and has 

not been previously described in MYORG mutation carriers. Therefore, this further 

extends the phenotypic spectrum of MYORG-related disease. Interestingly, central 

pontine calcification was present in over 1/3 of cases, which seems to be a radiological 

diagnostic clue for MYORG mutation carriers, as this anatomical region is typically not 

affected in other genetic PFBC cases. 552 As physiological brain calcifications in this age 

group are reported in up to 20% 610; 611 an association of calcifications, supranuclear 

gaze palsy and parkinsonism with atypical features such as ataxia or rapid cognitive 

decline, should prompt physicians to test for MYORG mutations in this subgroup of 

patients. We show that next generation sequencing can contribute to the diagnosis of 

late onset, mildly affected or asymptomatic cases, therefore providing a more 

comprehensive understanding of the genetic architecture of brain calcifications. 
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The exact mechanism leading to disease in MYORG mutations is still unknown. On a 

cellular level, the gene is expressed in astrocytes localized to endoplasmic reticulum 551 

and playing a role as glycosyl hydrolase. 612  While gene expression in GTEx 465 is 

reported highest in the basal ganglia (nucleus accumbens and caudate) after the 

skeletal muscle, gene expression data in BRAINEAC 3 suggests that the putamen and 

thalamus expresses the most MYORG mRNA followed by medulla and substantia nigra 

(Figure 55B).  These areas are mirrored in the clinical phenotype and calcification 

distribution on neuroimaging assessment in our cohort. Calcifications localized in the 

basal ganglia structures (100%) followed by cerebellum in 75% of our cases, subcortical 

white matter (50%) and the thalamus (50%).   

The phenotype observed in individuals with bi-allelic deleterious MYORG variants 

suggests a high variability among and within families with a disease severity ranging 

from insidious, incidental findings to severe, rapidly progressing disease course.  

Asymptomatic cases with bi-allelic MYORG mutations 551 as well as heterozygous 

mutation carriers with punctate calcifications on the brain CT have been reported 551; 

552; 606). Our data together with previous reports suggests a dose-dependent phenotype 

based on the effect of mutations on the enzymatic activity of MYORG however no 

study has evaluated the enzymatic activity in MYORG mutations.   

We show that bi-allelic MYORG mutations represent a significant proportion of PFBC 

cases without mutations in other known disease-causing genes. Here we reported 12 

distinct MYORG variants associated with brain calcifications and extended the 

phenotypic spectrum of this disease including atypical parkinonism with pontine 

calcification. We recommend screening MYORG mutations in all patients with primary 

brain calcifications and autosomal recessive or negative family history.  
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Chapter 8. Approaches to disease-gene discoveries in known genes to determine the 
genomic architecture of diseases 

	
In the previous chapters I have shown how combining clinical, genetics and functional 

work can be applied to discover new disease-causing genes. However, most disease-

discoveries are actually in known genes already linked to other diseases, rather than 

new disease-causing genes.  In this chapter I show the importance of discovering the 

genotype-phenotype relationships in order to elucidate the genomic architecture of 

disease. I based this work on a group of genetically highly heterogeneous conditions 

called Hereditary Spastic Paraplegia. I started with an example of cohort-based study, 

creating one of the largest cohorts of genetically confirmed spastin patients to date. 

This led to the discovery of a significant number of novel SPAST mutations, thus 

demonstrating the high genotype-phenotype variability in the disease (chapter 8.1). I 

go on to show how Mendelian diseases can depart from classical genetic expectations 

via the occurrence of more than one phenotype associated with a single locus (chapter 

8.2). Furthermore, I demonstrate the occurrence of both dominant and recessive 

inheritance associated with a single gene, as well as dual or multiple molecular 

diagnoses leading to expression of two or more Mendelian conditions (chapter 8.3). 

Applying these additional diagnostic approaches to standard genetic testing and 

filtering increases the molecular diagnostic yield in cohorts with selected phenotypes or 

in cases with apparent phenotypic expansion. 

8.1 Truncating mutations in SPAST patients are associated with a high rate of psychiatric 

comorbidities in hereditary spastic paraplegia 

 

Statement of contribution: I first created the HSP registry and collected the first cohort 

of SPAST cases during my MSc in neurogenetics (2015). I pursued further genetic study 
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and collection of HSP patients during the PhD in order to provide here a comprehensive 

genotype-phenotype analysis of SPAST-related HSP diseases. I designed and organised 

the study described in this PhD. I performed all of the genetic and clinical data analysis. 

Clinical assessments of patients were performed by me, Prof Henry Houlden and 

Arianna Tucci (Neuromuscular Diseases Department, UCL ION). I wrote the manuscript 

where the data was published.  

	

8.1.1 Introduction 
	

The hereditary spastic paraplegias (HSPs) are a rare and heterogeneous group of 

neurodegenerative disorders characterized by slowly progressive lower-limb spasticity 

35 with a prevalence that varies from 1.2 to 9.6 per 100 000. 613 HSPs are classified as 

“pure” when spastic paraplegia is the only clinical feature or “complex” when is 

associated with other symptoms. 614  

Mutations in more than 70 distinct loci (SPG 1–72) and more than 50 genes have been 

identified in patients with HSPs. 615; 616 Mutations in the spastin gene (SPAST) are the 

most common cause of HSP, accounting for 45% of all autosomal dominant forms. 617; 

618 SPAST is an ATPase, belonging to the AAA family, involved in microtubule dynamics. 

619; 620 All types of mutations have been described in SPAST with missense mutations 

clustered mainly in the AAA domain, while nonsense, splice site mutations and 

insertions/deletions can be found in different locations throughout the gene. 621 

Clinically, SPAST is most often associated with a pure form of HSP. Complex phenotypes 

have been rarely described in SPAST and include seizures, intellectual disability and 

cerebellar ataxia. 60; 622; 623 Neuropsychiatric comorbidities have only been reported in 

one study, where a higher than expected rate of psychosis was found in individuals 

with HSPs including SPAST 624; however, the association with spastin was uncertain. 
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Depression is reported to be frequent (41%) but unrelated to disease severity. 625 No 

clear correlation between type or location of the mutation and SPAST phenotype has 

been reported.  

The clinical and genetic description together with a detailed genotype-phenotype 

correlation in HSPs is often limited due to small sample sizes of patients reported. We 

present here the results from one of the largest clinical and genetic cohort of patients 

carrying mutations in the SPAST gene. 

8.1.2 Methods 
Sample group. 118 patients from 104 families from the UK population referred as 

SPAST positive to the National Hospital for Neurology and Neurosurgery (NHNN) in 

London, a national referral centre for HSP. 

Genotype. Blood samples for DNA testing were collected with informed consent. 

Screening for point mutation in SPAST gene was undertaken by gene fluorescent DNA 

sequencing. Screening for whole exon deletion and duplication was undertaken by 

MLPA analysis. For each reported mutation we confirmed pathogenicity and novelty. 

For missense variants, prediction was based on residue conservation across different 

species and by looking at previously described mutations in the same residue. 

Frameshift and nonsense mutations as well as large deletions are predicted to result in 

the production of unstable mRNAs, truncated, or absent proteins and were considered 

likely pathogenic. For splice site mutation, in silico analysis software was used (Alamut) 

to determine whether the variant affects normal pre-mRNA splicing via 

disruption/creation of splice site consensus sequences (http://www.interactive-

biosoftware.com).  The numbering of mutations in the text is consistent with GenBank 

(accession number NM_014946.3 for cDNA, NG_008730.1 for gene).  
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Phenotype. Detailed phenotypic data were retrospectively collected through a series of 

standardised forms including patient history, neurological examination, 

and instrumental evaluations for each patient carrying SPAST pathogenic variants.  

Comprehensive phenotypic data were available for 84 cases. Onset before and 

including twenty years old was defined as early onset as generally recognised 

standard.614 Pure phenotype was defined as HSP characterized by corticospinal tract 

symptoms (CTS), with sphincter involvement and vibration loss accepted as additional 

features. Complex phenotype was defined as cases with CTS, plus at least one other 

symptom that cannot otherwise be explained by associated conditions. 

Disability score was defined as: 0-asymptomatic, 1–able to walk but difficult to run, 2-

uses one stick and/or orthosis, 3-uses two sticks/walker, 4-unable to walk, uses 

wheelchair. The rate of disease progression was calculated by dividing the current 

disability score by the disease duration and presented in percentage per year. 

Disease severity was assessed using the Spastic Paraplegia Rating Scale (SPRS). 626 We 

had information available to complete the SPRS scale for 33 cases. Spasticity was 

assessed using the modified Ashworth scale (AS) (0-4). 627 Quantification of Spasticity 

was possible in 59 cases.  Muscle power was measured according to the MRC scale (0-

5). Psychiatric comorbidities were formally diagnosed and followed-up by the mental 

health team for all, but one symptomatic case reported here. Non-symptomatic 

patients have not been routinely screened by a psychiatrist specialist. 

Statistical analysis. The distribution of severity score and disease progression rate by 

genotype was determined using a t test. Univariate analysis of variance was performed 

for the correlation between AAO and genotype. A t-test was carried out to analyse 

mean AAO and gender and correlation between AAO and mode of inheritance 

(maternal/paternal). Kruskal-Walis analysis of variance was used for analysing non-
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parametric values such as correlation between mutation type/functional domain/AAO/ 

gender and disease progression, disability score, AS and SPRS. P≤0.05 was the 

significance level used for statistical analysis. We used the SPSS software. 

Standard Protocol Approvals 
The study has been approved by the Research Ethics Committee. DNA was investigated 

under approval of the joint ethics committee of UCL Institute of Neurology and the 

National Hospital for Neurology and Neurosurgery, London, UK (UCLH: 04/N034). 

8.1.3 Results 
Genetic spectrum  

We identified 118 cases from 104 families carrying SPAST variants. A total of 72 unique 

pathogenic variants were identified, of which 40.3% were novel (Table 8.1) and 59.7% 

previously described (supplementary 8.1.1). Ten cases carried variants of which the 

causal proof to HSP could not be established, including the previously described HSP 

phenotypic modifier p.Ser44Leu; these were removed from further analysis 

(supplementary 8.1.2). The polymorphism p.Ser44Leu was found in five cases three of 

which had a second SPAST pathogenic variant (alleles frequency 5/216, 0.2%) in 

keeping with the MAF of 0.9% reported in European/Americans in EVS. The vast 

majority of mutations were unique to one kindred (82%) and only 13 were recurrent. 

The most frequent mutation is the p.Arg460Cys identified in 5 unrelated families 

(5.3%).  All types of mutations were identified including missense (39%), and loss of 

function mutations (61%), of which frameshift (22%), splicing (17%), nonsense (7%), 

inframe deletions (3%) and duplication (1%), large whole-exon deletions (11%). Whilst 

loss of function mutations are scattered throughout the SPAST gene, all missense 

mutations are located in the AAA domain, with only one exception (the p.Ile328Lys) 

(Figure 56).  
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Table 8.1.  Description of all likely pathogenic novel SPAST mutations identified in this study. 
Family 

number 
cDNA change Amino acid change E/I Conclusion Evidence 

7 c.282_322del41 p.Ala96fs E 1 Likely pathogenic Frameshift 

9 c.474delA p.Gly159Glufs*2 E 2 Likely pathogenic Frameshift 

97 c.463_465del p.155_155del E2 Likely pathogenic Frameshift 

3 c.696insC p.Arg235Lysfs*9 E 5 Likely pathogenic Frameshift 

12 c.831_835del5 p.Val278Thrfs*11 E 5 Likely pathogenic Frameshift 

15 c.871-2A>G p.? I 5 Likely pathogenic Affects essential splice site. In-silico splicing tools predict an effect on 
splicing. 

16 c.983T>A p.IIe328Lys E 6 Likely pathogenic Novel missense mutation at highly conserved Amino acid. SIFT and 
Polyphen predict to be pathogenic 

24 c.1102T>G p.Phe368Val E 8 Likely pathogenic Novel missense mutation at highly conserved Amino acid. SIFT and 
Polyphen predict to be pathogenic.  

25 c.1104C>A p.Phe368Leu E 8 Likely pathogenic Novel missense mutation at highly conserved Amino acid. Different 
substitution at same amino acid previously reported (HGMD CM114203) 

26 c.1156A>T p.Asn386Tyr E 8 Likely pathogenic Novel missense mutation at highly conserved Amino acid. 

28 c.1115G>C Arg372Thr E 8 Likely pathogenic Novel missense mutation at highly conserved Amino acid. Different 
substitution at same amino acid previously reported (HGMD CD021854, 
HGMD CI090392) 

29 c.1130G>C p.Gly377Glu E 8 Likely pathogenic Novel missense mutation at highly conserved Amino acid. Different 
substitution at same amino acid previously reported (HGMD CM114634). 

32 c.1169T>C p.Met390Thr E 8 Likely pathogenic Novel missense mutation at highly conserved Amino acid. 

33 c.1174-1G>A p.? I 8 Likely pathogenic Affects essential splice site. In-silico splicing tools predict an effect on 
splicing. 

44 c.1253A>C p.Glu418Ala E 10 Likely pathogenic Novel missense mutation at highly conserved Amino acid. 
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55 c.1406delT p.Phe469Leufs*14 E 11 Likely pathogenic Frameshift 

56 c.1408G>T p.Asp470Tyr E 11 Pathogenic Novel missense mutation at highly conserved Amino acid. SIFT and 
Polyphen predict to be pathogenic. Segregated in other family members. 

57 c.1442_1443insA p.Val482Cysfs*6 E 12 Likely pathogenic Frameshift 

58 c.1453G>A p.Ala485Thr E 12 Likely pathogenic Novel missense mutation at highly conserved Amino acid. 

59 c.1493+2_1493+5delTAGG p.? I 12 Likely pathogenic In silico splicing tools predict donor splice site abolished. 

61 c.1493G>T p.Arg498Met E 12 Likely pathogenic Novel missense mutation at highly conserved Amino acid. Different 
substitution at same amino acid previously reported (HGMD CM063165) 

63 c.1535_1536+1delAGG p.Glu512Aspfs*7 E 13 Likely pathogenic Frameshift 

66 c.1635_1636insAA p.Gly546Lysfs*5 E 15 Likely pathogenic Frameshift 

68 c.1636G>T p.Gly546X E 15 Likely pathogenic Frameshift 

70 c.1664delA p.Asp555Valfs*10 E 15 Likely pathogenic Frameshift 

84 c.1729-20T>G p.? I 16 Likely Pathogenic In silico splicing tools predict cryptic splice-site activated. 

88 Duplication of exon 1 p.? E 1 Pathogenic Disruption leading to severe protein alteration  

96 Deletion of exons 2-9 p.? - Pathogenic Disruption leading to severe protein alteration 

92 Deletion of exons 1-16 p.? - Pathogenic Disruption leading to severe protein alteration 

Legend: #-number; /-splicing; E-exon; I-Intron, NA- not available. 
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All cases included in this study had a single heterozygous mutation except case 62, 

which carries two heterozygous missense mutations (p.Arg372Thr, p.Asn579His) and 

case 3 which was found to carry two in-cis mutations (p.Arg364Met; p.Pro365Ser). In 

case 62 we did not have DNA from any other family members and we were unable to 

establish if the two mutations were inherited in-cis or in-trans, but p.Asn579His has 

previously been reported as pathogenic both in association with a second mutation 628 

and in isolation 629. One case (37) presenting with two concurrent autosomal dominant 

The exons are represented approximately to scale. A blue line between exons 

represents the introns. The SPAST functional domains are indicated: blue-N-terminal 

sequence; purple-MIT (microtubule interacting and trafficking domain); pink- MTBD 

(microtubule-binding domain); green- AAA (ATPase associated with various cellular 

activities). Novel mutations are plotted on top of the gene; known mutations are 

below the gene. Types of different mutations are represented as per legend. 

Interrupted lines show the exons involved in large deletions.   

	

Figure	56	Schematic	representation	of	SPAST	gene	with	all	the	mutations	identified	in	
our	study. 
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mutations (SPAST and OPMD) was described in details here 630 and was removed from 

further phenotype analysis.  

Clinical features 

The mean age at onset (AAO) was 29.2 years ± 16.2 years with a range from birth to 63 

years old (Figure 57A), with high variability between and within the families. Within 

families, a significantly earlier onset was observed in the offspring of affected parents 

(p=0.02) (Figure 57B), however we attribute this to recall and ascertain bias.  Early 

onset, defined as onset before 20 years of age, was identified in 32.1%. There was no 

statically significant correlation between AAO and mutation type (Figure 57C).  

However, it was noted that missense mutations were responsible for 36% of early 

onset HSP and 46% of cases when AAO was ≤10 years (Figure 57D). Onset before 10 

years old was identified in fourteen patients (16%).  

A. Age of onset within families. B. Correlation between the ages of onset within families 

with a regression line. The first part of the graph shows the age of onset between 

siblings, the middle part of the graph shows age of onset when the disease is inherited 

from the father and the last part of the graph shows the age of onset when the disease is 

inherited from the mother. C. Age of onset by mutation type. D. Frequency of different 

mutation types in early onset spastin HSP cases.  

	

Figure	57	Mutation	spectrum	in	SPAST	related	HSP 
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The summary demographic data is presented Figure 58A. The most common symptom 

at onset was related to lower limbs spasticity in the vast majority of cases. It included 

walking difficulty (38%), leg stiffness (23%), limping and tripping (18%), tiptoe walking 

(8%), back pain (6%) (Figure 58B). One case initially reported neurogenic bladder (case 

30) and another presented with delayed walking and learning difficulties (case 52 

carried a whole gene deletion). 

 

 

 

A. Demographics of the SPAST cohort.  B. Symptoms of onset in SPAST patients. C. Correlation 

between rate of disease progression and age of onset (AOO). AOO >41 was associated with a 

higher rate of progression (p=0.01). 

	

Figure	58	Clinical	spectrum	of	SPAST	related	HSP 
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Table 8.2. Description of all complex SPAST cases 

Case 
number cDNA change Mutation type CTS 

Peripheral 
Neuropathy 

Psychiatric comorbidity Other 

52 
Deletion of 
exons 1-17 

Whole coding 
SPAST sequence 

deletion 
+ - 

Autism spectrum 
disorder 

- 

75 c.1408G>T Missense + SM PN 
Autism spectrum 

disorder 

Memory impairment, 
dysphagia, seizures 

43 c.1635_1636insA
A 

Frameshift + - Asperger - 

59 
c.1805_1808dup 

AAGC 
Frameshift + M PN 

Severe depression under 
mental health team. 

Paraspinal schwannoma. 

94 c.1684C>T Nonsense + - Severe depression 
Congenital torticollis, pes 

cavus 

87 c.1635_1636insA
A 

Frameshift + - 
Severe depression, 

gender identity disorder 
- 

54 c.1635_1636insA
A 

Frameshift + - Schizoaffective disorder - 

7 c.1635_1636insA
A 

Frameshift + - 
Abnormal behaviour, not 

formally diagnosed by 
mental health team yet 

- 

53 c.1174-1G>A Splicing + - Hypomania - 

82 Duplication of 
exon 1 

Duplication + SM PN - Mild learning disability 

41 c.1082C>T Missense + - - 

Memory impairment, 
dysarthria, 

Neurofibromatosis type 1 

20 c.1728+2T>C Splicing + - - 

Learning disability, 
Seizures, periodic 

movements of sleep 

21 c.1728+2T>C Splicing + - - Memory impairment 

26 c.1728+2T>C Splicing + SM PN - - 

58 c.1004+2T>A Splicing + 

Axonal 
neuropathy 

on nerve 
biopsy 

- - 

19 c.1728+1G>T Splicing + M PN - - 

66 c.1676insG Frameshift + SM PN - - 

80 c.1684C>T Nonsense + M PN - - 

83 Duplication of 
exon 1 

Duplication + S PN - Seizures 

117 Deletion of 
exons 10-12 

Large deletion + - - Seizures 

60 c.1378C>T Missense + - - Ataxia, broken pursuit 

Legend: CST- corticospinal tract syndrome, +=present, -=absent, S-sensory, M-motor, PN-peripheral neuropathy 
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Examination of the lower limbs was suggestive of a pyramidal syndrome with spasticity 

being more marked than weakness. Spasticity measured with Ashworth scale revealed 

an average spasticity score of 1.8, while muscle power measured with MRC scale 

revealed an average of 4/5 in a pyramidal pattern.  Lower limbs sensory loss was 

present in 30% of patients and consisted mainly of decreased vibration sense.  

Disease severity was measured with the SPRS scale, which revealed a mean score of 

24.8 (of max 52), consistent with moderate severity. Whilst there was no significant 

difference between SPRS and mutation type, a trend was observed between SPRS and 

AOO: a higher SPRS score was observed in the late-onset group (mean SPRS score 26.2) 

when compared with the early-onset (0-20 years AOO) (mean SPRS=21.5).  

The mean disability score was 2.1. There is no significant difference between disability 

score and type of mutation. The mean rate of disease progression was 0.12%/year (SD 

±0.12%) ranging from 0.01 %/year to 0.57%/year, confirming a slow, but progressive 

course of the disease. By correlating disease progression with AAO, it was observed 

that later AAO (>40 years) is associated with a higher progression rate of the disease 

(p=0.01) (Figure 3C).  

Pure versus complex phenotype 

Pure phenotype was present in 74% of cases consisting of slowly progressive lower 

limb spasticity and weakness. Of note, neurogenic bladder was reported in 58% of 

patients whilst neurogenic bowel symptoms were present in 26% of all patients. 

Complex phenotype was identified in 26% of patients and presented as CTS plus 

cerebellar syndrome, peripheral neuropathy, learning disability, memory problems and 

psychiatric symptoms (Table 8.2). Interestingly, 10.7% of patients (nine cases from 

seven different families) presented with an associated psychiatric illness. Three cases 

had autism spectrum disorders; three cases had a diagnosis of severe depression and 
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single cases each had borderline personality disorder, hypomania and schizoaffective 

disorder respectively. Of note, 8 out of 9 patients affected by psychiatric comorbidities 

carry loss of function mutations most of which located in the AAA domain. Strikingly, 

one mutation leading to premature stop codon (c.1635_1636insAA, p.Gly546Lysfs*5) 

was identified in four cases from three families. This is one of the few recurrent 

mutations in our cohort (frequency of 4.7%) and is fully penetrant for psychiatric 

comorbidities.   

Assessment of cognitive function revealed two cases of mild learning disability (case 82 

and 20) and three cases of memory impairment (case 75 is 46 years old, case 41 is 62 

years old and case 21 is 77 years old). One case underwent formal neuropsychology 

assessment, which revealed cognitive impairment affecting frontal and temporal 

functions. All three mutations associated with memory impairment in our cohort are 

missense variants located in the highly conserved AAA domain.   

Nerve Conduction Studies (NCS) were conducted in 34 patients (supplementary 8.1.3) 

and identified axonal peripheral polyneuropathy in 23.5% with chronic denervation on 

EMG in 16% of cases. One case (80) showed slow motor conduction velocities 

approaching the demyelinating range. However, a selective bias cannot be excluded. 

Brain MRI imaging was available in 45 cases and was normal in 85%. In the remaining 

16%, 9% had mild to moderate thinning of the corpus callosum; one case had mild 

cerebellar atrophy (case 113), one had cysts in the posterior fossa (case 69) and one 

asymmetrical volume loss in the right hemisphere and midbrain (case 41) 

(supplementary 8.1.4).  MRI of the spinal cord was performed in 10 patients with 8 of 

them reported as normal cord or degenerative changes only. Only two cases were 

reported with thinning of the spinal cord. There was no correlation between MRI 

changes and complex phenotypes. 
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Other neurological co-morbidities in association with HSP identified in our cohort were 

single cases of confirmed secondary progressive MS, congenital torticollis, 

neurofibromatosis, schwannoma and cluster headache. 

8.1.4 Discussion 

  

In the present cohort we identified 72 unique pathogenic SPAST mutations in 108 cases 

from 94 British families, confirming previous results that recurrent mutations in SPAST 

are not common. 631 All types of variants were identified, almost half of the patients 

presenting missense mutations. Our cohort confirms 632 that the majority of missense 

mutations are found in the AAA domain confirming the importance of AAA cassette for 

SPAST gene function. 621; 633 This was linked with a possible dominant negative effect of 

these missense mutations on the gene function. 620 In our study, when p.Ser44Leu 

phenotypic modifier was associated with a second proven causative mutation (case 44) 

it produced an early age of onset (11 years) with a complex phenotype with a disability 

score of 4/4.   

With over 30% of patients presenting an early onset, including 16% before the age of 

10, this study and recent research 632 contradict the previous suggestion that spastin 

causes almost exclusively a late-onset HSP. Half of these cases were caused by highly 

disruptive, structural variation mutations. As SPAST-related HSP is considered an adult 

onset disease these cases present a big challenge to differentiate with SPG3A (a 

predominantly pure HSP where 80% of cases present before the first decade of life) 

and only the genetic testing can provide the definitive diagnosis.   

Most importantly, we report over a quarter of our SPAST cases presenting a complex 

HSP phenotype, with over 10% presenting with an associated psychiatric diagnosis. 

Psychiatric manifestations in HSP were previously described as very rare and only in 
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single reports 60 of unipolar depression, migraine or euphoria. 634; 635  Depression was 

the most common mood disorder associated with HSP in a previous study described as 

mild to moderate and only single cases of severe depression have been reported. 625 

We present three cases (3.5%) of severe depression requiring treatment under the 

mental health team and single cases of borderline personality disorder, hypomania and 

schizoaffective disorder. Manic and affective disorders are very rare in HSP. 636; 637 

There was an association between SPAST and psychosis in an Irish cohort 624; but with a 

small number of cases (48) and psychotic disorders being fairly common in general 

population (1% in schizophrenia) these results could be associated to chance. 

Nevertheless, both our study and the Irish one shows an increased rate of psychiatric 

illnesses in spastin patients and further prospective studies using detailed psychiatric 

assessments are necessary to establish a correlation.  More surprisingly, we found that 

3.5% of cases in our cohort had an autistic spectrum disorder; all diagnosed by 

psychiatrists according to internationally approved diagnostic criteria. To our 

knowledge, there are no reports of an association between autism and spastin or HSP. 

It is estimated that about 1% of the UK population suffers from an autism spectrum 

disorder638 well below the rate associated with spastin in our series. Interestingly, we 

found one causal mutation associated with psychiatric illness and SPAST related HSP 

that had an unusual high frequency of 3.5% in our cohort. The novel c.1635_1636insAA 

frameshift was identified in four cases from three families. Of note, the vast majority 

the mutations associated with psychiatric manifestations are loss of function mutations 

affecting the AAA functional domain.  

So far, there is no strong evidence from GWAS or CNV studies for autism loci found 

near or comprising the SPAST gene 639; 640. A recent study showed that inherited SNVs 

that produce truncated proteins are more frequent in autistic probands and are in 
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genes that are intolerant for functional variations. 641 Furthermore, they found one 

case with autism and truncating SNV in the exon 5 of the SPAST gene. 641   

The mechanism behind the psychiatric manifestations in HSP remains unclear but it has 

been associated with thalamic hypoperfusion 642, thin corpus callosum or white matter 

abnormalities. 643 Cysts in the posterior fossa have been previously reported in SPAST 

cases. 644    Nevertheless, these data should be cautiously interpreted as some of these 

changes could reflect developmental rather than neurodegenerative changes and 

studies with long term follow up will be useful in distinguishing between the two, such 

as serial MRIs in assessing thinning of the corpus callosum. Also, we had formal 

neuropsychiatry assessment for the symptomatic cases only, limiting our ability to 

comment on the extent of psychiatric comorbidities and spastin. However, our study 

warrants further investigations and future studies would have to systematically screen 

spastin patients with a uniform evaluation in order to validate the findings.  

In our cohort, we report 4.7% of patients with genetically diagnosed spastin mutation 

and learning disabilities and 3.5% of seizures. Interestingly, all three cases with seizures 

reported in our study were associated with cognitive deficit. Very few reports describe 

this association and SPAST gene. 645  

We also identified memory impairment in 3.5% of cases. We are limited in our ability to 

further describe them due to the lack of any histopathological diagnosis in these cases. 

The association between HSP and dementia could be explained by coincidence given 

the small numbers and no extensive neuropathology studies in all reported series. A 

small number of neuropsychology reports have associated spastin with subcortical 

dementia 622; 646, correlating with age, but not with the degree of spasticity. Genotypes 

of the reported families with cognitive decline and spastin included missense mutations 

(A139G) 647 as well as large deletion of exon 17. 648 One SPAST affected family has been 
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previously reported in the literature as having unusual tau pathology on post-mortem 

brain biopsy. 647 As spastin does not limit lifespan caution is required when interpreting 

post-mortem results as some changes can be age related or due to concurrent 

diseases.  

Correlation between mutation type and phenotype has not been reported so far. We 

show that although not statistically significant, there is a trend of earlier age of onset 

associated with large deletions, splicing and missense mutations.  We confirm that a 

later AAO is associated with a higher rate of disease progression as previously reported 

614; 621 and a higher degree of spasticity. There was no other genotype-phenotype 

correlation.  

Our study confirms previous reports that polyneuropathy associated with SPAST is 

predominantly axonal motor neuropathy with only mild slowing of conduction 

velocities. 649; 650 

This study, one of the largest cohorts of genetically confirmed spastin patients to date, 

contributes with the discovery of a significant number of novel SPAST mutations and 

demonstrates the high genotype-phenotype variability in the disease. Most 

importantly, it highlights the high prevalence of psychiatric comorbidities in patients 

with HSP caused by a SPAST mutation. Of note, the previously under-recognized 

association with autism and psychiatric illness needs to be confirmed in other cohorts 

and genes to determine if this is a specific effect of SPAST mutations. 
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8.2 Spastic paraplegia as the first manifestation of PSEN1-related familial Alzheimer’s disease  

 

Statement of contribution: I designed and organised this study. I performed all of the 

genetic data analysis, identified the mutation and confirmed it by Sanger sequencing.   

Clinical assessments of patient were performed by Prof Henry Houlden and Marianthi Breza 

(Neurogenetics Department, Eginition Hospital, School of Medicine, National and 

Kapodistrian University of Athens, Athens, Greece). I coordinated the validation 

experiments described below and wrote the manuscript which is currently under review.  

Generation of cell lines and In vitro thermo-activity assays using solubilized γ-secretase was 

performed by Lucia Chavez Gutierrez and Maria Szaruga (Department of Neurosciences, 

Leuven Institute for Neuroscience and Disease (LIND), KU Leuven, Leuven, Belgium). 

Neuropathology examination was performed by Roland Coras (Institute of Neuropathology, 

Universitätsklinikum Erlangen, Erlangen, Germany).  

 

	

8.2.1 Introduction 

	
Alzheimer’s disease (AD) is the major cause of dementia worldwide, presenting with 

memory loss and behavioural disturbances as the core clinical features. 651 

Neuropathologically, intracellular neurofibrillary tangles of abnormally phosphorylated tau 

protein and extracellular amyloid-beta (Aβ) plaques are the hallmarks of AD. 652 Although 

most cases of AD are sporadic with a late-onset (> 65 years), mutations in PSEN1 (OMIM: 

104311), PSEN2 (OMIM: 600759) or APP (OMIM: 104760) cause familial forms with early-

onset disease. 651-653 Atypical phenotypes have been described in familial AD, especially in 

PSEN1 mutations, the most common genetic cause of AD. 651-656  
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These three genes encode the catalytic subunit – Presenilin1/2 (PSEN1/2) of the γ-secretase 

protease complex and its substrate, the Amyloid Precursor Protein (APP).  γ-Secretase 

performs sequential cleavages on the transmembrane domain of APP and many other type 

1 transmembrane proteins. 657 The sequential γ-secretase-mediated processing of APP 

generates Aβ peptides of different lengths. 658  

We have previously reported that PSEN1 AD-linked mutations consistently lead to the 

release of relatively longer Aβs. 659; 660 Importantly, the enhanced release of longer peptides 

is caused by the destabilization of γ -secretase-APP interactions during its sequential 

processing. 661 Of note, the degree of destabilization of the enzyme-substrate complexes 

had been shown to correlate with the age of AD onset. 661 

Spastic paraplegia (SP) is a common feature of many genetic neurological diseases. It is the 

defining clinical feature of a group of diseases collectively known as hereditary spastic 

paraplegias (HSP). 587; 615 HSP can present as pure or complicated by other neurological 

manifestations and all types of inheritance were reported. 662 Furthermore, SP is present in 

many heredodegenerative disorders with HSP clinical overlap, such as motor neuron 

disease, dementias and spastic ataxias. 655; 663 

In 1997, mutations in PSEN1 were originally identified as a cause of familial AD complicated 

by SP. 664-666 The AD-linked PSEN1 mutations associated with SP have characteristic 

neuropathological finding, the cotton wool plaques (CWP), representing large non-cored 

plaques without significant neuritic dystrophy. 667; 668 CWP are not typically observed in 

sporadic AD. An expanding number of families with AD complicated by SP has been 

subsequently reported, many of them displaying characteristic CWP. 665 Very rarely, SP can 

precede the development of cognitive decline in these patients, sometimes by several 
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years. 665 In the era of next-generation DNA sequencing and emerging disease-modifying 

therapies for familial and sporadic AD, early provision of a definite genetic diagnosis for 

these patients becomes extremely important. 

8.2.2 Methods 

 

Subjects  

We recruited 38 Greek HSP index cases referred to a tertiary neurology department under 

ethics-approved research protocols (UCLH: 04/N034) with informed consent. 

The probands had extensive autoimmune, metabolic and neuroimaging investigations, 

including brain and spine magnetic resonance imaging (MRI), cerebrospinal fluid (CSF) 

analysis, evoked potentials studies, nerve conduction and electromyography (EMG), 

electroencephalography (EEG), HIV and syphilis serology, serum vitamin B12, vitamin E. For 

selected cases, very long chain fatty acids (VLCFA) levels, HTLV-1 antibodies, arylsulfatase A, 

β-galactosidase, β-hexosaminidase A/B, β-galactocerebrosidase, β-glucocerebrosidase, 

were tested to exclude acquired and metabolic causes of spastic paraparesis. All cases were 

screened and were negative for known HSP-related genes.  

Phenotyping 

Comprehensive phenotyping was performed by neurogenetics specialists. Validated rating 

scales were used to describe the phenotype including the Ashworth scale for assessing 

spasticity, Spastic Paraplegia Rating Scale (SPRS) for assessing severity of spastic paraplegia 

and Montreal Cognitive Assessment (MoCA) for cognitive assessment. 

Neuropathology  

The biopsy specimen was fixed overnight in formalin (4%) and routinely processed into 

liquid paraffin. The sections were cut at 4µm thickness with a microtome (Microm, 
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Heidelberg, Germany) and stained with hematoxylin and eosin (H&E) and Congo red. 

Immunohistochemical staining has been performed using an automated staining apparatus 

(Ventana Benchmark, Roche, Mannheim, Germany) and an antibody directed against beta-

Amyloid (Clone 4G8; Covance, Emeryville, California, US) according to the manufacturers 

protocol. 

Genetic analysis  

DNA was extracted from peripheral blood. All cases were investigated with whole exome 

sequencing (WES). WES and alignments were carried out at Macrogen (MacrogenInc.Seoul, 

South Korea). Exome capture was performed using SureSelect Human All Exon V4 

enrichment kit (Agilent Technologies, Santa Clara, CA, USA) and sequenced on an Illumina 

HiSeq4000 instrument (Illumina, San Diego, CA, USA) generating 100bp paired-end reads. 

Reads alignment the hg19 human genome reference, variant calling and annotation were 

performed as previously described. 566 Variants were filtered for rare variants using custom 

R scripts. Only variants with MAF of < 0.01 in 1000 Genomes Project 72, NHLBI GO Exome 

Sequencing, and gnomAD 456 predicted to be likely pathogenic or known pathogenic were 

considered as likely causal variants. The PSEN1 variant was confirmed using bi-directional 

Sanger Sequencing using the following primers: 5’-GGAAGACTGGCGATTTGTGT-3’ and 5’-

CAGTGACCCTGAAAAATCAAGA-3’.  

Generation of stable cell lines 

Mouse embryonic fibroblasts (MEFs) stably expressing wild type or p.Thr291Pro human 

PSEN1 were generated as previously reported. 669 Briefly, PSEN1/PSEN2 dKO (Nyabi et al, 

2002) MEFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Life 

Technologies) containing 10% fetal bovine serum (FBS) (Life Technologies). The cells were 



	
	

	

	

290	

transduced with retroviruses, carrying pMSCVpuro plasmids encoding respective wild-type 

or p.Thr291Pro PSEN1, using a replication-defective recombinant retroviral expression 

system (Clontech). Post transduction the culture medium was supplemented with 5 µg/ml 

puromycin (Sigma-Aldrich) to select clones stably expressing PSEN, which were further 

maintained in DMEM/F-12, 10% FBS and 3 µg/ml puromycin. NCT and PSEN1 expression 

levels and the reconstitution of the functional GSEC complexes in the different cell lines 

were analyzed by SDS–PAGE/Western blot. 

In vitro thermo-activity assays using solubilized γ-secretase 

MEF microsomal fractions were solubilized in 1% CHAPSO as previously described. 659 5 µg 

of the solubilized material was used in in vitro thermo-activity assays with purified APPC99-

3xFLAG (1.5µM final) (as described 661) in 50 mM PIPES, pH 7.0, 0.25 M sucrose, 1 mM 

EGTA, 1x proteinase inhibitors (Roche), 0.1% phosphatidylcholine and 2.5% DMSO (or 10µM 

Inhibitor X). The activity assays were performed over a temperature gradient ranging from 

37°C-65°C (similar to the one previously described 661). Briefly, enzyme mixes (containing all 

components except the substrate) and substrate dilutions were pre-incubated separately at 

the indicated temperatures for 10 min. After pre-incubation, substrate was added to the 

enzyme mix and proteolysis proceeded for 4h. AICD production was assessed by western 

blot analysis with M2 FLAG antibody and Aβ generation was quantified by MSD multiplex 

ELISA as previously described. 661 

Pathway analysis  

We assessed the biological functions of HSP – causative genes as members of a putative 

interactome, i.e. a protein network jointly mediating several intracellular processes. 

Expanded details of functional enrichment analyses and in silico knockdown of PSEN1 are 
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described in supplementary S8.2.1.  

Analysis of all reported PSEN1 pathogenic variants  

Literature searches were conducted on MEDLINE (PubMed), Scopus, clinicaltrials.gov and 

database of AD mutations (http://www.molgen.ua.ac.be/ADMutations) using several key 

words and their combinations, up to 10 October 2018. Search terms included: hereditary 

spastic paraplegia, spastic paraplegia, familial Alzheimer disease and PSEN1. References 

from the selected articles were also thoroughly screened for other pertinent articles. 

Additional searches were performed for specific topics (e.g. neuropathology of Alzheimer’s 

disease, cotton wool plaques). Studies reporting mutations in PSEN1, presenting initially as 

spastic paraplegia, were further analysed. During the screening of the abstracts/full texts, 

the publications that were not relevant to this review were removed. No language or 

publication period restrictions were applied to the initial searches. However, only English-

speaking publications were further studied in detail.  
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8.2.3 Results 

 

PSEN1 mutations presenting with spastic paraplegia several years before the onset of 

cognitive decline 

We screened a cohort of 38 patients with HSP phenotype negative for variants in known 

HSP genes and identified one individual presenting with pure HSP phenotype followed by 

development of severe cognitive decline several years later. The patient in his 30s 

(individual II-1, figure 59A) with an unremarkable past medical history presented with one-

year history of progressive gait disturbance. Initial neurological examination revealed a 

mild spastic gait with pyramidal syndrome (brisk reflexes, bilateral upgoing plantar reflexes, 

ankle clonus, and increased tone with an Ashworth score of 1 (out of 4 maximum)). 

Cognitive function was within normal limits on initial examination (Montreal Cognitive 

Assessment (MoCA) 30/30). Brain and spine MRI in the proband revealed no specific 
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A. Pedigree of the family reported in this study. B. Sanger sequencing confirmation of the 
proband highlighting the c.871A>C (p. Thr291Pro) mutation.    C. Localization of PSEN1 
mutations associated with spastic paraparesis as presenting phenotype. PSEN1 protein has nine 
transmembrane domains. Pathogenic substitutes in the p. Thr291Pro and other reported 
mutations are shown. 
 

Figure	59	Genetic	and	protein	analysis	for	the	PSEN1	mutations	associated	spastic	paraplegia 
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findings. His mother had a similar presentation with onset of SP in her 30s and no cognitive 

impairment reported at onset; however later, she became bedridden with severe cognitive 

impairment and died before age 40.  

HSP gene panel and multiplex ligation-dependent probe amplification (MLPA) for SPG4 

copy-number variants were negative. At one-year follow-up the subject presented with a 

severe spastic gait but no additional clinical features. Memory disturbances were first 

noted around 2.5 years following the onset of spasticity and prompted a re-evaluation of 

the initial diagnosis. A repeat brain MRI did not show any abnormal findings; therefore, a 

brain biopsy was performed to exclude a spongiform encephalopathy. Interestingly, the 

only findings on brain biopsy were amyloid beta-A4-deposition within the vessel walls with 

several diffuse cortical CWPs. Three years following symptom onset, he had severe 

worsening of his cognitive abilities (MoCA 20/30, MMSE 25/30) with further motor 

deterioration. At last examination, 4.5 years into the disease (at 37.5 years), the patient 

was wheelchair-bound with severe SP, walking only a few steps with bilateral support. 

Spastic paraplegia rating scale was 48/52 and MoCA was 14/30.  

Whole Exome Sequencing (WES) in the proband (II-1) revealed the heterozygous variant 

c.871A>C (p. Thr291Pro) in PSEN1 (NM_000021.3), confirmed by Sanger sequencing (Figure 

59B). The c.871A>C (p.Thr291Pro) is a known pathogenic missense mutation located in 

exon 9. 670 The p.Thr291Pro has an anti-parallel β-sheet location, which, according to 

recent structural data, directly interacts with the C-terminal domain of the substrates (APP 

and Notch). 671; 672 
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Table 8.3.   PSEN1 mutations presenting with pure spastic paraparesis before dementia 

onset. 
Mutations Exon Families 

(n) 
Age of onset 

SP (years) 
Neuropathological 

findings 
Presenting 

symptom 
Study 

p.Ile83_Met8

4del 

 

EX4 

 

1 34-38 CWP SP Houlden et 
al.(2000) 

p.Tyr154Asn EX5 

 

1 37 - SP Hattori et al. 
(2004) 

p.Phe237Ile EX7 

 

1 31 - SP Sodeyama et 
al. (2001) 

p.Gln223Arg EX7 

 

1 35 CWP, neuritic 

plaques, 

neurofibrillary 

tangles, neuropil 

threads 

SP Saint-Aubert et 
al. (2013) 

p.Val261Phe EX8 1 38 CWP SP Farlow et al 
(2000) 

p.Pro264Leu EX8 1 54 - SP Jacquemont et 
al. (2002) 

p.Pro264Leu EX8 1 - - SP Dumanchin et 
al. (2006) 

p.Pro264Leu EX8 

 

1 - CWP SP Wallon et al. 
(2012) 

p.Arg278Thr  EX8 1 34 - SP Kwok et al. 
(1997) 

p.Arg278Lys EX8 1 41-45 - SP Assini et al.  
(2003) 

p.Glu280Gly EX8 

 

1 40-43 Amyloid plaques, 

CWP 

 SP, myoclonus, 

ataxia 

O’Riordan et al. 
(2002) 

 p.Glu280Gly EX8 

 

1 47 Amyloid plaques, 

CWP, tau positive 

neurofibrillary 
tangles 

SP Sinha et al. 
(2013) 

Skipping of 
entire exon 9 

- 
 

 

2 45-55 CWP 
Neurofibrillary 

tangles, amyloid 

plaques 

SP Crook et al. 
(1998) 

Brooks et al. 
(2003) 

p.Thr291Pro  EX9 2 32 CWP SP This study 

p.Thr291Pro EX9 

 

1 

 

33 

 

- SP Dumanchin et 
al. (2006) 

p.Val391Gly  EX11 1 23 - SP Lou et al. 
(2017) 

p.Pro436Gly EX12 

 

1 20-42 CWP SP Houlden et al. 
(2000)	

Legend:	SP:	spastic	paraparesis;	CWP:	cotton-wool	plaques,	-not	available,	EX:exon 

 



	
	

	

	

295	

Given the unusual presentation of pure spastic paraplegia preceding cognitive impairment 

by several years, we reviewed the clinical phenotype of all known PSEN1 mutations 

reported to date. We found that 13.7% of reported mutations were associated with SP (31 

out 226 pathogenic and likely pathogenic mutations reported in PSEN1) 

(http://www.molgen.ua.ac.be/ADMutations). Of these, including the mutation reported 

here, 17 (7.5%) have initially presented with pure SP, followed by cognitive decline months 

or years later (Table 8.3, Figure 59C). The average age of onset in the group of patients 

presenting initially with pure SP was 40.5 years old and the majority of these variants were 

located in exon 8 or after. The average age of onset in the PSEN1 mutation carriers 

manifesting with dementia only was 37.3 years old and SP was, in most of these cases, 

prominent only after some years of cognitive impairment (Supplementary S8.2.2).  The 

majority of patients with this phenotype had mutations that clustered in exons 4 and 5. 651 

 

Neuropathology in families with PSEN1 mutations presenting with SP shows distinct 

features from sporadic AD  

Although the PSEN1 c.871A>C was previously reported in familial AD, its neuropathological 

expression has not been previously described. The brain biopsy in individual II-1 from this 

study showed amyloid deposition within the vessel walls with diffuse cortical plaques, with 

the characteristic morphology of cotton-wool plaques (Figure 60). Neuropathological 

studies of 24 mutations of PSEN1–related familial AD associated with SP were identified in 

the literature. CWPs were identified in 21 out of 24 studies, amyloid plaques in 10/24 and 

cerebral amyloid angiopathy (CAA) in 3/24. Different amounts of CAA in different mutations 

were also observed. In mutations located before codon 200 many diffuse, cored plaques, a 
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few white matter plaques and mild to moderate CAA, were identified. In comparison, 

mutations beyond codon 200 showed larger diffuse, cored plaques surrounding with 

amyloid-rings arteries, with severe CAA (Table 8.3). 

The p.Thr291Pro mutation leads to generation of relatively longer Aβ peptides from APP 

To investigate whether the pathogenic variant identified in our cohort, the p.Thr291Pro 

PSEN1 substitution, destabilizes the interactions between γ-secretase and APP leading to 

altered Aβ production, we analysed the activities and thermostabilities of wild-type (WT) 

and mutant γ-secretase complexes in vitro. To this end, we rescued the expression of 

human wild-type and p.Thr291Pro mutant PSEN1s in PSEN1/2 deficient mouse embryonic 

fibroblasts (MEFs) and analysed the effects of the mutation on γ-secretase complex 

reconstitution and activity. The WT and mutant PSEN1 proteins similarly restored γ-

 

A. Several vessels with thickened 
vessels showing congophilia (Black 
arrows; Congo Red staining).  
 
B. Higher magnification of A with 
congophilia of blood vessels (B) and 
after polarization of the same area 
showing typical apple-green color 
(white arrow in C).  
 
D.Beta-A4-amyloid 
immunohistochemistry confirms 
amyloid deposition within the vessel 
walls (black arrows) and in addition 
several diffuse cortical plaques (white 
arrows), with the characteristic 
morphology of cotton-wool plaques. 
 

Figure	60	Neuropathological	study	in	PSEN1	disease	due	to	p.Thr291Pro	variant 
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secretase complex levels, as indicated by the levels of NTF- and CTF-PSEN fragments (Figure 

61A). We next assessed the effects of the p.Thr291Pro substitution on the generation of Aβ 

peptides in an in vitro γ-secretase activity assay. The analysis showed increased production 

of Aβ42, relative to the shorter Aβ40/38 peptides by the mutant protease when compared 

to the wild-type. The increased production of Aβ42, relative to the shorter Aβ40/38, is a 

hallmark of familial AD-linked PSEN1 mutations.  Analysis of the p.Thr291Pro PSEN1 in 

thermoactivity assays confirmed that this substitution destabilizes ‘enzyme-substrate’ 

interactions at the level of both total activity (AICD generation) as well as Aβ production 

(Figure 61B-3C). This is indicated by the shifts in the thermoactivity profiles for AICD and Aβ 

peptide production, respectively. The lower stability of enzyme-substrate interactions 

formed by the p.Thr291Pro PSEN1 γ-secretase is in line with the reported effects of AD-

linked PSEN1 variants on APP processing. 659; 660; 673 661   We point at this effect as central to 

the pathogenesis of AD-linked PSEN1 variants.  

HSP pathways including PSEN1 act as a true interactome  

We then investigated the overlap between HSP and PSEN1 dysfunction using gene set 

enrichment analysis (GSEA) and in silico knockdown of PSEN1 from the resulting network 

(Supplementary S8.2.1). HSP-associated genes were significantly enriched for gene ontology 

terms and pathways involving neurogenesis, axonal development and CNS myelination, 

indicating a point of divergence from the rest of the interactome. Importantly, the retrieval 

of significantly enriched pathways (particularly by examining the gene list containing PSEN1) 

has indicated that the HSP – causative genes function as a true interactome. Following 

PSEN1 knockdown, the pathways “neurotrophin signalling” and “Wnt signalling” were 

eliminated. In canonical (β-catenin dependent) Wnt signalling, presenilins maintain β-
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catenin stability allowing its translocation to the nucleus and the subsequent expression of 

Wnt target genes, promoting neuronal growth, synaptogenesis and plasticity. Much like the 

perturbed Wnt signalling disrupts adult neurogenesis and plasticity in AD, deleterious 

alterations have reported as upstream events neurotrophin cascades 674 (such as BDNF 

signalling). In vivo animal models of PSEN1 knockdown have demonstrated the conditional 

depletion of BDNF levels, corresponding to the pathway silencing denoted in our in-silico 

experiment.  
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A. Representative SDS–PAGE/Western blot analysis of CHAPSO-solubilized membranes from dKO 
PS1/PS2 mouse embryonic fibroblasts (MEFs) stably expressing wild-type (WT) or mutant p. 
Thr291Pro hPS1. The presence of mature, glycosylated NCT, C-terminal fragment of the 
endoproteolyzed PS1 and PEN2 (compared to dKO PS1/PS2 cells) indicates that p. Thr291Pro hPS1 
reconstitute active γ-secretase complexes. Arrowheads indicate the position of molecular weight 
markers. 
B. Aβ profiles generated by solubilized membranes prepared from stable MEF PS1/2 dKO cell lines 
expressing WT or p. Thr291Pro hPS1 γ-secretase in in vitro activity assays with purified APPC99-
3xFLAG. Increase in the production of Aβ42 at the expense of the shorter Aβ38 and Aβ40 indicates 
pathogenic impairment of γ-secretase processivity of APPC99 by the AD-linked p. Thr291Pro hPS1 
mutation. N=3 ± SD. 
C. In vitro thermoactivity data confirm that mutant p. Thr291Pro hPS1 destabilizes γ-secretase-
APPC99/Aβ interactions, when compared to the WT complex, at the level of total activity (AICD 
generation) as well as Aβ peptide production, inducing premature dissociation of long Aβ peptides. 
N≥ 3 ± SD.  
 

Figure	61	AD-linked	p.	Thr291Pro	PSEN1	destabilizes	gamma-secretase-APPc99/	Aβ	interactions	
resulting	in	generation	of	longer	Aβ	peptides 
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8.2.4 Discussion  

	
In this study, we assessed the clinical, molecular and neuropathological features of AD-

linked PSEN1 mutations presenting with pure HSP-like phenotype several years before the 

onset of cognitive decline. Our analysis of all reported AD-linked PSEN1 cases showed that 

7.5% of all known pathogenic PSEN1 mutations presented initially as SP. Furthermore, 

13.7% of PSEN1 mutations were associated with SP at some point during the disease, 

suggesting that this phenotype is not infrequent and should prompt inclusion of PSEN1 

mutation in the differential diagnosis of patients presenting with SP.  

We show that atypical presentations including SP are mostly associated with PSEN1 

mutations located beyond exon 8. Mutations located before codon 200 in exon 8, affecting 

the first hydrophilic loop of PSEN1, usually present with an earlier age of onset and pure 

dementia phenotype 651, while the PSEN1 cases manifesting initially as SP have a later age 

of onset, in the same range with HSP patients, making the differential diagnosis of familial 

dementia challenging.  

Our study, the first neuropathological description of AD caused by p.Thr291Pro PSEN1 

mutation, shows amyloid beta-A4-deposition within the vessel walls with several diffuse 

CWP. We are limited in our ability to comment further as the patient is alive and a full 

autopsy report is not possible. Neuropathological studies of PSEN1 families presenting with 

SP identified CWPs, consisting of congophilic cores and dystrophic neurites, which were not 

observed in sporadic AD 667; 668, but are seen in other familial AD cases, such as PSEN2, or 

APP-related. CWP consist mainly of amino-terminally truncated forms of amyloid β peptide, 

starting after amino acid 11, where the alternative cleavage site is located. 665 PSEN1 
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mutations with CWP produce high levels of the amyloid β peptide ending at amino acid 42 

or 43. 665 CWP are mainly found in the frontal motor cortices. However, abnormal tau 

accumulation in the primary motor cortex was reported recently in a PSEN1 patient with SP. 

675 Neurofibrillary tangles (NFTs) were identified in several cases carrying PSEN1 variants 

and manifesting spastic paraplegia. 670 676 However, not all PSEN1-related cases associated 

with spastic paraplegia showed overt tangles presence. 677 On neuropathology examination, 

PSEN1 mutations located beyond codon 200, as in the case presented here, have more 

extensive CAA than mutations located before codon 200. 678  

Pathway analysis HSP-related genes and PSEN1 showed perturbed “neurotrophin signalling” 

and “Wnt signalling” when PSEN1 is knocked-down.  Both these pathways have been 

associated with the pathogenesis of AD, mediating both neuronal morphogenesis and 

mature CNS neuroprotection. Furthermore, the roles mediated by these pathways include 

motor neuron development, phenotype diversification and survival. 674; 679 Conversely, loss 

of canonical signalling in each of these pathways has been implicated in the 

pathophysiology of amyotrophic lateral sclerosis. 680 Restoration or de novo targeting of 

these pathways, in turn, has been shown to either halt neuron death or promote 

proliferation. Taken together, these studies suggest that a knockdown in either or both of 

these pathways could promote neurodegeneration and synaptopathy, and that the arrest of 

these aberrant processes could occur if canonical signalling were restored. Thus, pathways 

and molecular functions mediated by this interactome would further outline potentially 

targetable pathophysiological mechanisms. 

The frequent co-occurrence of PSEN1 variants and spasticity might thereby be driven by 

shared vulnerability of corticospinal tract axons and cortical neurons toward disturbances of 
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the same molecular pathways and the effect of specific mutations affecting γ-secretase 

activity in a way that alters its catalytic action on some other substrates particularly 

important for motor neurons. Over 80 different γ-secretase substrates have been identified 

681 and a growing number of additional proteins cleaved by presenilin /γ-secretase continue 

to be discovered. Most of these proteins are type-I transmembrane proteins involved in 

vital signalling functions regulating cell fate, adhesion, migration, neurite outgrowth, or 

synaptogenesis. Importantly, the HSP networks analyses highlight very similar molecular 

disease-mechanisms including the cellular transport, nucleotide metabolism, and synapse 

and axon development. 682 Furthermore, some presenilin γ-secretase substrates have 

already been linked with neurodegenerative conditions associated with spasticity and/or 

motor neuron involvement such as CSF1R 683-685, DCC686; 687, ERBB4 688 and VLDLR. 689; 690  

Two distinct pathogenic pathways emerge in PSEN1-related disease. Firstly, the typical AD-

type presenting initially with dementia and characterized by neuritic plaques on brain 

biopsy, and the atypical course presenting initially with SP followed by cognitive decline and 

characterized by CWP on neuropathology. 668 A “threshold effect” was speculated (which 

most PSEN1 mutations fail to exceed) as well as a differential effect on Aβ42 production. 668; 

670 Some mutations are reported to cause a nearly complete loss of γ-secretase activity, 

suggesting that pathogenic PSEN1 mutations could also cause a general loss of presenilin 

function. 691 However, the great majority of familial AD patients are heterozygous for PSEN1 

mutations and the studies analysing γ-secretase activity in post-mortem brain samples of 

different PSEN1-related familial AD, show that the wild type allele not only contributes to 

the global brain γ-secretase endopeptidase activity but in fact compensates for potential 
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mutant-associated impairments, at least on APP processing. 660 Mutant-induced 

impairments on the γ-secretase-processing of particular substrates cannot be excluded.  

Aβ42/Αβ40 ratio and increased percentage of N-terminal truncated species are also 

speculated to contribute to these phenotypic differences 692, suggesting the existence of 

critical areas of the protein. For example, mutations in exons 4 and 5 are reported to cause 

particularly early-onset disease. Without affecting the endopeptidase function of gamma-

secretase, these mutations located in the extracellular loop change an important allosteric 

core that alters the Aβ profiles generated through carboxypeptidase-like activity of γ-

secretase. 669 Our analyses show that the identified p.Thr291Pro PSEN1 mutation does not 

impair the assembly of γ-secretase, nor its activation through autoendoproteolysis into an 

active protease. The mutation, however, destabilizes the γ-secretase-APP/Aβ interactions 

leading to premature dissociation of longer Aβ peptides. This destabilizing effect has been 

shown to characterize AD-linked PSEN mutations and correlates with AD onset. 661  

Compared to PSEN1-associated spastic paraplegia, HSP usually has a slow progression and 

does not shorten patients’ life expectancy; therefore, a definite molecular diagnosis of 

familial PSEN1-related disease has major implications for adequate counselling, healthcare 

provision and access to treatments and services. We highlight the urgency to screen these 

patients for PSEN1 mutations especially in the age of emerging anti-amyloid disease-

modifying therapy. A delay in the treatment of familial AD, often by years, because of an 

initial presentation as HSP, could have a significant negative impact on the patient and their 

family. Therefore, we recommend that mutations in PSEN1 should be considered in the 

genetic work-up of all patients presenting with SP, especially when associated with 
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cognitive impairment or in those with a family history of early-onset dementia; and that, 

consequently, PSEN1 should be included in HSP diagnostic gene panels.  

Our study highlights the clinical overlap between spastic paraplegia and PSEN1-related 

Alzheimer’s disease. We show that over 7% of PSEN1 mutations present with pure HSP 

phenotype preceding onset of dementia by several years. These mutations were associated 

with cortical CWP on neuropathological examination. Early screening of PSEN1 mutations 

would alleviate the need for further invasive testing, such as brain biopsy. Unravelling the 

phenotypic heterogeneity within PSEN1 mutation carriers could provide new potential 

targets for clinical trials of patients with familial AD.  
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8.3 Triple trouble: competing genes in a family contribute to a striking new phenotype 

including Hereditary Spastic Paraplegia 

 

Statement of contribution: I designed and organised this study. I performed all of the 

genetic data analysis. The identified mutations were confirmed by the diagnostic lab at 

NHNN.   Clinical assessments of patient were performed by me, Prof Henry Houlden 

and Prof Nicholas Wood. I wrote the manuscript where the data was published.  

 

8.3.1 Introduction  

The term Hereditary Spastic Paraplegia (HSP) describes a number of genetically 

heterogeneous diseases leading to slowly progressive lower limb spasticity and 

weakness.  It is divided into pure and complex types, according to clinical signs and 

involved genes.  Mutations in SPAST are the most frequent cause of Autosomal 

Dominant (AD) pure HSP and symptoms are typically confined to lower limb spasticity 

and urinary urgency. 693  We describe two brothers, both of whom presented with 

progressive lower limb spasticity, in whom later symptoms challenged the paradigm of 

SPAST related pure HSP but were ultimately found to each carry different mutations in 

two unrelated genes.  

8.3.2 Methods  

Detailed phenotyping was performed by neurogenetics specialists. Genetic analysis was 

performed by Sanger sequencing in the neurogenetics laboratory of NHNN, as 

described in chapter 3.  

8.3.3 Results  

The first patient (case III-6) presented at age 24 years with progressive gait disturbance 

and lower limb spasticity.  Clinical examination revealed increased tone, pyramidal 
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weakness, brisk reflexes and extensor plantar responses.  There was a family history of 

similar walking problems in his mother and maternal grandfather, suggesting 

Autosomal Dominant (AD) inheritance.  Sequence analysis of SPAST gene revealed the 

heterozygous pathogenic mutation c.1082C>T; p.Pro361Leu present in the patient and 

his affected mother. 

In the following years, the spasticity progressed reaching an Ashworth score (AS) of 3/4 

in plantarflexion and dorsiflexion with fixed deformities at the ankle.   

At the age of 40 years, now 15 years after onset of symptoms, the patient began to 

develop slowly progressive ptosis, ophthalmoplegia and dysphagia.  These symptoms 

have been described in patients with complex HSP due to mutations in SPG7 and 

SPG11694, but not in patients with pure HSP due to SPAST mutations.  This new 

phenotype prompted a re-discussion of family history and revealed a similar history in 

the patient’s father, paternal grandfather and other relatives, which had previously 

been withheld by the family.  Testing of the PABPNI gene, responsible for 

Oculopharyngeal Muscular Dystrophy (OPMD), revealed the presence of a 

heterozygous triplet expansion of 14 repeats, confirming the dual diagnosis of HSP and 

OPMD (Figure 62). 

Surprisingly, as the ptosis and dysphagia progressed there was a mild improvement in 

the spasticity. At last clinical examination, 30 years after the onset of HSP, the proband 

presented with a typical OPMD phenotype with ptosis requiring tarsorrhaphy, 

ophthalmoplegia and dysphagia complicated by distal muscle wasting and spastic 

paraplegia in the lower limbs. The patient’s brother, case III-5, presented with slowly 

progressive spastic paraplegia and tiptoe walking with insidious onset in childhood.  

Clinical examination findings were similar to his brother, with lower limb spasticity, 

brisk reflexes and extensor plantars.  He was also found to carry the c.1082C>T; 
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p.Pro361Leu SPAST mutation.  He did not carry an expanded PABPNI allele.  However, 

clinical examination did reveal a dark complexion with multiple hyper-pigmented areas, 

café-au-lait spots and multiple subcutaneous submobile lesions.   A skin biopsy 

confirmed the presence of neurofibroma.  The patient met the clinical criteria for a 

diagnosis of Neurofibromatosis Type 1. 695   

No other family members had a similar phenotype, indicating that the mutation may 

have arisen de novo in this patient.  
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a - Pedigree demonstrating the segregation of the different genes in the family. The 
SPAST affected cases are represented in green; the PABPN1 affected cases are 
represented in yellow and the NF1 in red. b, c- neurofibromas and café-au-lait spots 
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Figure	62	Genotype-phenotype	spectrum	in	the	family	affected	by	three	different	
genetic	conditions 
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8.3.4 Discussion  

This interesting family illustrates a number of important points with regard to genetic 

diagnosis.  Firstly, the presence of atypical features in a well-characterised genetic 

syndrome should prompt re-evaluation and re-discussion of family history and should 

not easily be ascribed to a ‘widening of phenotype’. We would like to stress the 

importance of accurate family history and clinical evaluation in guiding the genetic 

screening.  Secondly, advances such as Whole Exome /Genome sequencing will 

facilitate solving the triple trouble cases and help with a more accurate phenotype 

description of different mutations in the future. Also, this case demonstrates the 

difficulties in genetic counselling regarding the offspring of couples with multiple 

inherited conditions. Finally, we conclude that this case illustrates ‘Hickam’s Dictum’: 

while we should aim to present a unifying diagnosis, ‘patients [or families] can have as 

many illnesses as they damn well please’. 696 
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Chapter 9. Defining genetics, clinical, neuroimaging and fluid biomarkers in multiple 

system atrophy    

 

In this final chapter I describe investigations into the disease architecture of multiple 

system atrophy (MSA), a complex disorder that at present can have a definite diagnosis 

only at post-mortem. This is a disease for which no genetic cause has (yet) been found. 

However, we can continue to contribute to disease discovery efforts and improve 

patients’ care by applying approaches involving genetics (chapter 9.1), clinical research 

(chapter 9.2), neuroimaging and biomarkers (chapter 9.3). I used these approaches to 

model MSA in order to advance understanding of the disease course. By extension this 

will help facilitate the development of effective, disease-modifying therapies.  

9.1  Analysis of the prion protein gene in multiple system atrophy 

 

Statement of contribution: I designed and organised this study. I performed the WES 

data analysis together with Lasse Phlstrom (Instutute of Clinical Medicine, University of 

Oslo, Oslo, Norway). I performed the Sanger sequencing of the variant described here 

in all the pathologically confirmed cases and performed the statistical analysis.  I wrote 

the manuscript where the data was published.  

	

9.1.1 Introduction  

 

Neurodegenerative diseases represent a significant cause of disability and life span 

reduction worldwide. 697-699 They are a very diverse group with a wide variety of 

symptoms, but they share some common pathogenic mechanisms such as abnormally 

misfolded proteins that accumulate in neurons or glia. A second common hallmark of 
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many neurodegenerative diseases is the prion-like mechanism of propagation and 

aggregation of these misfolded proteins.  

Prion diseases are a group of fatal neurodegenerative conditions caused by the 

accumulation of abnormally folded prion protein (PrP). They can be classified as 

acquired, inherited or sporadic. Sporadic Creutzfeldt-Jakob disease (sCJD) is the 

commonest human prion disease.  

Multiple system atrophy (MSA) is a rapidly progressing neurodegenerative disorder 

with late onset and poor prognosis. Although the exact mechanisms behind MSA are 

not entirely elucidated the neuropathological hallmark of the disease is the 

accumulation of abnormally folded α-synuclein  (α-syn) and the pathognomonic 

formation of glial cytoplasmic inclusions (GCIs). 700 701  MSA is mainly a sporadic disease 

but a few familial cases with Mendelian inheritance have been reported. 395; 396 

However, no causal gene was identified in those families.  

Recently, data have emerged suggesting mechanistic similarities between prion disease 

PrP and MSA α-syn protein misfolding, propagation and self-aggregation 702, raising the 

question that these disorders might involve joint risk factors. So far, the only risk 

factors associated with sCJD are older age and a polymorphism in the host’s prion gene 

locus PRNP at codon 129 (rs1799990); results confirmed in a Genome Wide Association 

Study (GWAS). 703 Unique to humans, this polymorphic site can either encode a 

methionine (M) or a valine (V) resulting in three possible genotypes: M129M, M129V 

and V129V. A large study including 300 patients showed that almost 90% of all sCJD 

cases were homozygous at codon 129 with the largest group presenting the M129M 

genotype. 704 For sCJD, the heterozygous state M129V appears to be protective against 

the disease while the homozygous M129M and V129V genotypes carry increased risk 

for all forms of prion diseases suggesting that the genotype of PRNP at codon 129 
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influences the susceptibility and the phenotype of the sCJD. 703 Recent data also 

confirms that the M/V 129 residue has a crucial role in prion protein aggregation. 705  

The 129 codon PRNP polymorphism status has not been previously assessed in large 

MSA studies but was reported in a case of a 64-year-old patient, who developed 

sporadic prion disease 4 years after being diagnosed with MSA. The genotype in this 

case was M129M homozygous for PRNP. 416  

Here, we report an unusual co-occurrence of prion disease and MSA in one Italian 

family. In a pedigree of genetically confirmed Gerstmann-Sträussler-Scheinker 

syndrome, MSA developed in an individual negative for the pathogenic mutation. Given 

the recent reports of prion-like mechanisms in MSA and cases of associated MSA and 

prion pathology we conducted a study to assess whether variants in PRNP and in 

particular the polymorphism status at codon 129 of PRNP gene represents a risk factor 

for MSA.  

9.1.2 Methods 

	
	
We have investigated by Whole Exome Sequencing (WES) 264 pathologically confirmed 

MSA cases of Caucasian ethnicity from MSA Brain Bank. MSA-C, MSA-P and combined 

MSA-P/C cases were included. DNA was extracted from brain tissue using a standard 

technique followed by next generation sequencing. 706 Whole-exome sequencing data 

was obtained from 462 healthy controls of Caucasian origin over the age of 65 who 

were confirmed post-mortem to be neuropathologically normal from the Healthy 

Exomes (HEX) database. Quality control of exome data included removal of samples 

with high missingness rate, excess heterozygosity, sex check failure or evidence of 

cryptic relatedness. To assess ancestry from exome data we identified a set of pruned, 
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common SNPs (minor allele frequency > 0.05), and extracted the same SNPs from all 

populations in 1000 Genomes Project phase 3 data. We then merged MSA, control and 

1000 Genomes data and performed principal component analysis, using the software 

package PLINK v.1.9. The first, second and third principal components were used to 

visualize ancestry in plots and outliers were removed, leaving only samples that 

clustered together with the Caucasians in the final data set.  

We also investigated by Sanger sequencing the PRNP 129 polymorphism in 238 of the 

pathologically confirmed MSA cases. PRNP PCR primers designed to span the region of 

interest (M129V polymorphism, rs# cluster id 1799990) and about 50 bp of flanking 

coding sequence (5’CTGGGGTCAAGGAGGTGG 3’and 5’ AACGGTGCATGTTTTCACGA 3’). 

The variant was PCR amplified using intronic primers. The purified PCR product was 

sequenced bi-directionally with Big Dye Terminator Kit v.3.1 (Applied Biosystems). 

Sanger sequencing was performed using a conventional protocol described elsewhere. 

707 PRNP variant position is based on NCBI reference sequences: NM_000311, 

NP_000302 (www.ncbi.nlm.nih.gov).  

Brain tissue obtained from QSBB was donated for research using ethically approved 

protocols and stored under a licence from the Human Tissue Authority.  DNA was 

extracted and investigated under approval of the joint ethics committee of UCL 

Institute of Neurology and the National Hospital for Neurology and Neurosurgery, 

London, UK (UCLH: 04/N034). 

We investigated in our MSA clinic one family with both MSA and prion pathology. 

Statistical analysis 

Odds ratios and 95% confidence intervals were calculated to assess the association 

between PRNP variant in MSA vs control and MSA vs sCJD. We used published 

genotype data for the sCJD from a cohort of 300 cases. 704 The chi-squared test was 
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used to assess p value; two-tailed p≤0.05 was the significance level used for statistical 

analysis. We used the SPSS software for statistical analysis.   

	
9.1.3 Results  

	
PRNP genotype in MSA cases 

After sequencing the whole PRNP gene we found no pathogenic mutation in our MSA 

cases. There were four coding variants in the PRNP with codon 129 polymorphism 

being the most frequent (Table 9.1).   

Variant Type of 
mutation Status 

Total Non 
reference 

Alleles 

Total 
observed 

alleles 

Allele 
Frequency OR P 

rs138688873 
c.246_269delACAGC
CTCATGGTGGTGGCT

GGGG 
p.Pro84_Gln91del 

inframe 
deletion 

MSA  3 525 0.0057 

0.74 0.54 

Controls 7 913 0.0076 

rs201423990     
 c.372C>G 

synonymous 
MSA  2 424 0.0047 

1.08 NA 
Controls 4 920 0.0043 

rs1799990  
c.385A>G p.M129V 

missense 
MSA  200 528 0.38 

0.7 0.04 
Controls 295 924 0.32 

rs150351644   
c.424G>A 
p.G142S 

missense 
MSA  1 528 0.0019 

NA NA 
Controls 0 924 0 

Table 9.1. PRNP coding variants in MSA.  
OR- Odds ratio, Total observed alleles- calculated as two chromosomes per individual 

 

Table 9.2. PRNP codon 129 genotype distributions within our Multiple System 

Atrophy (MSA) group, healthy controls and sporadic Creutzfeld-Jakob disease (sCJD). 

  a-  704.  

Detailed analysis of the codon 129 polymorphism by Sanger sequencing showed that 

129 homozygous variants were present in 50% of the 238 pathologically confirmed 

MSA cases (119 cases, 37.82% of M129M and 12.18% of V129V). The comparable 

 

Genotype 

 

MSA 

 

Controls 

 

sCJDa 

 

MSA vs controls 

Odds ratio 
(95% CI)  

 
P value 

M129V heterozygous 119 (50%) 191 (41.4%) 35 (11.8%) 
      0.7 

(0.5-0.9) 
 

P=0.03 
M129M and V129V 
homozygous  

119 (50%) 
 

271 (58.6%)  265 (88.2%) 
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figures were 58% in normal controls (OR 0.7 (95% CI of 0.5-0.9) and 88.2% in sCJD (OR 

0.13 and p<.0001) (Table 9.2). 

Prion and MSA family  

The family is originally from Sicily. The male proband is the eldest of a siblingship of five 

from non-consanguineous parents. Their mother, a maternal uncle, maternal 

grandfather, two of his brothers and one sister have been diagnosed with the 

hereditary prion disease Gerstmann-Sträussler-Scheinker syndrome caused by P102L 

mutation (Figure 63E). His deceased father was diagnosed with parkinsonism later in 

life but no final diagnosis was reached at the time. The proband started developing 

cerebellar ataxia at the age of 55. The symptoms progressed rapidly and two years later 

the neurological examination revealed progressive ataxia, dysarthria, jerky pursuit and 

hypometric saccades with downbeat nystagmus, dysphagia, mild bradykinesia, 

increased tone in the lower limbs, neurogenic bladder and bowel, autonomic failure 

and REM sleep behaviour disorder. He had a stooped posture with small steps shuffling 

gait and poor arm swing. A levodopa trial made his balance and orthostatic symptoms 

worse. Brain MRI conducted three years after disease onset showed marked global 

cerebellar and brainstem atrophy with cross-pontine signal change (Figure 63A-D). FDG 

PET of brain and body scan showed cerebellar hypometabolism. This patient was 

negative for the familial P102L mutation, SCA panel genes and FXTAS. He was 

diagnosed clinically with MSA and a few years later, a pathologically confirmed MSA 

was diagnosed on brain autopsy. 
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9.1.4 Discussion  

	
In this study we assessed the PRNP genotype with a focus on the polymorphism status 

at codon 129 of PRNP gene as a risk factor for MSA in 264 pathologically confirmed 

MSA cases. Given the recent reports suggesting that α-syn of MSA has similar 

pathogenic mechanisms to the prion PrP in protein misfolding, propagation and self-

aggregation 702 we assessed whether they share the same risk factor.  

A previous study of 300 cases of sCJD found that M129V polymorphism of PRNP was 

central in determining the susceptibility and pathologic phenotype in sCJD. 704 More 

specifically, heterozygosity at codon 129 is protective against prion disease. 703 It is 

generally believed that the protective effect of PRNP codon 129 heterozygosity relates 

to the fact that misfolded PrP propagation is most effective when the interacting 

A B

C D 

Multiple System Atrophy 

Prion disease 

E

MRI results for the proband. A, B -T1 sagittal and T2 transversal view in 2008 at onset of MSA symptoms. Only 
mild cerebellar atrophy was noted. C, D- sagittal and transversal views three years later. Cerebellar atrophy 
(blue arrow) had progressed and additional brainstem atrophy with the typical “hot-cross bun sign” had 
appeared (yellow arrow).  E. Pedigree demonstrating prion and MSA diseases in the family. The prion-affected 
cases are represented in yellow; the MSA affected cases are represented in blue.  
 

Figure	63	Description	of	a	family	affected	by	MSA	and	genetically	confirmed	prion	disease 
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proteins have identical primary structure. 708; 709 Hypothetically, an analogous situation 

might exist in synucleinopathies given the existence of common sequence 

polymorphisms in the amino acid sequence of α-synuclein, but coding variants in SNCA 

are very rare, and associated with autosomal dominant Parkinson's disease. 710 The co-

occurrence of prion disease and MSA, as reported earlier in a single individual 416 and 

here in different members of a Sicilian family, might suggest the possibility of molecular 

interaction between PrP and α-synuclein in the process of protein accumulation and 

neurodegeneration, warranting investigation of the PRNP codon 129 variant in MSA.  

Our data show a similar frequency of the heterozygous state M129V in MSA 

pathologically confirmed cases compared with the healthy controls. In contrast to what 

was previously shown for sCJD, it appears that the heterozygous state of M129V does 

not provide protective effects in MSA, although a larger study would be required to 

unequivocally determine this. 

In many genetic association studies, accurate phenotyping is a major weakness, 

particularly when contrasted with the definitive nature of genotyping. 416 In our study 

we have used pathologically confirmed MSA cases and matched normal pathologically 

confirmed cases to ensure accuracy of results.  

In conclusion, this is the first large study assessing the PRNP gene and in particular the 

polymorphism status at codon 129 of PRNP gene as a risk factor for MSA. Our data 

shows that MSA does not share the same PRNP 129 locus as a risk factor.  
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9.2 Defining clinical markers to model disease progression and milestones in multiple 

system atrophy 

 

Statement of contribution: I designed and organised this study. I recruited all the MSA 

participants from the UCL site. The participants from the other UK sites were recruited 

by each site coordinator. I performed all the clinical and neuropsychiatric assessments 

and baseline and follow-up for the cases recruited at UCL as part of the PROSPECT-M 

study. I performed the statistical analysis together with Yeliz Demir (Neuromuscular 

Diseases Department, UCL ION).  

	

9.2.1 Introduction 

Multiple system atrophy (MSA) is a sporadic, adult-onset, progressive, rare 

neurodegenerative disorder of uncertain aetiology. It manifests with diverse clinical 

features, characterized mainly by a combination of parkinsonism with a poor response 

to levodopa treatment, cerebellar features, and autonomic failure. The definite 

diagnosis of MSA can still only be established pathologically with the presence of glial 

cytoplasmic inclusions (GCI) at post-mortem. 95-97 

Given its varied clinical manifestations, MSA is frequently misdiagnosed, especially at 

disease onset. Likewise, false positive MSA diagnoses are also frequent. About 20% of 

cases diagnosed in life as MSA subsequently have a pathology confirming PD or DLB. 122 

The diagnostic criteria for MSA defines three levels of certainty: possible, probable and 

definite MSA. 97 Based on the predominant clinical phenotype, MSA is categorized into 

MSA-P when parkinsonism is predominant and is associated with SND, and MSA-C, with 

OPCA, when associated with dominant cerebellar features. The combination of both 

forms, “mixed” MSA, also exists. 97 In Asian populations, the majority of MSA cases – 
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about 70 to 80% 153 are of MSA-C type, whereas in the Caucasian population MSA-P 

type predominates (about 67–84%). 123 154 

MSA is characterized by worsening of motor and non-motor features over an average 

of 10 years, with a fast progression from disease onset.  Approximately 50% of patients 

require walking aids within 3 years from the onset of motor symptoms 124; 60% require 

a wheelchair after 5 years 125 with a median time to becoming bedridden of 6 to 8 

years. 124 However, a more benign MSA variant with longer survival of over 15 years 

has been reported in pathology-confirmed cases 96; 126, as well as an aggressive MSA 

phenotype, with a very short disease duration of less than 3 years. 127 Older age at 

onset 124; 125; 128-130, a parkinsonian phenotype 123; 129, early development of severe 

autonomic failure, 124; 129; 131; 132 severe urinary retention and nocturnal stridor 133; 134 

are all negative prognostic factors, whereas a cerebellar phenotype 128 and later onset 

of autonomic failure 126 predict slower disease progression. Bronchopneumonia, uro-

sepsis and sudden death are the main causes of death in MSA. 

The onset of motor symptoms is on average around 56 years of age (±9 years), with 

both sexes equally affected. 160 However, up to 75% of MSA cases have a prodromal 

phase with non-motor symptoms, such as cardiovascular autonomic failure, orthostatic 

hypotension, urogenital and sexual dysfunction, REM sleep behaviour disorder 

(REMBD) and respiratory disorders. These may precede the motor presentation by 

months or years. 161 Furthermore, up to 95% of MSA patients experience non-motor 

symptoms at some point during the course of the disease. Autonomic failure, in 

particular urogenital (urinary incontinence, impaired detrusor muscle contractibility) 

and cardiovascular symptoms are frequent and early features of MSA. 162 

Reports of pathologically proven MSA cases in which no classic motor symptoms 

(cerebellar, parkinsonian, or pyramidal tract) developed during the disease course 147 
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emphasise the need to consider premotor symptoms in the early evolution of the 

disorder.  Early symptoms in MSA are frequently autonomic in nature (in 73%). 184 In 

men, erectile failure, typically occurs 4.2 (± 2.6) years prior to diagnosis.  After erectile 

failure, orthostatic hypotension - a consistent hallmark of MSA 291, fatigue following 

exercise, urinary urgency or hesitancy, and violent dream enactment behaviour 

consistent with REM behavioural sleep disorder, are the most frequent initial 

symptoms.  For most patients, the onset of motor symptoms is one year after the onset 

of autonomic symptoms. Although challenging to interpret, these symptoms can 

provide a window of opportunity for disease-modifying interventions if recognised in 

time, therefore raising a suspicion of MSA diagnosis. 

The clinical spectrum of MSA and especially the non-motor features at disease onset 

represent a growing challenge for clinicians, researchers and drug trials. Beside the 

current diagnostic criteria, several MSA subtypes, not fully fitting the currently used 

diagnostic criteria, are emerging, highlighting the complexity of the disease as well as 

the need for revised diagnostic tools. The ability to make an earlier diagnosis and thus 

intervention in MSA may lead to an increased quality of life, a better prognosis, as well 

as a greater chance of finding disease-modifying drugs. Here, we describe the UK-wide 

Progressive Supranuclear Palsy-Corticobasal Syndrome-Multiple System Atrophy 

(PROSPECT-M-UK) study and provide a comprehensive picture of MSA progression, 

severity and predictors of survival and assess the diagnostic value of these features in 

the context of MSA. 

9.2.2 Methods  

	
Study participants and design  
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This is an observational, prospective, longitudinal study assessing patients with 

suspected and confirmed multiple system atrophy.  MSA patients and controls were 

recruited via the UK MSA Network (PROSPECT-M) project. PROSPECT-M involved 7 

specialist centres across the UK: London (UCLH), Cambridge, Oxford, Newcastle, 

Brighton, Cardiff and Manchester. Patients were recruited under study wide ethical 

approval from the Queen Square research ethics committee (14/LO/1575) between 

September 2015 and February 2019. All participants were invited to register for post-

mortem brain donation at one of four (Queen Square, Cambridge, Oxford and 

Manchester) UK brain banks.  

At study entry, the cases were diagnosed clinically as MSA following the revised Gilman 

criteria for MSA. 97 We recruited unaffected controls as the spouse or friend of the 

affected case. The inclusion and exclusion criteria are detailed in table 9.3. Cases were 

recruited in one of the two study arms: longitudinal or cross-sectional (Figure 64).  

Data and samples were collected in a standardized format and following site based 

subject anonymization entered onto a secure web-based database as described below. 

Inclusion criteria Exclusion criteria 

Written informed consent obtained prior 
to any study-related procedures.  
A consultee process was used where 
participants lacked the mental capacity for 
consent, either due to cognitive or 
communication deficits. 

Participant has another significant 
medical or psychiatric illness that 
would interfere in completing 
assessments. 
 

Fulfilled clinical diagnostic criteria of MSA 
or a healthy control participant recruited 
from local volunteer databases or next of 
kin where they have expressed a wish to 
participate. 

Participant is pregnant. 

Participant is 18 years old or older. 
Participant has an identified informant. 
Table 9.3. Inclusion and exclusion criteria for PROSPECT-M-UK study.  
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Phenotyping and clinical scores  

Baseline MSA cases were divided into MSA-parkinsonism (MSA-P) or MSA-cerebellar 

(MSA-C) subtypes according to the revised Gilman criteria. 97 All patients had detailed 

clinical evaluation, Unified Multiple System Atrophy rating scale (UMSARS), 

neuropsychology assessment, urology, autonomics, biosamples and MRI scan at 

baseline and then yearly after 6, 12, 24 and 36 months of follow-up. Over the last three 

years we have developed standardised clinical assessment and biosampling (Table 9.4). 
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28 
PROSPECT_D_PROTOCOL_VERSION_2.5 

 

 
 
  Figure	64PROSPECT-M-UK	study	design. 
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  Baseline 12 months 24 months 36 months 

Core assessments 

Presentation, medical history, 

family history and review 
x 

 

 
  

Clinic exam (UMSARS rating scale) x x x  

Daily living / QoL questionnaires x x x x 

Cognitive / Neuropsychology x x x x 

Blood - Serum, plasma and RNA x x x x 

Blood - DNA x  
 

  

Smell testing x   x 

Optional assessments 

MRI volumetric x  
 

x 

Lumbar puncture - CSF x x x x 

Skin biopsy (3mm) for fibroblasts x      

Table 9.4. Longitudinal study design for PROSPECT-M-UK. 

 

Patient and/or carer completed questionnaires capturing demographic information, 

general medical history, family history, medication use (including self-reported 

levodopa responsiveness, ranging from 0% (no response to levodopa) to 100% 

(complete resolution of symptoms)) as well as self-reported outcomes of daily living 

experiences, motor and non-motor function. We defined the date of disease onset as 

the date the patient, or caregiver, reported that they had noticed persistent motor and 

or autonomic symptoms that impacted on daily life. The date of disease diagnosis was 

reported as the date a specialist first gave the patient their current working clinical 

diagnosis of MSA. We defined diagnostic latency as the duration from reported motor 

or autonomic symptom onset to the date of MSA diagnosis. 
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During each visit, a detailed neurological evaluation, including the Unified Multiple 

System Atrophy rating scale (UMSARS) 711 for MSA, was administered by an MSA 

specialist clinician. In addition, all cases were assessed using the Schwab and England 

activities of daily living scale (SEADL). Cases and controls were screened for cognitive 

dysfunction using the Montreal Cognitive Assessment (MoCA). 25 The Addenbrooke’s 

cognitive examination 3 (ACE-III) 26 and Edinburgh cognitive and behavioural ALS screen 

(ECAS)27 were administered as additional, optional cognitive screening assessments. 

The MoCA rating scale tests six cognitive domains including attention, memory, 

language, visuospatial processing, abstract thinking, and orientation. ACEIII rating scale 

tests five main cognitive domains including attention, memory, fluency, language, and 

visuospatial processing. The evaluation protocol is further described in chapter 3.  

Clinical milestones of MSA disease that were derived from previous natural history 123; 

154 and clinicopathological 129 studies were analysed by retrospective analysis. Events 

were defined as progression to the maximum score in the established milestones.  

 

Data storage and security  

Electronic scanned copies of consent forms and where needed primary NHS records 

(e.g. NHS copy clinic letters, discharge summaries, previous genetic tests and scans) 

were kept locally on the NHS computer system.  

The main secure study database was held on a web application called REDCap, which is 

PHP software with a MySQL database back-end, created by Vanderbilt University for 

creating and managing online databases and surveys. REDCap has password protected 

and granular access to data and	 software modules, as well as logging and audit trails of 

any activity. It enforces a robust security model, with password requirements/expiry 

and time-outs, and communication is encrypted through secure sockets layer (SSL). 
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Statistical analysis  

Normality was examined with distributional plots, skew and kurtosis, and the Shapiro-

Wilk test. Descriptive statistics are shown in the format of ‘mean ± standard deviation 

(SD)’ for normally distributed data, ‘median [interquartile range IQR] for parametric 

data and ‘number (percentage)’ in case of categorical data.  

With respect to the two distinct motor variants (MSA-P and MSA-C), two subgroups 

were formed. Time effects were analysed by repeated measures ANOVA. Group 

differences of normally distributed data were analysed by parametric tests (repeated 

measures ANOVA or Student’s t test as applicable), non-Gaussian distributed variables 

by non- parametric tests (Kruskal–Wallis one-way ANOVA by ranks or Mann–Whitney U 

test as applicable), and distributional differences by the Pearson’s χ2 test for 

independence. Logistic regression analysis was used to determine predictors of fast or 

slow motor progression. 

Between-group differences were assessed with t-test for normally distributed data, and 

with Mann-Whitney U test for parametric data. Pearson, chi-square test and Kruskal 

Wallis test were used for assessing differences between categorical groups. Chi-

squared test or Fisher’s exact test were used to compare the distribution of categorical 

variables across groups.  

Correlation analysis between demographic and clinical characteristics was performed 

using Pearson’s or Spearman’s correlation coefficient in normal and parametric data 

respectively, and with logistic regression in categorical data. 

Survival from symptom onset was calculated using Kaplan-Meier analysis; covariates 

were compared with the log-rank test and Cox regression analysis. Patients lost to 

follow- up were censored at the last known date alive.  
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Statistically significant value was set at p ≤ 0.05. Statistical analysis was done using 

RStudio version 1.1.463 (RStudio, Inc.). 

 

9.2.3 Results  

	
Demographics and clinical characteristics  

A total of 224 cases with a diagnosis of MSA based on the consensus diagnostic criteria 

were recruited to this study. 64 of the MSA cases were involved in the longitudinal 

study-arm and 160 MSA cases in the cross-sectional study-arm as described in the 

study flow-chart (Figure 65).  

In the MSA cohort, 95 (42.4%) were female and 129 (57.6%) were male. Although, 

MSA-P was slightly more frequent, there was no statistically significant difference in the 

MSA subtype at inclusion, with 125 (55.8%) presenting the MSA-P type and 99 (44.2%) 

presenting the MSA-C type.  
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64	MSA	cases	
recruited	to	

Longitudinal	Study	

160	MSA	cases	
recruited	to		

Cross-secBonal	Study	

224	MSA	cases	
Recruited	to		

PROSPECT-M-UK	Study	

35		cases	
at	6	months	
follow-up	

3	cases	
died		

20	cases	withdrew	
6	cases	not	reached	
follow-up	

2	cases	withdrew	
2	cases	not	reached	
follow-up	

1	cases	
died		

4	cases	withdrew	
4	cases	not	reached	
follow-up	

5	cases	
died		

2	cases	withdrew	
4	cases	not	reached	
follow-up	

5	cases	
died		

82		cases	
died		

14	cases	
died	

32	MRI	study	
baseline	visit													

122	MSA	cases		
recruited	to	European	

MSA	biomarkers	Registry	

21		MRI	
At	12	month	
follow-up	

9	MRI	
At	24	month	
follow-up																									

79	MRI	
study	

54	fluid		
biomarkers	

64		cases	
at	baseline	

30	cases	
at	12	months	
follow-up	

17	cases	
at	24	months	
follow-up	

9	cases	
at	36	months	
follow-up	

25	
pathologically	
confirmed	
MSA	

160		cases	
at	baseline	

122	fluid		
biomarkers	

29	MRI	
study	

47	fluid		
biomarkers	
Baseline	visit	

27	fluid		
biomarkers	
At	12	months	

12	fluid		
biomarkers	
At	24	months	

PROSPECT-M-UK: Progressive Supranuclear Palsy Cortico-Basal 
Syndrome Multiple System Atrophy Study UK; MSA: Multiple 
System Atrophy; MOCA: Montreal Cognitive Assessment; ACE-III: 
Addenbrooke’s Cognitive Examination III; S&E: Schwab and 
England activities of daily living; UMSARS: United Multiple System 
Atrophy Rating Scale. 
	

Figure	65Flowchart	of	PROSPECT-M-UK	and	the	Biomarkers	Study 
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There was a varied distribution of disease duration at inclusion, with an average of 5.2 

years (SD 3.0) with no statistical difference between MSA-P and MSA-C (p=0.54). A 

family history of neurological condition was reported in 86 participants. The most 

common neurological disorder present in patient relatives was dementia (32.6% of 

MSA cases), of which Alzheimer dementia represented 12.8%.	Parkinson’s disease was 

reported in 23.3% in both 1st and 2nd degree relatives, and a family history of tremor of 

undetermined origin was reported in 4% cases. One patient had a family history of PSP; 

four patients had family history of motor neuron disease and the rest of the cases had 

family history of other neuropsychiatric conditions.   

 

Age of Onset 

Overall, the mean age of onset in MSA cases was 58.9 (SD 9.6) years and the mean age 

at inclusion in the study was 64.2 (SD 9.0) years.  A similar age at inclusion (p=0.235) 

and age at disease onset (p = 0.672) was recorded between MSA-C and MSA-P cases 

(Table 9.5).  

A very early age of onset between 30 to 40 years was found in 4 cases (1.8%) as well as 

a very late age of onset with MSA presenting after 75 years was found in 7 cases (3.1%). 

However, over a quarter of cases had an early age of onset between 45-55 years.  The 

rest of cases, 67.3%, had an onset between 55-75 years (Figure 66A).  

 

The diagnostic journey  

Overall, it took 2.5 (SD 2.29) years in average between the first reported symptoms and 

MSA diagnosis being suspected, with 80% of cases receiving the MSA diagnosis within 

four years from onset (Figure 66B). However, in the remaining 20% of cases, a 

diagnostic latency of 6 to 11 years was identified, with cases being suspected of MSA 



	
	

	

	

328	

soon before death.  Although, statistically not significant, the MSA-C subgroup showed 

a trend to a shortened diagnostic delay than MSA-P (Figure 66C).  

Information regarding the first suspected diagnosis was obtained in 188 patients. MSA 

was the initial diagnosis and remained unchanged in 32.4% of patients.  However, in 

67.6% of cases, a diagnosis other than MSA was initially established. Over half of 

patients (59.8%) were initially diagnosed with PD, 20% were diagnosed with 

spinocerebellar ataxia and 6% with vertigo or ear problems (Table 9.6).  This was 

followed by a group of patients (11.8%) who were diagnosed with a variety of 

autonomic and sleep related conditions at onset (neurogenic bladder, low blood 

A	 B	 C	

D	 E	

A. Age of onset distribution across the entire cohort study participants (n = 224). Age of 

onset was categorised into four groups: very early (< 40 years), early (40-54 years), 

average (55-75 years) and late onset (> 75 years). B. Diagnostic latency in MSA. C. 
Diagnostic lag in the two MSA phenotypes.  D. The distribution of symptoms at onset 

experienced by MSA-P (n = 125) and MSA-C (n = 99) patients. E. The graph shows the 

distribution (cumulative proportion) of the premotor phase determined by the length of 

time from first non-motor symptom experienced to the first motor symptom.  

		

Figure	66	Disease	onset	and	the	diagnosis	journey	for	MSA	patients 
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pressure, autonomic neuropathy, REM Sleep Behaviour Disorder) before the MSA 

diagnosis was suspected.  Other diagnoses were much less frequent.  

 

Disease characterisation  

Overall, autonomic features were the first reported symptoms at onset in 37.1% of all 

MSA cases with similar distribution in both MSA-P and MSA-C (36.0% and 38.4% 

respectively). As expected, MSA-P patients experienced parkinsonism-related features 

in 53.6%. 6.4% of patients MSA-P cases presented initially with cerebellar features but 

parkinsonism was the predominant phenotype as the disease progressed. Similarly, 

49.5% of MSA-C cases presented with cerebellar features. 8.1% of MSA-C cases 

presented initially with parkinsonian features but cerebellar syndrome was the 

predominant phenotype as the disease progressed (Figure 66D). Age of onset did not 

influence the symptom of onset (p=	0.161).  

As over 1/3 of MSA cases presented with a non-motor phenotype before motor 

symptoms onset, we then looked at the pre-motor phase in these cases. Information 

on the pre-motor phase was available in 71 cases. In average, it took 1.92 years (SD 

1.81) to develop a motor symptom from the onset of non-motor features (Figure 66E). 

Given the average time lag to MSA diagnosis being suspected (2.53 years) and the 

average duration of premotor phase (1.93 years, SD 1.82) the vast majority of MSA 

patients are missed in the early stage of the disease. 

 

 

 

 



	
	

	

	

330	

 
Overall MSA-P MSA-C P value 

N (%) 224 (100.0) 125 (55.8) 99 (44.2) 
 

Sex 
Women (%) 
Men (%) 

 
95 (42.4) 
129 (57.6) 

 
53 (42.4) 
72 (57.6) 

 
42 (42.4) 
57 (57.6) 

1.000 

Age (Years) 
At Inclusion (mean (SD)) 
At Onset  (mean (SD)) 

 
64.2 (9.0) 
59.2 (8.9) 

 
64.8 (8.1) 
59.7 (8.9) 

 
63.4 (9.9) 
58.7 (8.8) 

 
0.271 
0.391 

Disease duration at Inclusion (Years) 
(mean (SD)) 5.2 (3.0) 5.1 (3.0) 5.4 (3.1) 0.546 
UMSARS (mean (SD)) 
I 
II 
Total 

 
21.5 (7.4) 
22.5 (7.8) 
45.0 (15.2) 

 
20.8 (7.4) 
21.9 (7.9) 
43.4 (15.1) 

 
22.5 (7.3) 
23.4 (8.4) 
47.4 (15.1) 

 
0.270 
0.361 
0.198 

Levodopa Use 
Yes (%) 
No (%) 
Unknown (%) 

 
145 (64.7) 
19 (8.5) 
60 (26.8) 

 
101 (80.8) 
4 (3.2) 
20 (16.0) 

 
44 (44.4) 
15 (15.2) 
40 (40.4) 

<0.00001 

Levodopa Response 
Beneficial (%) 
Yes  
No 
Unknown 
Duration of benefit (Years) 
(mean (SD)) 
Disease duration when started to 
use Levodopa (Years) (mean (SD)) 

 
 
49 (33.8) 
56 (38.6) 
40 (27.6) 
 
2.3 (1.7) 
 
3.5 (2.9) 

 
 
37 (36.6) 
37 (36.6) 
27 (26.7) 
 
2.3 (1.6) 
 
3.4 (2.9) 

 
 
12 (27.3) 
21 (47.7) 
11 (25.0) 
 
2.5 (2.1) 
 
3.8 (3.0) 

 
 
0.191 
0.618 
0.646 

Symptoms at Onset 
Autonomic (%) 
Neurogenic bladder 
Erectile dysfunction 
Orthostatic hypotension 
REM sleep behaviour disorder 
Parkinsonism (%) 
Tremor 
Balance 
Rigidity  
Foot dragging  
Loss of smell 
Shuffling gait 
Slowness 
Micrographia 
Other 
Cerebellar (%) 
Balance  
Coordination 
Dysphagia 
Stiffness 
Other 
Other or Unknown (%) 

 
83 (37.1) 
38 (17.0) 
16 (7.1) 
13 (5.8) 
16 (7.1) 
75 (31.3) 
17 (7.6) 
14 (6.3) 
13 (5.8) 
2  (0.9) 
2  (0.9) 
4 (1.8) 
5 (2.2) 
2 (0.9) 
16 (7.1) 
57 (25.4) 
32 (14.3) 
8 (3.6) 
1 (0.4) 
1 (0.4) 
15 (6.7) 
9 (4.0) 

 
45 (36.0) 
19 (15.2) 
10 (8.0) 
5 (4.0) 
7 (5.6) 
67 (53.6) 
15 (12.0) 
13 (10.4) 
13 (10.4) 
2 (1.6) 
1 (0.8) 
4 (3.2) 
5 (4.0) 
0 (0.0) 
14 (11.2) 
8 (6.4) 
1 (0.8) 
5 (4.0) 
0 (0.0) 
0 (0.0) 
2 (1.6) 
5 (4.0) 

 
38 (38.4) 
16 (16.2) 
5 (5.1) 
8 (8.1) 
9 (9.1) 
8 (8.1) 
2 (2.0) 
1 (1.0) 
0 (0.0) 
0 (0.0) 
1 (1.0) 
0 (0.0) 
0 (0.0) 
2 (2.0) 
2 (2.0) 
49 (49.5) 
31 (31.3) 
3 (3.0) 
1 (1.0) 
1 (1.0) 
13 (13.1) 
4 (4.0) 

< 0.00001 
0.711 
0.841 
0.379 
0.194 
0.313 
< 0.00001 
0.005 
0.004 
0.001 
0.208 
0.865 
0.072 
0.044 
0.110 
0.008 
< 0.00001 
< 0.00001 
0.697 
0.258 
0.258 
0.001 
0.984 

Table 9.5. Characteristics of the MSA cohort included in the natural history study.  
Legend:	N:	Number	of	Participants;	MSA-P:	Multiple	System	Atrophy	–	
Parkinsonism	predominant;	MSA-C:	Multiple	System	Atrophy:	Cerebellar	
predominant;	SD:	Standard	Deviation;	UMSARS:		United	Multiple	System	Atrophy	
Rating	Scale.	
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First suspected diagnosis  MSA (%) MSA-P (%) MSA-C (%) 
Parkinson’s Disease (PD)  76 (59.8) 62 (79.5) 14 (28.6) 
Spinocerebellar Ataxia  20 (15.7) 2 (2.6) 18 (36.7) 
Ear Problem/Vertigo  6 (4.7) 0 (0.0) 6 (12.2) 
Neurogenic Bladder  3 (2.4) 2 (2.6) 1 (2.0) 
Autonomic Neuropathy   3 (2.4) 2 (2.6) 1 (2.0) 
Low Blood Pressure  2 (1.6) 2 (2.6) 0 (0.0) 
Stroke  2 (1.6) 0 (0.0) 2 (4.1) 
Unclear Parkinsonian Disorder  2 (1.6) 1 (1.3) 1 (2.0) 
Depression  2 (1.6) 1 (1.3) 1 (2.0) 
Progressive Supranuclear Palsy (PSP)  1 (0.8) 1 (1.3) 0 (0.0) 
Brain Tumour  1 (0.8) 0 (0.0) 1 (2.0) 
Multiple Sclerosis (MS)  1 (0.8) 0 (0.0) 1 (2.0) 
Myasthenia Gravis  1 (0.8) 1 (1.3) 0 (0.0) 
REM Sleep Behaviour Disorder  1 (0.8) 0 (0.0) 1 (2.0) 
Other  6 (4.7) 4 (5.1) 2 (4.1) 
Number of cases with Information 
available (%) 
Total With Other Diagnosis 
MSA First Diagnosis Suspected  

 188 (100.0) 
 
127 (67.6) 
61  (32.4) 

107 (56.9) 
 
78 (72.9) 
29  (27.1) 

81 (43.1) 
 
49 (60.5) 
32 (39.5) 

Table 9.6. First suspected diagnosis in the MSA cohort.   
 

Survival in MSA  

Almost half of the cases (96/224, 42.8%) had died at the point of censoring. Of them, 

over a quarter (25/96, 26.04%) had pathological confirmation of MSA diagnosis with 

concordance between ante-mortem clinical and pathological diagnoses achieved in all 

cases (25/25, 100%).  
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Overall, the median survival in our cohort was 9 years (95% CI 9-10 years), ranging from 

5 to 21 years (Figure 67A). There was no statistically significant difference between 

survival and MSA subtypes (p=0.7) and autonomic or motor onset (p=0.09) (Figure 67B-

C). However, survival was significantly associated with the age of onset. An earlier age 

of onset was associated with a longer survival (p=0.003) (Figure 67D). We then 

validated our survival analysis in the cohort of pathologically confirmed MSA cases. 

Overall median survival in pathologically confirmed MSA subgroup was 9 years (95% CI 

7-9 years) (Figure 67E) and an earlier age of onset was associated with a longer survival 

(p=0.009) (Figure 67F).  

Kaplan-Meier survival plots for MSA from onset of symptoms in (A) all study 

participants, (B) by MSA phenotypes, (C) by motor or autonomic onset and (D) by 

age of onset. Validation of results in pathologically confirmed MSA subgroup 

overall (E) and (F) for correlation of survival with age of onset in the in 

pathologically confirmed MSA subgroup. 

A	 B	 C	

D	 E	 F	

Figure	67	Survival	in	MSA 
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A prolonged survival of more than 10 years was identified in 17.4 % (39/224) patients 

with a range of survival from 10 to 21 years. Also, a very fast progression was recorded 

in 8% (18/224) of MSA patients who died in the first 5 years from onset. A later age of 

onset was associated with worse prognosis (increased HR of 78%). Having cerebellar 

symptoms at onset was associated with longer survival (reduced HR by 51%) (Table 

9.7).  

Variable Number P value Hazard Ratio 95% CI 

Age > 58 Years 223 0.007 1.78 1.17 - 2.70 

Female 223 0.088 1.42 0.95 - 2.12 

Male 223 0.088 0.70 0.47 - 1.05  

MSA-P 223 0.086 1.44 0.95 - 2.19 

MSA-C 223 0.086 0.69 0.46 - 1.05 

Parkinsonism onset 223 0.831 0.95 0.68 - 1.61 

Cerebellar onset 223 0.013 0.49 0.27 - 0.86 

Autonomic onset 223 0.147 1.35 0.90 - 2.02 

REM BD at onset 98 0.870 1.05 0.61 - 1.78 

Urinary symptoms at 

onset 

91 0.285 1.34 0.79 - 2.22 

Levodopa 

responsiveness 

110 0.872 0.96 0.55 - 1.67 

Early falls 97 0.578 1.21 0.62 - 2.34 

Table 9.7. Univariate Cox Regression Analysis for Survival in MSA. 
 

Disease severity, progression and milestones   

We assessed disease severity in MSA using several scales including the MSA validated 

rating scale, UMSARS, and a set of predefined disease milestones as described in 

Methods. 

A total of 96 UMSARS were available for the baseline analysis. The average total 

UMSARS across all cases was 42.6 (SD 14.3). No significant differences in UMSARS (part 

I and II) were found between MSA subtypes (p = 0.360) or gender (p = 0.686). UMSARS 

was strongly correlated with disease duration at inclusion (p=0.00039) (Figure 68A).   
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These results were further replicated in the longitudinal cohort with UMSARS showing 

statistically significant increase on a year-to-year basis (p=0.00006)  (baseline	UMSARS 

Total (mean = 42.60, SD=14.26), 12 months UMSARS Total (mean=51.63, SD=11.39), 24 

months UMSARS Total (mean=54.64, SD=17.27), 36 months UMSARS Total (Mean= 

80.00, SD=0.00)) (Figure 68B).   There was a statistically significant increase in UMSARS 

value from baseline to 12 months (p =0.0002) and from 24 months to 36 months 

follow-up (p = 0.0001). We then calculated the year-to-year progression rate in order to 

determine disease intensity.  The progression rate described here in mean of 

percentage change from baseline to 12 months for UMSARS part I was 26.7 % (or 4.4 

points, SD 4.4) and for UMSARS part II was 36.7% (5.7 points, SD 13.3), therefore for 

UMSARS total was 30.1% (9.1 points, SD 10.7). The rate of progression from 12 months 

A	 B	

C	

A. Correlation of disease severity (as represented by 
UMSARS Total scores) with disease duration (< 6, 6-
10 and > 10 years disease duration) at inclusion in all 
study participants. B. The change in UMSARS I, II and 
Total scores in the longitudinal study participants 
over 3 years follow-up. C. The correlation of UMSARS 
and disease milestones. MMS: minimal motor 
symptoms, PI: postural instability, WA: walking aid, 
WB: wheelchair-bound, DAODA: dependent on all 
daily activities, PEG/UIS: PEG inserted/unintelligible 
speech.  
	Figure	68	Disease	severity	and	milestones	in	MSA 
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to 24 months was as follows: for UMSARS part I was 20.0% (or 5.7 points, SD 13.3) and 

for UMSARS part II was 14.1 (or 2.5 points, SD 7.0), therefore the change in UMSARS 

total was 17.1% (4.7 points, SD 12.9). The rate of change for 24 to 36 months follow-up 

was not calculated as the number of cases with available data was too small (n=2). 

Overall, the two years progression rate for UMSARS I was 52.7% (7.7 points, SD 8.9), for 

UMSARS II was 59.7% (8.4 points, SD 9.6) and for UMSARS total was 60.7% (16.1 points, 

SD 17.8) when compared to baseline.  

UMSARS was also correlated with the severity of milestones (r² = 0.24, p< 0.001) 

(Figure 68C). Given the strong correlation between UMSARS and the disease milestones 

designed for this study, we then modelled the disease progression based on the 

average time it took for patients to reach each milestone. Overall, it took on average 

1.57 years (SD 8.83) years to manifest minimal motor symptoms, 3 years (SD 2.33) for 

postural instability, 4.4 years (SD2.58) to use a walking aid, 5.6 years (SD 2.42) to 

become wheelchair bound, 6.4 years (SD 3.15) to become dependent in all daily 

activities, 6.5 years (SD 2.95) to undergo a PEG procedure or for a PEG to be 

recommended, 6.8 years (SD 2.68) to have unintelligible speech and 9 years to death 

(Figure 69).  
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use 
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all daily 
activities 
 

PEG/
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speech 
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s	
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Postural 
instability 

Milestones Pre-motor 
phase 

Minimal motor 
symptoms 

Postural 
Instability 

Walking 
aid  

Wheelchair 
use 

Dependent on all 
daily activities 

PEG Unintelligible 
speech 

Death  

Mean years 
from onset (SD) 

-1.9 (1.81) 1.57 (8.83) 3.01 (2.33) 4.42 (2.58) 
 

5.61 (2.42) 6.4 (3.15) 6.47 (2.95) 6.82 (2.68) 9  

Walking aid 

9	years	

Death 
 

The MSA disease milestones designed for this study and the mean duration that took to reach each milestone for MSA patients. Abbreviations: SD, 
Standard Deviation; PEG, percutaneous endoscopic gastrostomy. 
	

Figure	69	Progression	and	disease	milestones	in	MSA. 
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9.2.4 Discussion  
	
This is one of the largest natural history studies of MSA. Our clinical findings confirm 

that MSA is a progressive and fatal disease. We show a reduced median survival of 9 

years in the overall cohort as well as validated in the pathologically confirmed MSA 

subgroup. However, we show that a prolonged survival from 10 to 21 years from 

disease onset was identified in a subgroup of 17.4 % of patients, as well as a very fast 

progression with death within the first 5 years from onset in 8%. These findings are 

important in determining the fast and slow progressors as in future they can help 

determine more accurate drug trial designs. They can also help with counselling 

provision. The main factor that influenced survival was age at onset. A later age of 

onset was associated with reduced survival both in the overall cohort as well as in the 

pathologically confirmed MSA subgroup. Unlike the previously reported European 

study 123 which analysed 141 MSA cases, we did not find a shorter survival in MSA-P 

compared to MSA-C phenotype. Our results are similar to a study performed in USA, 

which analysed 175 MSA cases. 154 

Other clinical features that corroborate previous natural history studies were: the 

motor disorder was often mixed, with cerebellar features in MSA-P and parkinsonian 

features in MSA-C; that MSA-P can mimic Parkinson’s disease-like features, including a 

sustained levodopa response at onset of treatment, and that autonomic failure is a 

characteristic and common feature of both MSA motor subtypes. These results confirm 

previous observations in MSA. 123; 124; 240; 434; 712 However, most previous studies were 

limited by short follow-ups and a small number of participants.  

In our cohort, 96.8% of MSA-P and 84.8% of MSA-C participants had Levodopa 

treatment started after an average of 3.5 (SD 2.9) years from onset. Of them, 36.6% of 
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MSA-P patients found it beneficial for an additional 2.3 (SD 1.7) years. Our study 

together with the European and USA natural history studies confirm a Levodopa benefit 

that although suboptimal, is sustained for about 3 years in MSA-P. These findings have 

implications for the Consensus diagnostic criteria of MSA-P and suggests that response 

to levodopa should not be a requirement in the diagnosis of MSA-P. 

The continuous clinical deterioration, indicated by the UMSARS motor a scores in the 

cross-sectional as well as the longitudinal cohort, supports the role of UMSARS as a 

disease-specific outcome measure in interventional trials. In our longitudinal arm of the 

study, we show a higher rate of change in the first 12 months of follow-up compared to 

the second year of follow-up. This suggests that the disease intensity and rate of 

change is higher in the early disease stages than in the later stages. Previous studies in 

MSA showed that patients with probable MSA with a higher UMSARS score than 

possible MSA 123; 423 have a flat slope in rate of change 154, suggesting the need for large 

number of subjects in order to power a randomized treatment trial of MSA that would 

recruit only probable MSA. 713 In contrast, selection of subjects who are at an earlier 

stage of the disease results in a steeper slope and smaller number of subjects needed 

to power such a study. 154; 423  Therefore, better diagnostic tools and clinical measures 

in early MSA stages would facilitate drug trial designs and power.  

During the 3-year study period, we recorded 96 deaths in the study population of 224 

subjects. Neuropathological confirmation of the clinical diagnosis was made in all of the 

25 patients who underwent post-mortem verification, suggesting a high diagnostic 

certainty in the studied cohort, likely linked to the MSA specialised recruitment centres.  

In a previous clinicopathological study 129, four clinical milestones of advanced MSA 

were identified. In the current study, we have developed further the disease milestones 

to cover the early stages of MSA, including the pre-motor phase and estimated the 
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probability of developing	 these milestones by retrospective analysis of selected 

UMSARS items and found the average disease duration that took patients to reach 

these milestones.  

This is one of the largest studies from one single country to investigate outcome 

measures in MSA. A major strength of this study is that the cases were recruited from 

highly specialised movement disorders/MSA clinics with a high clinical diagnostic 

certainty, validated by the post-mortem confirmation of those who underwent brain 

autopsy.  Nevertheless, this is also a limitation, as it is not a population-based study and 

is not representing the general neurology population or the random distribution of 

prospective population-based study designs. Moreover, inclusion criteria that allowed 

only patients fulfilling MSA diagnostic criteria may have excluded cases with very early 

disease, a category of patients under-represented in the present study. We 

acknowledge that 3 years of follow up is too short to identify the overall progression 

and prognosis of MSA as we show that there is a subgroup of patients with slow 

progression. Patients were recruited at a mean (SD) disease duration of 5.2 (3.0) years, 

indicating that 35% of patients had MSA-related symptoms for over 6 years. Therefore, 

patients with fast progression and very early deaths (within the first 5 years of 

symptom onset) may be under-represented in the current study. Finally, all patients 

were assessed on usual therapy; therefore, treatment effects cannot be excluded. In 

the absence of post-mortem verification, misdiagnosis in some of the clinically 

diagnosed patients cannot be excluded, particularly in those with prolonged survival. 

We would like to highlight the large number of deaths occurring during the study 

period and the dropouts due to inability of patients to attend further study visits. This 

could affect the progression rates reported in this study, but more importantly, it 

demonstrates the major challenges in conducting prospective long-term MSA trials. 
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Despite these limitations, this natural history study, involving seven highly experienced 

MSA specialist centres in the UK defines the spectrum of disease courses in patients 

with MSA. Our data suggest that both mild and severe, as well as fast and slow, 

progression phenotypes of MSA exist. Future clinicopathological studies are needed to 

determine whether the neuropathological lesion distribution, load, and type differ in 

patients. Our study is also the first to combine UMSARS and disease milestones from 

early disease stages in order to define a clinical model of disease progression in MSA. 

The observed clinical decline rates and milestones will facilitate designing future 

interventional trials in patients with MSA. 

In conclusion, this is one of the studies from one single country to investigate outcome 

measures in MSA. It found a median survival from symptom onset by Kaplan-Meier 

analysis was 9 years (95% CI 9-10 years). Older age of onset had a worse prognosis and 

a cerebellar phenotype at onset predicted a longer survival. Natural history of MSA-P 

and MSA-C are similar. Levodopa response, although suboptimal, was recorded in 

36.6% of MSA-P and lasting for several years. Therefore, the requirement for lack of 

levodopa response for MSA diagnosis should be revised. Therefore, this study has 

implications for MSA diagnosis and design of future clinical trials. 
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9.3 Neurofilament light chain protein in blood - a biomarker of neurodegeneration in 

multiple system atrophy 

 
Statement of contribution: I designed and organised this study. I recruited all the MSA 

participants from the UCL site. Each site coordinator recruited the participants from the 

other UK sites. I performed all the clinical and neuropsychiatric assessments and 

supervised all the biosample collection and MRI scans performed at the UCL site. The 

samples provided by the European collaborators were acquired under the supervision 

of the PI from each recruiting site. I performed the NfL measurements under the 

supervision of Tong Guo and Henny Wellington (Dementia Research Institute, UCL). 

Martina Bocchetta (Dementia Research Institute, UCL) processed the MRI data. I 

performed the statistical analysis together with Elham Nikram and Simisola Olofudun 

(Neuromuscular Diseases Department, UCL ION). 

9.3.1 Introduction  

Based on the current diagnostic criteria only 60% of possible and probable MSA meet 

the pathological criteria for definite MSA. 97; 122 MSA’s clinical presentation is often not 

recognized until later stages of disease, offering very limited opportunities for clinical 

intervention.712 Frequent falls within the first three years from disease onset, early 

neurogenic bladder needing catheterization, stridor and severe autonomic dysfunction 

at onset are all associated with a decreased survival rate. 123; 714 With an average age of 

onset of 57 years, MSA typically progresses over 7-9 years and affects both sexes 

equally. 715; 716 However, a “benign” MSA variant with long survival 126 as well as 

“young-onset MSA” have also been reported.717 Therefore, a more challenging clinical 

picture with large variability in survival, disease severity and rate of progression in MSA 

is emerging. Biomarkers that specifically classify patients with MSA and discriminate 
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them from PD and other atypical parkinsonism, such as PSP or CBD, are not yet 

available. Furthermore, no biomarker has been validated in MSA to correlate with 

disease severity or with prognostic value. The majority of clinical trials in MSA rely on 

clinical rating scales and patient-reported benefits. The primary outcomes of previous 

treatment trials were in most cases based on the Unified MSA Rating Scale (UMSARS) 

evaluating activities of daily living, motor symptoms, autonomic function and global 

disability. Given the difficulty of achieving high diagnostic certainty combined with the 

lack of reliable biomarkers for disease progression it is not surprising that historical 

trials which recruited MSA patients at advanced stages of disease, and relied on clinical 

changes as primary outcomes, have failed to achieve statistical significance.  Clinicians 

need reliable biomarkers to complement clinical diagnoses (preferably at early stages 

of disease to avoid misdiagnoses), provide adequate disease management, monitoring 

therapeutic response, help patient counselling, or inform on the pathogenesis of MSA. 

These are lacking. The identification of biomarkers that reflect the underlying MSA 

disease process or MSA progression would be very useful for designing future clinical 

trials that assess drugs with disease-modifying or neuroprotective properties. An ideal 

biomarker for MSA should be closely linked to pathophysiology, reliable, accurate, 

sensitive, specific, reproducible, non-invasive, acceptable for the patient, and 

inexpensive. 718; 719 

 Over the last two decades, CSF and blood neurofilament light chain (NfL) have been 

shown to be reliable biomarkers of axonal damage across a variety of neurological 

disorders. Even though NfL changes in biofluids are not specific to any particular 

neurological disease, this biomarker may have significant potential in terms of 

prognostic assessment and disease monitoring in MSA.  
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Neurofilament light chain (NfL) is a protein located in the long calibre myelinated axons 

and supports neuronal transmission and axonal growth. In axonal injury or during 

neurodegeneration, the NfL is released into the interstitial fluid, consequently the NfL 

levels in cerebrospinal fluid (CSF) and blood increase. 720 New immunoassays able to 

detect biomarkers at ultralow levels have allowed for the measurement of NfL in blood 

and CSF, thus making it possible to easily and repeatedly measure NfL for monitoring 

diseases’ courses. Despite NfL being extensively validated as a robust and reliable 

biomarker for assessing the severity and rate of progression of axonal degeneration, no 

large studies have assessed the NfL profile and its prognostic value in large MSA 

cohorts. However, small studies involving up to 50 MSA cases suggest that NfL could be 

successfully used in MSA clinical trials. In patients with Parkinson’s disease (PD), the NfL 

levels in CSF do not increase, and the levels are similar to those in healthy controls 

(HC).721 By contrast, CSF NfL is reportedly increased in patients with multiple system 

atrophy (MSA), progressive supranuclear palsy (PSP) and corticobasal syndrome (CBS) 

as compared with HCs and to patients with PD.721 Further, CSF NfL can be used to 

differentiate between PD and APDs with high diagnostic accuracy (AUC=0.82, 75% 

sensitivity, 83% specificity for PSP vs PD, AUC=0.94, 80% sensitivity, 96.9% specificity 

for MSA vs PD),722; 723 and blood NfL exhibits similar diagnostic performance.376 Finally, 

patients with dementia with Lewy body (DLB) and Parkinson’s disease dementia (PDD) 

seem to have lower CSF NfL values than patients with MSA, PSP and CBS,359  as well as 

patients with other neurodegenerative dementias, for example, FTD and late-onset AD. 

724 

Blood NfL measurement represents an important opportunity to verify the effects of 

different therapeutic interventions on axonal integrity in MSA, especially in research 

settings and in clinical trials. Indeed, NfL could be used as an outcome measure, 
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particularly in both proof-of-concept and dose-finding studies (e.g. phase IIA and IIB 

studies), where the drug’s biological activity and the optimal dose for biological activity 

have to be demonstrated. Studies that focus on the association between longitudinal 

changes in blood NfL and relevant clinical and radiological measures in MSA are lacking.  

Here we aim to validate blood and CSF-derived NfL as a reliable biomarker for disease 

severity and progression in MSA by combining clinical scores, brain atrophy rate and 

NfL data in a large, multi-centre, longitudinal cohort of MSA patients in order to help 

inform the design, patient stratification and response to treatment in future MSA 

clinical trials.  

9.3.2 Methods 

Subjects  

In total, 212 patients with MSA and 81 age-matched healthy controls from 5 different 

centres in Europe were included in this study (Table 9.8). MSA patients were recruited 

in two study arms: a cross-sectional and a longitudinal cohort. Eligibility criteria and 

study design are described in detail in Chapter 3 and Chapter 9.2. In addition to the 

fluid biomarker, 55 MSA patients and 42 controls had MRI scans performed.  

The local ethics committees approved the study and all subjects provided written 

informed consent (UCL 14/LO/1575).  

  
Plasma 

Serum CSF MRI 
Crossectional Longitudinal Total 

MSA cases cohort 165 47 212 0 115 55 

O
rig

in
 o

f 
sa

m
pl

es
 

UK 54 36 90 0 34 32 
Spain 50 0 50 0 50 16 
France 33 0 33 0 31 7 
Germany 12 11 23 0 0 0 
Russia 16 0 16 0 0 0 

Healthy controls cohort 36 0 36 70 40 42 
Total participants 201 47 248 70 155 103 
Table 9.8. MSA fluid biomarkers biobank available for the study.   
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Clinical scores  

MSA diagnosis was established following the revised Gilman diagnostic criteria for 

MSA97. MSA patients were divided into MSA-parkinsonism (MSA-P) or MSA-cerebellar 

(MSA-C) subtypes depending on the predominant phenotype. All patients fulfilled at 

least a possible MSA diagnosis. At each study visit, a neurology review, including the 

Unified Multiple System Atrophy Rating scale (UMSARS) 711 was administered by a MSA 

specialist clinician. In order to define disease severity, we used UMSARS. Then we 

defined the UMSARS tertiles with the following values: UMSARS <36 was defined as 

mild severity, 37-52 as moderate and >53 as severe disease. Disease duration was 

defined as time between first symptoms noted by the patient or a caregiver (onset) and 

the sample collection. Survival was defined as time between CSF/blood collection and 

death. Disease milestones were defined as Milestone 1= minimal motor symptoms, 

milestone 2 = postural instability, milestone 3 = wheelchair-bound, milestone 4 = 

percutaneous endoscopic gastrostomy (PEG) inserted (or recommended) or/and 

unintelligible speech and Milestone 5 = dependent in all daily activities.  

The longitudinal cohort participants were assessed annually with clinical, cognitive, 

quantitative motor and neuropsychiatric assessments and standardised 3-Tesla T1 

volumetric MRI. Controls were healthy partners of the patients.  

Neurofilament light chain (NfL) measurements  

Fasting lumbar punctures were performed and two milliliters of CSF were used to 

evaluate routine markers (glucose, protein, cell count). The remainder was divided into 

0.5 mL aliquots and stored at −80°C for future analyses avoiding freeze–thaw cycles 
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prior to the current analyses. The blood samples were collected in EDTA tubes, 

centrifuged and stored in 500 μL aliquots at −80°C for future analyses. Plasma, serum 

and CSF NfL was measured in duplicates using an ultrasensitive Simoa assay 725 

according to manufacturer’s instructions and as described in detail in Chapter 3. All 

blood and CSF samples from all collaborating centres were tested in the UCL lab, on 

one SIMOA machine. All NfL values were within the linear ranges of the assays. The 

inter-assay coefficient of variation was within the acceptance criteria (≤20%). The mean 

intra-assay coefficient of variation was 4.5% (range 0%–15.6%). 

MRI  

T1-weighted 3T MR-images were obtained using either a Trio (Siemens, Erlangen, 

Germany, TR = 2200 ms, TI = 900 ms, TE = 2.9 ms, acquisition matrix = 256 × 256, spatial 

resolution = 1.1 mm) or a Prisma (Siemens, Erlangen, Germany, TR = 2000 ms, 

TI = 850 ms, TE = 2.93 ms, acquisition matrix = 256 × 256, spatial resolution = 1.1 mm). 

Individuals with moderate to severe vascular disease or space-occupying lesions were 

excluded. 

In 55 patients, structural T1-weighted 3T MR-images within 6 months of blood and CSF 

collection were available for neuroimaging analysis (mean CSF-MRI interval 0±1 

months) and in 14 patients a follow-up scan at 12 months was available (mean interval 

between scans 13.5±7.0 months). Similarly, MRI was obtained from 42 controls 

matched for age, gender and total intracranial volume (TIV).  

Volumetric MRI scans were first bias field corrected and whole-brain parcellated using 

the geodesic information flow (GIF) algorithm,19 which is based on atlas propagation 

and label fusion (Figure 70A). We extracted the volumes of the following cortical 

regions from GIF: whole brain, pons, putamen-caudate, cerebellum. Left and right 

volumes were corrected for total intracranial volume (TIV), computed with SPM12 
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v6470 (Statistical Parametric Mapping, Wellcome Trust Centre for Neuroimaging, 

London, UK) running under Matlab R2014b (Math Works, Natick, MA, USA). 726 All 

segmentations were visually checked for quality. 

We also measured the middle cerebellar peduncle (MCP). For measuring the MCP, 

scans were firstly realigned in the MNI space. Then the parasagittal view that best 

exposed the MCP between the pons and the cerebellum by identifying the most dorsal 

part of the white matter before it curves into the cerebellum and the most ventral part 

of the white matter, under the same inclination in all scans, was used (Figure 70B).  

  

Statistical analysis 

Clinical and imaging data were paired with NfL concentrations in plasma at each study 

visit. Longitudinal changes were calculated over the longest available period and 

converted into annualised rates. 

A. Neuromorphometrics protocol of automated parcellation of brain regions using 
volumetric T1 MRI as previously described19. Geodesic Information Flow (GIF) is an 
automated method which parcellates the T1 images into different cortical and 
subcortical regions based on an a priori atlas. We then combined different 
regions to calculate grey matter cortical volumes, subcortical volumes, and 
cerebellar volumes. The regional volumes were corrected for total intracranial 
volumes, to correct for head size. 
B. Measuring of the middle cerebellar peduncle using volumetric T1 MRI on scans 
realigned on the MNI space.  
	

A	 B	

Figure	70	Neuroimaging	measurements	of	the	brain	regions	of	interest 
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NfL concentrations in plasma from MSA patients were non-normally distributed hence 

nonparametric analysis was conducted. We used Wilcoxon’s rank sum test to compare 

groups and the Spearman rank test to assess associations between the variables. To 

investigate and adjust the associations with further covariates we employed 

nonparametric kernel regression with 1000 bootstrap replications. To analyse the 

subsequent changes in plasma and UMSARS, we employed multilevel modelling, where 

the subsequent follow-ups after initial visit at baseline were at 0.5, 1, 2, 3, 3.5, 4 and 6 

years. Cross-sectional associations were assessed for individual baseline and follow-up 

measurements in linear models that included a random participant effect. Categorical 

variables are reported as numbers and percentages. Sex was not significantly 

associated with NfL and, therefore, was not included as covariate.  

We used Cox proportional hazard survival modelling to calculate hazard ratios (HRs) 

with 95% CIs to assess the correlation between baseline NfL concentration and sub- 

sequent survival.  

The accuracy of the diagnostic value of NfL was assessed by calculating the area under 

the curve (AUC) of the receiver operating characteristic (ROC) curve. We carried out 

separate receiver operating characteristic (ROC) curve analyses for NfL in plasma and 

CSF in MSA versus controls as well as well as for plasma NfL in all MSA cases versus all 

healthy control cases. The cut-off value of NfL was calculated as the concentration that 

gave the maximum Youden's index (J = sensitivity + specificity – 1). NfL as predictor for 

survival (after biofluid collection) in patients was analysed using the Log Rank test and 

Kaplan-Meier curves comparing NfL tertiles, and a Cox regression with correction for 

age, both on tertiles and NfL as continuous variables. 
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Statistical analyses were performed on brain volumes (as a percentage of TIV) in STATA 

v14 (Stata-Corp, College Station, TX), between control and patients, using a linear 

regression test adjusting for scanner type, TIV, gender and age. 

The threshold for statistical significance for all analyses was p<0.05. Where prominent 

outliers remained after normalisation, they were excluded, and analyses were repeated 

to evaluate their influence. The analysis was carried out in using STATA and SPSS.  

9.3.3 Results  

We included 212 participants with MSA, of which 165 were recruited to the cross-

sectional study arm, 44 had longitudinal follow-up and 36 were healthy controls. The 

MSA subjects and controls were age (median 63.2 years vs 62.1 years) and sex 

matched. Plasma samples were obtained from 212 MSA patients and CSF samples were 

obtained 114 MSA patients. In 112 MSA cases and 36 healthy controls we acquired 

plasma and CSF matched NfL. In 55 MSA patients we obtained NfL from plasma and 

MRI matched data. The median disease duration at biofluid collection in MSA patients 

was 5 years (ranging from 6 months to 13 years). At the time of data analysis, 152 MSA 

patients (70.9%) were still alive and 87 of them continued to be followed up clinically, 

after fluid collection. Since the fluid collection, 62 cases (29.1%) have died and 53 of 

them were followed up clinically after fluid collection until death. Autopsy confirmed 

MSA diagnosis was achieved in 16 of them (25.8%). The median clinical follow-up of 

living patients, after biofluid collection, was 1.6 years (range 1–14) while median 

survival of deceased patients after biofluid collection was 2.5 years (range 2-11 years).  

Clinical characteristics  

The demographic and clinical characteristics of participants at baseline are presented in 

table 9.9. The MSA cases and controls were age and gender matched. The mean age at 
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inclusion for MSA cases and healthy controls was 62.77 years (range 43-76, ±7.73 

years) and 61.52 years (range 42-80, ±8.66 years) respectively. There were no 

statistically significant differences between the gender of cases and controls (47.2% 

and 43.3% were female, in the MSA and the healthy controls respectively). The average 

age of MSA onset was 58.2 years (range 42-80, ±8.66 years).  

Table 9.9. Subject characteristic for MSA patients included in the biomarkers study  
MSA-C MSA-P P value 

Total number 105 107  
Sex, n female (%) 43 (41) 56 (52.8) 0.112 
Age at onset, years -median (range) 58.12 (8.09) 58.35 (8.48) 0.844 
Age at sample collection, years 62.98 (8.18) 62.99 (8.25) 0.993 
Predominant symptom at onset <0.001 
Autonomic failure 43 (58.1) 41 (56.3) 

 

Cerebellar syndrome 30 (40.5) 4 (5.6) 
 

Parkinsonian syndrome 1 (1.14) 26 (36.6) 
 

Other 0 (0) 1 (1.4) 
 

Diagnostic certainty  0.109 
Possible MSA 27 (26) 16 (14) 

 

Probable MSA  70 (67) 82 (77) 
 

Definite MSA  8 (7) 9 (9) 
 

Disease severity at baseline 
UMSARS total (part I and II) 45.41 (16.55) 46.55 (16.59) 0.622 
Global disability scale 2.56 (1.08) 2.71 (1.19) 0.353 
Progression and Milestones 
Postural instability, n (%) 18 (17.3) 16 (15.1) 0.804 
Wheelchair use outdoor, n (%) 30 (28.6) 25 (22.6) 0.407 
Wheelchair use indoor, n (%) 14 (13.3) 13 (12.3) 1 
Admitted to a nursing home, n (%) 2 (1.9) 5 (4.7) 0.45 
PEG recommended/inserted, n (%) 3 (2.9) 3 (2.8) 1 
Unintelligible speech, n (%) 9 (8.6) 4 (3.8) 0.245 
Dependent on all daily activities, n (%) 1 (1) 2 (1.9) 1 
Biomarkers 
Cross-sectional assessment (166 total 
number of cases) 74 (70.5) 91 (84.9) 

 

Longitudinal follow-up (44 total number of 
cases) 31 (29.5) 16 (15.1) 
Plasma and CSF matched samples (112 
total number of cases) 52 (49.5) 61 (56.6) 
MRI and plasma matches, 55 at baseline 
(14 at follow-up) 

32 (29.1) 29 (27.4) 
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 A high diagnostic certainty was achieved in the majority of MSA cases with 81.2% 

having a diagnosis of probable or definite MSA. There was no significant difference 

between the number of MSA-P and MSA-C included in the study. Furthermore, there 

were no statistically significant differences in the clinical characteristics, disease 

severity, progression and milestones between MSA-P and MSA-C in this study. The MSA 

group studied represented the full spectrum of disease milestones with more than 1/3 

of MSA patients (38.2%) recruited in the early disease stage (presenting with postural 

instability or able to walk independently).  

 

Fluid biomarkers 

In 112 participants with matched NfL and CSF samples the median concentration of NfL 

in the CSF was significantly higher (p<0.001) in MSA patients than in healthy controls 

(4167.07 pg/mL, IQR 2650.30-6431.86 vs 560 pg/mL, IQR 419.5-855). In matched 

plasma samples from the same participants, the median NfL concentration was also 

significantly higher (p<0.001) in MSA patients than in healthy controls (38.03 pg/mL, 

IQR 28.01-50.14 versus 9.13 pg/mL, 8.71-9.84) figure 71A-B).  

We found positive associations between plasma NfL concentrations and age in all MSA 

(p=0.001, rho=0.17). After controlling for age, baseline plasma NfL concentrations were 

significantly higher in MSA patients than in healthy controls (r²=0.43, p<0.001). 

Concentrations of NfL in plasma at baseline were 4.4 times higher in MSA patients than 

in controls (p<0.001) and 1.60 times higher in log transformation MSA than in controls 

(8.23 log pg/mL vs 6.33 log pg/mL, p<0.001). There were no statistically significant 

differences between NfL levels in MSA-P compared MSA-C subgroups in either plasma 

(p=0.8) or CSF (p=0.7).  



	
	

	

	

352	

 

Plasma vs CFS NfL  

We found a significant correlation between concentrations in plasma and CSF 

(rho=0.40, p<0.001, figure 72A), replicated in the healthy group (rho=0.70 p<0.001) 

figure 72B). Furthermore, both CSF and plasma NfL show excellent similar AUC 

suggesting a similar predictive power (AUC=0.995; 95% CI 0.988 to 1.00 for CSF and 

AUC=0.966; 95% CI 0.938 to 0.944 for plasma) (Figure 73A). Based on the analysis 

conducted on the coordinates of the ROC curve the best cut off points to guarantee 

maximum sensitivity (93%) and specificity (97%) were 1158.3254 pg/mL for CSF and 

14.30 pg/mL to guarantee a maximum sensitivity (0.96%) and specificity (100%) for 

plasma NfL.  We then compared plasma NfL in all 212 MSA samples versus all controls 

showing that NfL can distinguish MSA cases from healthy controls with excellent 

accuracy (AUC =0.996, with a cut-off at 10.57 pg/mL to guarantee maximum sensitivity 

(99%) and specificity (88.9%) (Figure 73B).  

Healthy controls  MSA Healthy controls  MSA 

(p
g/

m
L)

  

(p
g/

m
L)

  

A	 B	 ***	

CSF (A) and plasma (B) NfL levels are elevated in MSA compared to healthy controls. 
Mean levels are shown with SD; ***p < 0.001 Data were analyzed using Wilcoxon rank-
sum test.  
	

Figure	71	NfL	concentrations	in	patients	with	MSA	are	significantly	higher	than	controls. 
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Given the strong association between plasma and CSF NfL, and the obvious advantage 

of a non-invasive blood biomarker, we chose to focus on plasma NfL for subsequent 

analyses. 

 

NfL and MSA severity  

We found significant correlation between plasma NfL levels at baseline (rho=0.26, 

NfL levels in plasma and CSF were highly correlated in the MSA cohort (rho=0.40, 
p<0.001) using Spearman rank-order correlation test (A) and healthy control group 
(p<0.001) (B). NfL = neurofilament light chain.  
	

A	 B	
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(pg/mL)  (pg/mL)  
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(%
)	 Plasma NfL 

AUC=0.995 
Sensitivity=93% 
Specificity = 
98% 

CSF NfL 
AUC=0.996 
Sensitivity=96% 
Specificity = 100% 

Plasma NfL 
AUC=0.99 
Sensitivity=98.6% 
Specificity = 94.4% 

A	 B	

Receiver operating characteristic (ROC) curves showed high accuracy for both CSF (blue 
line) and plasma NfL (red line) in MSA (AUC=0.985; 95% CI 0.803 to 0.912 for CSF 
AUC=0.858; 95% CI 0.803 to 0.912 for plasma). B. Receiver operating characteristic 
(ROC) curves showed high accuracy of plasma NfL in distinguishing between MSA cases 
and healthy controls (AUC =0.996, with a cut-off at 10.57 pg/mL to guarantee maximum 
sensitivity (99%) and specificity (88.9%). AUC = area under the curve; NfL = 
neurofilament light chain. 
	

Figure	72Correlation	analysis	of	NfL	concentration	measured	in	plasma	and	in	CSF 

Figure	73	Plasma	NfL	concentration	in	patients	with	MSA	and	diagnostic	accuracy. 
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p<0.001, Figure 74A) and longitudinal yearly changes (rho=0.659, p=0.14, Figure 74B) 

when compared to disease severity represented by UMSARS. The results remained 

statistically significant after adjustment for age (p=0.006).  

Additionally, NfL concentrations differed significantly with increasing disease stages as 

defined by disease milestones (Figure 74C). Our results show a statistically significant 

increase in plasma NfL throughout the course of MSA disease. NfL increase was 

observed from the earliest MSA stages, for example between the onset of minimal 

motor symptom and patients being wheelchair bound (p =0.007); or cases presenting 

with postural instability compared to cases who are wheelchair bound (p= 0.011), as 

well as when comparing these early milestones with the most severe milestone - 

dependency in all daily activities) (p<0.05).  

The association between baseline NfL concentration in plasma and age of disease onset 

was significant (rho=0.17, p=0.01) and the results remained statistically significant after 

adjusting for age at sample collection (p<0.001). 

 

NfL and survival  

Kaplan Meier survival estimates analysis with cross-sectional plasma NfL as a 

continuous variable showed an association between NfL levels and survival (p<0.001, 

HR 1.02 (95% CI 1.01 to 1.03)) (Figure 75A). Higher plasma NfL values are associated 

with a more rapid progression and shorter overall survival. For instance, patients with 

blood NfL values above median (>42.37 pg/mL) reach a mortality HR of up to 2.33 (95% 

CI 1.43 to 3.80, p=0.001) (Figure 75B).  
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A. Associations between NfL concentrations in plasma at baseline and cross-sectional 

clinical measure of Unified Multiple System Atrophy Rating scale (UMSARS) (rho=0.30, 

p<0.003). B. Associations between NfL concentrations in plasma and longitudinal clinical 

measure of Unified Multiple System Atrophy Rating scale (UMSARS) (rho=0.659, p=0.14). 

C. Associations between NfL concentrations in plasma and disease stages defined by the 

disease milestones.  Baseline plasma NfL concentrations by disease stage. Boxes show first 

and third quartiles, the central band shows the median, and the whiskers show data within 

1.5 IQR of the median. The dots represent outliers. ***p < 0.001 

	

Figure	74	Correlation	of	plasma	NfL	with	disease	MSA	disease	severity 
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NfL and MSA progression  

From the 212 MSA participants with baseline plasma, 44 participants returned for at 

least 1 and maximally 3 follow-up visits, with a mean number of 2.1 visits and a median 

observation time of 1 year from the baseline visit. The 6 months follow-up included 11 

patients, 1 year included 27 patients, 1.5 years -4 patients and rest of the follow-ups 

included 1 or 2 patients. Using multilevel modelling analysis we found significant 

associations between NfL concentration in plasma and a subsequent increase in 

UMSARS (p=<0.001, Figure 75). In MSA participants the concentrations of NfL in plasma 

increased significantly from baseline with an increment of 0.4 pg/mL per year 

(p=<0.001).  

Because differential diagnosis of MSA is particularly challenging during the early 

disease stages, we assessed a cohort of patients who all had disease duration of 

between 0 and 3 years (n=68). The levels of plasma NfL were significantly increased in 

early stage MSA cases compared to controls (p<0.0005) (Figure 76A). Plasma NfL 

Spaghetti plot showing longitudinal plasm NfL for changes (n = 44) using a multilevel 
analysis (p=<0.001) as a function of disease duration and subsequent increase in 
UMSARS. 

	

Figure	75	Longitudinal	plasma	NfL	in	MSA 
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accurately distinguished MSA from control in patients with early-stage disease (AUC 

0.999, 95% CI 0.997–1.0), Based on the analysis conducted on the coordinates of the 

ROC curve the best cut of points to guarantee maximum sensitivity (98.6%) and 

specificity (94.4%) was 11.95 pg/mL for plasma NfL in the early stage MSA group. 

(Figure 76B). 

 

NfL and MRI changes  

To study if brain changes are coupled with changes in plasma NfL in MSA, regression 

analysis between NfL rates of change and rates of change in brain imaging modalities 

were performed. There was a statistically significant related negative correlation 

between MRI measures of the entire cohort of whole brain volume (p<0.05, rho: -029) 

and caudate-putamen (p<0.001, rho: -0.561) with higher NfL values being associated 

with smaller brain volumes (Table 9.10).  Significant associations were seen with 

UMSARS (p<0.001) with higher NfL values associated with worse motor performance; 

Controls MSA 

A	 B	

A. Correlation between plasma NfL in early stages MSA and healthy controls. The 
boxplots show that plasma NfL values are much higher in patients with early stage MSA 
(disease duration of 3 years or less at sample collection) compared to healthy controls 
(indicated by 0 years of disease duration). B. Receiver operating characteristic (ROC) 
curves showed high accuracy for plasma NfL in distinguishing early stages MSA from 
controls. The area under the curve (AUC) is 0.999 and plasma NfL cut-off 11.95 pg/mL 
offers 98.6% sensitivity and 94.4% specificity.  
	

Figure	76	Plasma	NfL	in	early	stage	MSA 
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therefore, we included clinical scores in a multivariate regression analysis. The NfL 

correlations with brain region atrophy rates were stronger in a multivariate regression 

analysis after adjustment for age at sample collection, disease duration at sample 

collection and UMSARS value for whole brain volume (p<0.01, r-squared: 0.25), pons 

(p=0.01, r-squared: 0.174), caudate putamen (p<0.001, r-squared: 0.393) but not 

associated with cerebellum (p= 0.172, r-squared: 0.48) or the middle cerebellar 

peduncle (p =1.96, r-squared: 0.044) (Figure 77A-F). 

Brain region  Crossectional (n=55) 
Correlation Multivariate regression 
ρ (rho) P value ß  R-squared P value 

Whole Brain -0.297 < 0.05 0.237 0.25 <0.01 
Pons -0.225 0.101 < 0.001 0.174 0.01 
Caudate-Putamen -0.561 < 0.001 -0.001 0.393 < 0.001 
Cerebellum -0.191 0.166 -0.001 0.048 0.172 
Middle cerebellar 
peduncle 

-0.156 0.273 -0.008 0.044 0.196 

Table 9.10. Brain regions and NfL correlations in MSA.  
Legend: Correlation analysis was performed by Spearman method, from which we 
obtained p value and ρ (rho) for the association between these brain areas and 
neurofilament light chains (NfL) levels in all MSA cases at baseline. The multivariate 
regression was performed analysis adjusting for disease duration, UMSARS scores and 
age at sample to obtain ß (the slope), the correlation value with adjusted R-squared 
and P value.  
 

NfL concentrations in plasma at baseline were not significantly related to cognitive 

score on the MoCA (p = 0.748, r-squared: 0.072) or ACE-III (p = 0.721, r-squared: 0.071) 

(Figure 77G-H). 
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A-F. Associations with global and regional brain volumes, expressed as percentages of total 

intracranial volume. G-H. Associations with cognitive measures in MSA.	

Figure	77	Associations	between	baseline	NfL	concentration	in	plasma	with	brain	atrophy	and	cognitive	
function 
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9.3.4 Discussion  

In this uniquely large and well-characterised MSA cohort we found that NfL 

concentrations are increased in MSA compared to controls, consistent with previous 

reports358;	 377	 and that NfL correlates with disease severity. Additionally, NfL 

concentrations correlate with disease progression assessed by UMSARS and disease 

milestones. NfL in plasma at sample collection was a prognostic indicator for survival. 

Furthermore, the NfL concentration at a given point in time reflected the degree of 

regional brain volumes, indicative of the likely rate of brain atrophy unrelated to age. 

To date, there is no other validated biomarker for MSA that has demonstrated a 

similarly strong prognostic power across a range of clinical, functional and 

neuroimaging outcomes. Our findings suggest that NfL concentrations in plasma offer 

an accessible method to evaluate and predict neuronal damage in people with MSA.  

We further showed that NfL concentrations in plasma and CSF are closely correlated, 

confirming the likely CNS origin of the NfL detected in both biofluids and suggesting 

that NfL in blood could be used to reliably estimate NfL concentrations in CSF. The 

closer predictive power of plasma and CSF NfL provide an obvious advantage for 

plasma NfL to be used when designing future trials since it is a less invasive biomarker 

than CSF. 

We found an association between NfL concentrations in plasma and the atrophy rate 

globally, in whole-brain, and regionally- in the caudate, putamen and pons when 

adjusted for age and motor symptoms severity. These areas correlate well with 

neuropathological studies 341  as well as neuroimaging studies 261; 314 304; 305 297 298 suggesting 

that NfL reflects well the profile of neuronal damage in MSA. A blood marker of 

neuronal damage across the whole brain that could be expected to respond to 
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amelioration of CNS pathology would be extremely helpful for therapeutic 

development. 

Our study is not without limitations. First, some of the cross-sectional and longitudinal 

correlations of NfL with existing outcome measures are small, likely due to both 

biological and measurement variability.	 Accurate quantification of putaminal atrophy, 

for example, is particularly challenging. One potential advantage of measuring NfL is 

that repeated assessment is not needed to indicate the rate of change in the brain at a 

given time point. Thus, modest associations in a natural history study do not preclude 

interpretable changes in NfL concentrations in plasma in response to an intervention 

that ameliorates neuronal damage.	Second, the CSF cohort was smaller than the cohort 

of patients with available NfL concentrations in plasma. Therefore, we could not 

determine whether measurement in plasma is a sufficient alternative or whether there 

remains an additional value for paired NfL quantification in CSF. Third, we do not yet 

have longitudinal data on NfL concentrations in CSF or predictive power of this 

measurement for MSA disease progression. To address these issues and to enable 

comparison of NfL with other proposed biomarkers we have set up a multicentre MSA 

longitudinal study (PROSPECT-M-UK) that will include participants from the premotor 

stages to advanced stages of MSA and controls. Biosamples will be assessed in 

association with clinical and neuroimaging outcomes. Finally, we note that overall NfL 

was a strong predictor of disease severity and progression in this study. However, its 

variability was too great to allow confident prediction in individuals.  

In conclusion, measurement of NfL concentrations in plasma yielded promising results 

as a prognostic blood biomarker of severity, progression, and neuronal damage in MSA. 

We suggest that this approach has a potential role, once validated to regulatory 

standards, in facilitating development of novel disease-modifying therapeutics and, 



	
	

	

	

362	

possibly, guiding treatment decisions once such treatments become available. We 

recommend that quantification of NfL concentrations in plasma be included in future 

observational and therapeutic trials for MSA. Retrospective analysis in blood samples 

collected in previous trials might also be useful, to test for evidence that interventions 

had effects on neuronal damage, even if the clinical outcomes were negative. 



	
	

	

	

363	

General discussion  
	

In this PhD thesis I combined genetics and biomarkers research to define new 

approaches to advance understanding and disease characterisation in rare neurological 

conditions in order to ultimately improve patients care.   

 

By integrating basic research in the field of high-throughput genome analysis, 

functional work, biomarkers and in-depth clinical validation in a series of extensively 

investigated but undiagnosed patients, as a model for disease-causing gene discovery it 

provided an opportunity to translate the results into improved diagnosis, treatment 

and support for improved drug trial design for rare neurological conditions. Using these 

strategies, I discovered three new disease-causing genes, two of which have since been 

independently validated and catalogued as new diseases by the Online Mendelian 

Inheritance in Man (OMIM) and I show that a large proportion of rare diseases genes’ 

discoveries are associated with mutations in previously known genes rather than new 

disease genes. 

 

Finally, I take the experience accumulated working with genetic conditions into 

studying molecular pathways and biomarkers in multiple system atrophy, a rare 

sporadic neurodegenerative condition that currently can have a definite diagnosis only 

at post-mortem. I show that a combination of genomics, clinical, imaging and fluid 

biomarkers can help improve diagnosis and quantify progression, helping to facilitate 

the first disease-modifying clinical trials in MSA.  

Discussion summaries of individual chapters from this PhD are described below.  
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Final discussion of individual result chapters  

 

In genetics, adopting and leveraging next generation sequencing, we are now 

performing an ever-increasing catalogue of genetic testing spanning gene panels, 

whole exome and genome sequencing for diagnosing genetic neurological disorders. 

This paradigm shift in genetic testing has been accompanied by a significant increase in 

diagnostic yield, higher sensitivity to detect low-frequency variants, faster turnaround 

time for high sample volumes, comprehensive genomic coverage, higher throughput 

with sample multiplexing, ability to sequence hundreds or thousands of genes or gene 

regions simultaneously, and in a cost-effective manner. However, clinicians and 

scientists working with genetic data derived from NGS are presented with new 

challenges in sequence interpretation and validation. They range from incomplete 

clinical details to technical limitations related to the sequencing technique, coverage, 

depth of reads, a lack of standardized bioinformatics approaches or incomplete 

functional evidence for the impact of most variants identified by NGS and their link to 

disease. Variant interpretation in clinical practice must be stringent and generally 

exclude reporting of genes for which there is currently no known clinical relevance. 

However, when new candidate genes are identified, it is essential that their association 

with disease is validated and transitioned into clinical practice as soon as possible. In 

this thesis I show the steps involved in this process.  

 

New disease-gene discovery  

In chapter 4, 5 and 6 I describe the steps involved in finding new disease-causing genes. 

The first new disease presented here was PDXK-related Neuropathy, hereditary motor 

and sensory, type VI C, with optic atrophy (OMIM: 618511). This is an example of 
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integrating basic research in the field of high-throughput genome analysis with 

biochemistry, biophysics, cell biology and biomarkers in order to identify the disease-

causing gene and to establish the disease mechanism. The strategy involved in this 

example was: find the gene, establish the disease mechanisms, and fix the problem. To 

find the gene we performed whole genome sequencing in the affected cases and 

prioritized the filtering strategy for novel and very rare variants with high impact on the 

protein. We then we added homozygosity mapping, further filtered those in the shared 

autozygome and identified different mutations, in unrelated families with similar 

phenotype, in one shared gene: PDXK. The added value of expression data was that it 

demonstrated that human peripheral nerve is amongst the tissues with the highest 

expression of PDXK with evidence for expression specifically in peripheral sensory 

neurons. Co-expression analysis showed that PDXK was expressed in the same regulon 

with other genes already linked to peripheral neuropathies providing the evidence that 

the gene and the phenotype were a good match. The next step was to confirm the 

deleterious effect of the identified variants. We used circular dichroism to show 

differences in their secondary structure around the ATP-binding pocket, most likely 

affecting the enzyme’s ability to bind ATP. This finding then led to designing an 

experiment that measured the ATP-binding ability of the PDXK enzyme showing that it 

was severely impaired. As a final step, we looked at how the mutant protein leads to 

disease in order to establish the full disease mechanism. A special enzymatic assay was 

designed in order to measure PDXK enzymatic activity from blood and recombinant 

protein. We showed that there is severe reduction in PDXK enzymatic activity in 

patients compared to controls. Finally, we measured plasma PLP concentrations, the 

end product of PDXK enzymatic reaction, in all affected individuals. PLP was greatly 

reduced in cases carrying compared to age-matched controls. In summary, we mapped 
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the disease to mutations in PDXK, which encodes the pyridoxal kinase, the enzyme 

involved in converting vitamin B6 to its active form, pyridoxal 5’-phosphate (PLP). PDXK 

mutations affect vitamin B6 phosphorylation by inducing conformational 

rearrangements around the kinase ATP-binding pocket. We show that the mutated 

PDXK protein is unable to bind ATP therefore resulting in low enzymatic activity leading 

to reduced plasma levels of activated form of vitamin B6 despite a healthy diet in 

patients. Having established the disease mechanism of PDXK-related disease my next 

question was: can we treat it? Knowing that the patients could not produce PLP due to 

the mutations in PDXK, we gave the patients the end product - the PLP, a 

phosphorylated B6, therefore bypassing the mutations. At the last examinations both 

cases that received treatment were able to walk, being previously wheelchair-bound. 

The clinical improvement was supported by significant increase in plasma PLP levels 

with normalisation of NfL, the marker of axonal breakdown.   

A different approach to disease diagnosis described in this thesis was combining gene-

discovery with pathway analysis by placing the new disease-gene in an already known 

disease pathway, as demonstrated in the case of NKX6-2-related Spastic ataxia 8, 

autosomal recessive, with hypomyelinating leukodystrophy (OMIM: 617560). Using a 

combination of whole exome sequencing and homozygozity mapping we mapped the 

phenotype to chromosome 10. Deleterious nonsense or homeobox domain missense 

mutations in NKX6-2 were found in all families included in the study. NKX6-2 encodes a 

transcriptional repressor with early high general and late focused CNS expression. We 

showed that clinical expression was mutation specific. In-silico analysis of human brain 

expression and network data provided evidence that NKX6-2 is involved in 

oligodendrocyte maturation and may act within the same pathways as genes already 

associated with central hypomyelination. Our data revealed a phenotype spectrum 
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with a neonatal onset, severe disease and worse prognosis at the severe end and a 

childhood onset with mainly motor phenotype at the milder end.  

In the third example of new-disease gene discovered in this thesis, we used genetics to 

guide the discovery of new functions of previously uncharacterised genes, based on 

NAA60-related primary familial brain calcifications. We first performed genome-wide 

sequencing, homozygosity mapping, segregation analysis and in-depth clinical and 

neuroimaging phenotyping for novel disease-causing gene discovery. We used 

immunofluorescence and fluorescence microscopy to assess subcellular distribution 

and characterization. To determine the N-acetylation profiles of various substrates we 

performed in vitro peptide Nt-acetylation assay and immunoprecipitation. 

Pathogenicity was further confirmed by peptide Nt-acetylation, surface biotinylation 

assays and extracellular free phosphate quantification on recombinant protein and 

patient-derived fibroblasts.  We showed that biallelic NAA60 variants cause autosomal 

recessive primary familial brain calcifications leading to disease via reduced Nt-

acetylation of its substrates, one of which is the phosphate importer SLC20A2. We 

revealed that reduced surface levels of phosphate importer SLC20A2 leads to a 

reduction in extracellular phosphate uptake. We further confirm that NAA60 is unique 

among N-terminal-acetyl-transferases for its localization to the Golgi apparatus and we 

show that in NAA60-related disease, the mutant disrupts proper targeting of the 

protein to the Golgi, and instead localises diffusely throughout the cell, in particulate 

structures. In addition to establishing a physiological basis for NAA60-related primary 

familial brain calcifications disease, this study generated a biochemical understanding 

of the mechanism for Nα-acetylation as a fundamental process of Golgi modification. 

As a consequence, our understanding of the role of N-acetylation in the Golgi 

apparatus, the master-processing centre located in all cells, has been expanded.  
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In chapter 7 I show the importance of independent validation of new disease-genes 

and the role of international collaboration in rare diseases. The main characteristic of 

rare diseases is their rarity. Therefore, the international collaboration between 

physicians and researchers working in rare diseases is essential. 

 

Defining the disease spectrum in known disease-genes  

In chapter 8 I show that a significant proportion of recent rare diseases gene 

discoveries are associated with mutations in previously known genes rather than new 

disease genes. Here, using the example of a group of neurodegenerative disorders 

called hereditary spastic paraplegias (HSPs), I show a wider perspective of how a 

genetic variant in a known gene that is responsible for a new disease or phenotype can 

be identified. 

The increasing complexities of genotype–phenotype correlations create a paradox. 

Careful clinical phenotyping is especially important in the genomic era as identifying 

subtle or unexpected distinguishing features of specific genes might help identify the 

underlying genetic mechanisms. 90 Variant interpretation in clinical practice must be 

stringent and generally must exclude reporting of genes for which there is currently no 

known clinical relevance. However, when new candidate genes are identified, it is 

essential that their association with disease is validated and transitioned into clinical 

practice as soon as possible. Ultimately, the decision on how to classify each variant is 

made through consensus interpretation and is beyond the training and expertise of 

most clinicians. Many centres have developed multidisciplinary teams who meet on a 

regular basis to discuss the interpretation and reporting of NGS variants. 91 These 

teams can comprise laboratory clinical scientists, bioinformaticians, clinical and 

research geneticists, neurologists, pathologists, genetic counsellors, and other clinical 
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specialists. Whenever possible, disease-specific or phenotype-specific specialists should 

be involved in these discussions in order to transition the research findings into 

clinically relevant results. 

 

Advancing disease discovery and improving clinical care in sporadic diseases by 

defining clinical, neuroimaging and fluid biomarkers  

In the final chapter, I take the experience accumulated working with genetic conditions 

into studying molecular pathways and biomarkers in multiple system atrophy, a rare 

sporadic neurodegenerative condition that currently only has a definite diagnosis at 

post-mortem. I show that a combination of genomics, clinical, imaging and fluid 

biomarkers can help improve diagnosis and quantify progression, helping to facilitate 

the first disease-modifying clinical trials in MSA.  

This is one of the largest studies from a single country to investigate clinical outcome 

measures in MSA. We found a median survival from symptom onset of 9 years (95% CI 9-

10 years). Older age of onset had a worse prognosis and a cerebellar phenotype at onset 

predicted a longer survival. Natural history of MSA-P and MSA-C are similar. Levodopa 

response, although suboptimal, was recorded in 36.6% of MSA-P and lasting for several 

years. Therefore, the requirement for lack of levodopa response in MSA diagnosis should 

be revised. As a consequence, this study has implications for MSA diagnosis and the design 

of future clinical trials. 

Furthermore, measurement of NfL concentrations in plasma yielded promising results 

as a prognostic blood biomarker of severity, progression, and neuronal damage in MSA. 

We suggest that this approach has a potential role, once validated to regulatory 

standards, in facilitating development of novel disease-modifying therapeutics and, 

possibly, guiding treatment decisions once such treatments become available. We 
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recommend that quantification of NfL concentrations in plasma be included in future 

observational and therapeutic trials for MSA. Retrospective analysis in blood samples 

collected in previous trials might also be useful, to test for evidence that interventions 

had effects on neuronal damage, even if the clinical outcomes were negative. 

 

The crossroads between the research environment and clinical practice in disease 

discovery 

A major challenge in interpreting genomic data is the vast amount of background 

genetic variation. Interpretation of next-generation sequencing data is subtly but 

importantly different between clinical practice and research settings. The fundamental 

question in clinical practice is whether a variant (or variants) adequately explains the 

patient’s phenotype and, crucially, whether the data can be used for further genetic 

counselling or other clinical management. The reporting standards must be rigorous 

and stringent because incorrect interpretation and reporting has disastrous 

consequences for individuals and their families. In research settings, however, 

providing extensive evidence of a variant’s pathogenicity through functional studies is 

typically a prerequisite to verify that it causes disease. A common method is testing the 

effect of a genetic variant in model systems, including various organisms or patient-

derived cultured cells. Gene-specific or biochemical assays should also be used. 

Research using functional studies is important for clinical practice because it can 

validate newly described disease-associated genes and support the interpretation of 

specific variants. When using functional studies as evidence in clinical practice, one 

must critically evaluate the studies to assess the data quality and reliability before 

assigning a weighting to the evidence – supporting, moderate or strong. 
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Limitations in the era of genomics  

In many neurological phenotypes, molecular diagnosis even with NGS is consistently 

less than 40%, and it is important to consider the underlying reasons. Some are 

technical, generally due to incomplete or non-uniform depth of sequencing coverage, 

sometimes due to low capture efficiency, or because of genomic regions that are 

difficult to sequence, such as GC-rich regions, highly repetitive elements, or 

pseudogenes. Furthermore, some variant types, such as repeat expansions, complex 

copy number variants, or other variants causing structural abnormalities in the 

genome, are challenging to identify, requiring specialised testing or additional 

bioinformatics pipelines that are still in development. 42 WES data can also identify 

CNVs and STRs 43 this practice has yet to be adopted widely in the clinical laboratory 

setting. Functional evidence is also an issue for a precise molecular diagnosis. A lack of 

standardized and moderate-throughput analyses of variant impact and the lack of 

biological insight into the function of most human genes are significant issues. In 

addition, variants occurring in non-coding sequences and tissue-specific mosaicism, 

methylation, and di- or oligogenic inheritance will typically not be detected by NGS.  

Interpretation pipelines might differ in their stringency of variant interpretation for the 

target clinical population. Furthermore, prior identification of a variant in a patient 

does not establish its 100% pathogenicity, as some published variants have been later 

reclassified as benign. 44 

Finally, insufficient clinical information, with non-specific clinical presentations (e.g. 

developmental delay and hypotonia), ultra-rare or unrecognized genetic diseases, lack 

of ontology encompassing the complete spectrum of human phenotypes, insufficient 

utilisation of ontologies or 3D facial-gestalt analysis in phenotyping, inconsistent 

multidisciplinary approaches to patient evaluation, the inability to account for and 
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compare age-specific disease presentations and the inability to identify all known 

disease-associated genes are some of the most common challenges hindering 

diagnosis.  

Although a genetic diagnosis can end the diagnostic odyssey and need for ongoing 

investigation, a change in diagnosis may bring about different psychological reactions. 

Some individuals and/or caregivers will feel relieved and reassured if they had doubts 

about the initial diagnosis; however, others may have difficulty adjusting if they have 

developed an identity around the initial diagnosis. 727 

Occasionally, patients who undergo genetic testing are found to have variants in genes 

that are unrelated to the disease that prompted the initial evaluation. Such 

occurrences were well recognised before the introduction of next-generation 

sequencing into clinical practice, but their frequency has increased as larger amounts of 

genetic material are now being analysed than previously.  

The clinical challenge is not performing the tests but interpreting the results, 

particularly for variants of uncertain significance. Patients and families generally do 

want to be told about variants of uncertain significance, and this is where basic 

researchers and clinicians can take additional steps towards a more definitive 

classification of the variant 728 as demonstrated in this PhD. The patient’s phenotype 

should be compared with the gene’s reported phenotypic spectrum. Variant-level 

information must be considered—for example, whether a gene causes the disease 

through loss-of-function or gain-of-function, or through variants in a specific functional 

domain. 729 Testing additional family members, guided by a careful family history 

including any neurodevelopmental disorders, is likely to be helpful. 33 

To address this concern, the ACMG/AMP have published recommendations for 

reporting such findings for clinical evaluation. 730 Hence, the identification of such 
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secondary findings can vary by cohort, ranging from as high as 5% to less than 1%. 731 

Nevertheless, the consensus for all genomic tests is to provide pre-test and post-test 

genetic counselling that includes a discussion of secondary findings and documenting 

the patient’s preference for how such results are reported. 732 

 

Future directions  

The last two decades have seen a massive expansion of genome sequencing with 

dramatic increases in speed and efficiency coupled with considerable reductions in 

cost. 733 At a time when exciting discoveries continue to emerge in this field, many 

challenges accompany genomic advances including the huge amount of data produced 

with consequent storage and data processing challenges. Other challenges include the 

lack of accessibility for low and middle-income countries to NGS platforms, the ethical, 

legal, and social issues regarding privacy, security, sharing and even ownership of 

health data, the lack of precise animal models for gene-to-function association, skew in 

populations used for genetic studies, publication biases etc. 

As DNA sequencing breaks out of the research market and into clinical, consumer and 

other domains, the principle of “more supply means more demand” will probably come 

to the fore in future years. In the coming era of precision medicine, where risk 

calculations will no longer be based on the population average, more people will obtain 

their own whole-genome sequence, probably achieved  non-invasively during 

embryonic development and uploaded to their medical record for a life-long reference 

and yielding even more data per individual. 734 

Thus, a sustained demand for data requires new informatics approaches and massive 

DNA-sequence data sets, which coupled with phenotypic information will enable 

researchers to deduce the biological functions encoded within genome sequences. 
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Apart from more in-depth genomic investigations, there will be more emphasis on 

research combining the study of genomics with that of the other “omics” technologies, 

including proteomics, metabolomics, and epigenetic analyses. 735 

In the future, disease-discovery efforts will define the role of structural genomics’ 

involvement in the comparison of multiple genomes rather than single-species 

genomics, the evolutionary questions, the genome biology of cis regulatory elements 

and of non-coding RNAs, with reference to functional studies and comparative 

analyses, the integration of genomics data with orthogonal information, and even the 

prediction or rejection of the Darwinian evolution modifications through genomic 

‘reading’ and ‘writing’ of life. 735  

 

In conclusion, in this thesis I show new insights for disease-gene discovery that enable 

the identification of disease-mechanisms, define molecular, clinical and fluid 

biomarkers that reflect specific facets of neuropathology and address knowledge gaps 

of major importance for translational research into rare neurological diseases with the 

ultimate goal to improve patient care. 
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Supplemental data  
Supplementary Figure S5.1 Homozygosity mapping in family 3 data. 
 
 

 

 

Supplementary Figure S5.2 Sequence conservation of the homeobox domain.  

Sequence conservation based multiple alignments on 37 Eutherian mammals provided by 

Ensembl. The figure shows a constrained region surrounding the p.Leu163Val mutation in 

NKX6-2 homeodomain. 

Chr	5 
Aff Unaff 

Chr	15 

Chr	8 
Aff Unaff Aff Unaff Aff Unaff 

Aff Unaff Aff Unaff Aff Unaff 

Chr	10 Chr	11 

Chr	12 Chr	19 

NKX6-2 



	
	

	

	

428	

Supplementary Figure S6.1 Immunofluorescence microscopy of primary, permeabilized 

patient fibroblasts showing that Golgi structure appeared intact in all cell lines, both in 

affected (daughter and son) and unaffected individuals (control and mother).  
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Study This study 
Family  I II III IV V VI VII VIII 

Subject 1 2 3 4 5 6 7 8 9 10 11 

M
ut

at
io

n  

c.DNA change c.301C>A; 
c.541C>G 

c.571C>T; 
c.592A>G  

c.598C>T c.196delC c.196delC c.196delC c.196delC c.487C>G c.487C>G c.487C>G c.121A>T  

Amino acid 
change 

p.Arg101Ser; 
p.Leu181Val 

Gln191*; 
Asn198Asp 

p.Arg200Trp p.Arg66Gl
yfs*122 

p.Arg66Glyf
s*122 

p.Arg66Gl
yfs*122 

p.Arg66Glyfs*
122 

p.Leu163Va
l 

p.Leu163Val p.Leu163Val p.Lys41* 

Zygozity Compound 
heterozygous 

Compound 
heterozygou
s 

Homozygous Homozygo
us 

Homozygou
s 

Homozyg
ous 

Homozygous Homozygou
s 

Homozygous Homozygous Homozygous 

Novel/Known 
variant  

Novel; Novel Novel; 
Novel 

Novel Novel Novel Novel Novel Known Known Known Known 

De
m

og
ra

ph
ic

 

Gender Female  Male Female Female  Male Male Female Male Male Female Female 

Age at 
presentation  

5y 3m 3m 1m 1m 1m 1m 1m 1m 7m 2y 

Disease 
duration 
(years) 

9 9 12 6 15 Died at 4 
years 

6 10 Died age 3 
years 

8 4y 

Consanguinity  No No Yes Yes Yes Yes Yes Yes Yes Yes No 

Ethnicity German Romanian  Persian  Arab Arab Arab Arab Arab Arab Arab Indian 

Ge
ne

ra
l  

Prenatal 
complications 

Beeding in first 
trimester 

No  No Gestationa
l diabetes  

NA NA No No No No No 

Microcephaly Macrocephaly No No No No No No No Yes No No 

Dysmorphic 
features 

No No No No No No No No Yes No No 

Congenital 
anomalies 

No NA No No NA NA No No Patent Dutus 
Arteriosus 

No No 

Symptom at 
onset 

Ataxia and 
dysarthria  

Nystagmus Nystagmus, 
ataxia 

Nystagmu
s 

Nystagmus Nystagmu
s 

Nystagmus Nystagmus Nystagmus Ataxia and 
nystagmus 

Ataxia  

N
eu

ro
co

gn
iti

ve
  

Developmental 
delay 

Motor Motor Severe global 
psychomotor 
delay 

Severe 
global 
psychomo
tor delay 

Severe 
global 
psychomot
or delay 

Severe 
global 
psychom
otor delay 

Severe global 
psychomotor 
delay 

Severe 
global 
psychomot
or delay 

Severe global 
psychomotor 
delay 

Severe global 
psychomotor 
delay 

Motor 

Hypertonia/sp
asticity 

Yes  Yes Yes Yes  Yes  Yes  Yes  Yes  Yes  Yes Yes 

Hypotonia No Yes. 
Progressed 
to spasticity 

No No Yes. 
Progressed 
to 
spasticity 

Yes. 
Progresse
d to 
spasticity 

Yes. 
Progressed to 
spasticity 

No Yes. 
Progressed to 
spasticity 

No No 

Ataxia Yes  Yes  No walking No No No No No No Yes Yes 
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Other 
movement 
disorder 

No No No No  No  No  No  No  No  No No 

Eye 
examination 

Normal Nystagmus. 
Strabismus 

Nystagmus 
(rotary), pale 
optic discs, 
hypometric 
saccades. 
Strabismus 

Nystagmu
s 

Nystagmus Nystagmu
s 

Nystagmus Nystagmus Nystagmus Nystagmus, 
hypometric 
sacades, pale 
optic discs 

Normal 

Seizure Yes, severe 
therapy-
refractive 
epilepsy 

No  No No No No No No No No No 

Other clinical 
features  

No No Scoliosis No Gastrostom
y 

No No Gastrostom
y, 
undescend
ed testicles, 
severe 
caries  

No No No 

M
ile

st
on

es
 

Achieved head 
control 

Yes No No NA No No Minor control NA No No Yes 

Achieved 
ambulation  

Yes No 8 months No No No No No No 2 years 20 months 

Uses mobility 
aids ( from 
what age) 

13 years NA 3 years No No No No No No 2 to 3 years  No 

Whealchair-
bound/bedridd
en 

No Yes from 3 years Yes Yes Yes Yes Yes NA from age 3 
years  

No 

Achived 
meaningful 
speech 

Yes No No No No No No No No No Yes 

N
eu

ro
im

ag
in

g White matter 
abnormalities 

No Yes  Severe 
hypomyelinati
on  

Hypomyeli
nation 

NA NA Hypomyelinat
ion 

Hypomyelin
ation 

Hypomyelinati
on 

Hypomyelina
tion 

Hypomyelina
tion 

Cerebral 
atrophy 

No No Mild cerebral 
atrophy 

No NA NA No No No Yes No 
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Supplemental S7.2.1. Genotype-phenotype description all NKX6-2 mutations reported to date.  
 

Study Chelban et al 
Family  VII VIII IX 

Subject 12 13 14 15 16 17 

M
ut

at
io

n 

c.DNA change c.121A>T  c.121A>T  c.121A>T  c.121A>T  c.487C>G  c.487C>G  
Amino acid 
change 

p.Lys41* p.Lys41* p.Lys41* p.Lys41* p.Leu163Val p.Leu163Val 

Zygozity Homozygous Homozygous Homozygous Homozygous Homozygous Homozygous 
Novel/Known 
variant  

Known Known Known Known Known Known 

De
m

og
ra

ph
ic

 

Gender Male Female Male Female  Female Male 

Age at 
presentation  

5 y 3m 6m 12m 1m 1m 

Disease duration 18 years 27 years 7 years 43 years 6 years 4 years 

Consanguinity  Yes Yes Yes Yes Yes Yes 
Ethnicity Indian Indian Indian Indian Arab Arab 

Ge
ne

ra
l  

Prenatal 
complications 

No No No No No No 

Microcephaly No No No No No No 

Dysmorphic No No No No No No 

Basal ganglia 
abnormalities  

No No No No NA NA Yes No Yes No Yes 

Peri/paraventri
cualr cysts 

No No No No NA NA No No No No No 

Thin corpus 
callosum 

No No No No NA NA No No No Yes No 

Cerebellar 
atrophy 

Yes No Yes No NA NA No No Yes Yes Yes 

Other  Chronic lesion 
in the fronto-
temporal white 
matter 

No  Abnormal 
VEP-visual 
pathway 
involvement. 
Normal ERG. 

No NA NA No No No No No 
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Study Chelban et al 
Family  VII VIII IX 

Subject 12 13 14 15 16 17 

features 

Congenital 
anomalies 

No No No No No No 

Symptom at onset Nystagmus Ataxia Nystagmus Nystagmus Nystagmus Nystagmus 

N
eu

ro
co

gn
iti

ve
  

Developmental 
delay 

Motor Motor Motor Motor Severe global psychomotor 
delay 

Severe global psychomotor 
delay 

Hypertonia/spasti
city 

Yes Yes Yes Yes Yes Yes 

Hypotonia No No No No No No 
Ataxia Yes Yes Yes Yes Yes Yes 

Other movement 
disorder 

Dystonia in the neck 
and upper limbs 

Dystonia in the 
upper limbs 

Dystonia Dystonia in the upper limbs No No 

Eye examination Nystagmus 
(horizontal).Limitation 
of the eye movements  

Nystagmus 
(horizontal).Hypo
metric sacades.  

Nystagmus (horizontal). 
Hypometric sacades. 

Limitation of the eye 
movements  

Hypometric sacades, 
nystagmus 

Hypometric sacades, 
nystagmus 

Seizure No No No No No No 
Other clinical 
features  

Head titubation Head titubation No Head titubation No No 

M
ile

st
on

es
 

Achieved head 
control 

Yes Yes Yes Yes NA No 

Achieved 
ambulation  

12 m 2 years 2 years 13 m NA NA 

Uses mobility aids 
( from what age) 

8 years  5 years  5 years  4 years NA NA 

Whealchair-
bound/bedridden 

10 years 8 years 8 years 9 years NA NA 

Achived 
meaningful 
speech 

Yes Yes Yes yes No No 

N
eu

ro
im

ag
in

g 

White matter 
abnormalities 

Hypomyelination Hypomyelination Hypomyelination Hypomyelination Hypomyelination Hypomyelination 
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Study Chelban et al 
Family  VII VIII IX 

Subject 12 13 14 15 16 17 

Cerebral atrophy No No No No No No 

Basal ganglia 
abnormalities  

No No No No No No 

Peri/paraventricu
alr cysts 

No No No No No No 

Thin corpus 
callosum 

No No No Yes No No 

Cerebellar 
atrophy 

Yes Yes Yes Yes No No 

Other  No No No No No No 
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Study Dorboz et al Anazi et al Baldi et al 
Family  X XI XII XIII XIV XV XVI XVII XVIII XIX 

Subject 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 

M
ut

at
io

n  

c.DNA 
change 

c.606delinsTA c.565G>T c.565G>T c.599G>A; 
c.589C>T 

c.599G>A; 
c.589C>T 

c.196delC c.196del c.196del c.196del c.487C>G  c.487C>G  c.608G>A 

Amino acid 
change 

p.Lys202Asnfs
*? 

p.Glu189* p.Glu189* p.Gln197*; 
p.Arg200Gln 

p.Gln197*
; 
p.Arg200G
ln 

p.Arg66Glyfs
*122 

p.Arg66
Glyfs*1
22 

p.Arg66Gl
yfs*122 

p.Arg66Glyfs*122 p.Leu163Val p.Leu163Val p.Trp203* 

Zygozity Homozygous Homozygous Homozygous Compound 
heterozygou
s 

Compoun
d 
heterozyg
ous 

Homozygous Homozy
gous 

Homozyg
ous 

Homozygous Homozygous Homozygous Homozygous 

Novel/Kno
wn variant  

Known  Known  Known  Known  Known  Known  Known  Known  Known Known Known Known 

De
m

og
ra

ph
ic 

Gender Male Male Female Male Male Female Male Female Male Male Female Male Male Fema
le 

Female Female 

Age at 
presentati
on  

2m 2m 1m 3m 6m NA 12m 3y 3m 3m 6w 1m 14m 1w 1m 1m 

Disease 
duration 
(years) 

10 Died at 
16.5m 

13 4 3 10 19m 5 1 4 10 14m 14m Died 
at 1 
year 

12m 12m 

Consangui
nity  

Yes Yes Yes  No No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Ethnicity NA Moroccan Moroccan NA NA Arab Arab Kuwait Arab Arab Oman Oman Arab Arab Arab Arab 

Ge
ne

ra
l  

Prenatal 
complicati
ons 

No No No No No NA No No No No No No No Pre-
matu
re 
(born 
35 w 
gesta
tion) 

Pre-
mature 
(born 28 w 
gestation) 

Pre-
mature 
(born 28 w 
gestation) 

Microceph
aly 

Yes Yes Yes No No NA No Yes NA NA No NA Yes Yes NA NA 
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Study Dorboz et al Anazi et al Baldi et al 
Family  X XI XII XIII XIV XV XVI XVII XVIII XIX 

Subject 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 

Dysmorphi
c features 

NA NA NA NA NA NA No NA NA NA Frontal 
bossingbul
bous nose, 
hypodonti
a 

NA No No Elongated face, gum 
hypertophy, hugh 

arched palate, crowded 
teath.  

Congenital 
anomalies 

NA NA NA NA NA NA No No No No No No No No No No 

Symptom 
at onset 

Nystagmus  Nystagmus  Nystagmus  Nystagmus  Gross 
motor 
delay  

NA Develop
mental 
delay, 
hypoton
ia 

Motor 
regressio
n 

Spasticity  Develo
pment
al 
delay 

Nystagmus  Nystag
mus  

Hypo
tonia 

Ence
phal
opat
hy  

Likely seizures (tonic 
limbs and uproling eyes) 

Ne
ur

oc
og

ni
tiv

e 
 

Developme
ntal delay 

Motor Motor Motor Motor Severe 
global 
psychomo
tor delay 

Severe 
global 
psychomotor 
delay 

Severe 
global 
psycho
motor 
delay 

Severe 
global 
psychom
otor 
delay 

Severe 
global 
psychom
otor 
delay 

Severe 
global 
psycho
motor 
delay 

Severe 
global 
psychomot
or delay 

Severe 
global 
psycho
motor 
delay 

Seve
re 
globa
l 
psyc
hom
otor 
delay 

Severe 
globa
l 
psyc
hom
otor 
delay 

Severe 
global 
psychomot
or delay 

Severe 
global 
psychomot
or delay 

Hyperton
ia/spasticit
y 

Yes Yes Yes Yes Yes NA Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Hypotonia Yes. 
Progressed to 
spasticity 

No Yes. 
Progressed 
to spasticity 

Yes. 
Progressed 
to spasticity 

Yes. 
Progresse
d to 
spasticity 

Yes NA Axial 
hypotonia 

NA NA Axial 
hypotonia 

Axial 
hypoto
nia 

Axial 
hypo
tonia 

Yes Yes Yes 

Ataxia NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Other 
movement 
disorder 

Severe 
dystonia 

Severe 
dystonia 

Severe 
dystonia 

No No NA NA NA NA NA NA NA NA NA Dystonia Dystonia 
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Study Dorboz et al Anazi et al Baldi et al 
Family  X XI XII XIII XIV XV XVI XVII XVIII XIX 

Subject 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 

Eye 
examinatio
n 

Nystagmus 
(horizontal). 
Optic pallor. 
Poor visual 
acuity 

Nystagmus 
(horizontal). 
Optic pallor. 
Poor visual 
acuity 

Nystagmus 
(horizontal). 
Optic pallor. 
Poor visual 
acuity 

Nystagmus 
(pendular). 
Mild optic 
pallor and 
strabismus.P
oor visual 
acuity 

NA Strabismus Nystag
mus 
(horizon
tal). 
Visual 
impairm
ent 

Nystagmu
s 
(horizont
al). Visual 
impairme
nt 

Visual 
impairme
nt 

No Nystagmus 
(horizontal
). Visual 
impairmen
t 

Nystag
mus 
(horizo
ntal) 

Nyst
agm
us 
(hori
zonta
l) 

NA Nystagmus 
(horizontal
) 

Nystagmus 
(horizontal
) 

Seizure No No No No No NA No No NA NA Yes Yes No NA Yes No 
Other 
clinical 
features  

Gastrostomy 
(2 y). 
Respiratory 
failure and 
apneic 
episodes (2y) 

Gingival 
hypertrophy. 
Gastrostomy 
(2 y). Hip 
dislocation 
and 
scoliosis.Resp
iratory failure 
and apneic 
episodes (1y) 

Gingival 
hypertrophy. 
Hip 
dislocation 
and scoliosis 

Swallowing 
difficulties 
requiring 
gastrostomy.   

No Scoliosis No Contractu
res 

Contract
ures, 
neck 
dystonia 

Hearin
g 
impair
ment  

No Contra
ctures. 
Hirsuti
sm 

No No Scoliosis. Contractures 

M
ile

st
on

es
 

Achieved 
head 
control 

No No No No NA NA lost 
from 
6m  

NA NA NA NA NA NA NA NA NA 

Achieved 
ambulation  

NA NA NA NA NA NA No NA NA NA NA NA NA No No No 

Uses 
mobility 
aids 

NA NA NA NA NA NA No NA NA NA NA NA NA No No No 

Whealchair
-
bound/bed
ridden 

NA NA NA NA NA NA No NA NA NA NA NA NA Yes Yes Yes 

Achived 
meaningful 
speech 

No No No No few words 
at 2 years 

NA No No NA NA NA NA NA NA NA NA 
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Study Dorboz et al Anazi et al Baldi et al 
Family  X XI XII XIII XIV XV XVI XVII XVIII XIX 

Subject 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 

Ne
ur

oi
m

ag
in

g  

White 
matter 
abnormalit
ies 

Hypomyelinat
ion 

Hypomyelina
tion 

Hypomyelina
tion 

Hypomyelina
tion 

Hypomyel
ination 

Hypomyelina
tion 

Hypomy
elinatio
n 

Hypomyel
ination 

Hypomye
lination 

Hypom
yelinati
on 

Hypomyeli
nation 

NA No No Hypomyeli
nation 

Hypomyeli
nation 

Cerebral 
atrophy 

No No No No No NA No NA Generaliz
ed 

Genera
lized 

Generalize
d 

Yes No No Yes Yes 

Basal 
ganglia 
abnormalit
ies  

No No No No No NA NA NA NA NA NA NA NA NA NA NA 

Peri/parav
entricualr 
cysts 

No No No No No NA NA NA NA NA NA NA NA NA NA NA 

Thin 
corpus 
callosum 

No No No No No NA No NA Yes Yes Hypoplasia NA No No Yes Yes 

Cerebellar 
atrophy 

Yes Yes Yes No No NA No NA NA NA No NA No No Yes Yes 

Other  No No No No No NA No No No No No No No No No No 
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Supplementary S7.2.2. Genotype-Phenotype description of the eight new families 

reported in this study.   

Family I is of German descent. Early childhood and initial gross motor development of 

proband F1-III:1 were unremarkable. She presented with ataxia and speech 

development regression aged 5 years, and first tonic, secondary-generalized, seizure 

aged 6 years. At age 13 years neurological examination revealed spastic-ataxia and 

focal seizures. Whole exome sequencing performed in the proband and unaffected 

relatives identified two novel compound heterozygous missense variants in NKX6-2, 

c.301C>A (p.Arg101Ser) and c.541C>G (p.Leu181Val). Segregation analysis showed 

that p.Arg101Ser was maternally inherited and p.Leu181Val was present in the 

paternal grandmother confirming the bi-allelic status (Figure 2B). The p.Arg101 and 

p.Leu181 are conserved and highly conserved amino acids in eutherians (Figure 2C), 

and the two variants identified in the proband are predicted likely pathogenic and 

pathogenic respectively (Table 1). The p.Leu181Val had a frequency of 0.0001 in 

gnomAD database while p.Arg101Ser was absent from all publicly available databases 

and in-house ethnically matched controls.  

Family II is of Romanian descent. The proband F2-II:1 presented aged 3 months with 

nystagmus and hypotonia that progressed to spasticity. The boy did not achieve 

initial motor milestones and was unable to sit-up or walk.  He never achieved head 

control and verbal output. The initial symptoms were noticed after routine childhood 

immunization. The disease progressed and by age 8 years the patient was 

wheelchair-bound with a severe pyramidal weakness and spasticity, predominantly 

involving lower limb, associated with nystagmus, reduced up-gaze and ataxia. 

Genetic analysis revealed two novel compound heterozygous mutations in NKX6-2, 
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the nonsense c.571C>T (p.Gln191*) and the missense c.592A>G (p.Asn198Asp) each 

carried by the unaffected parents. The c.571C>T (p.Gln191*) creates a premature 

stop codon predicted to cause loss of the Homeobox domain and the c.592A>G 

(p.Asn198Asp) is a missense located in highly conserved amino-acid position in the 

Homebox functional domain with a CADD score of 25.  

In an Iranian, consanguineous family, patient F3-II:1 presented at 3 months with 

nystagmus and ataxia. She never achieved head control. At age 7 months she could 

say 2 words but has had no other meaningful verbal output since then. At 8 months 

she was able to sit up and hold objects but has had no further motor development. 

At last examination age 12 years she had severe pyramidal weakness, spasticity, 

strabismus and ataxia. We identified the c.598C>T (p.Arg200Trp) homozygous 

mutation in the proband, also present in heterozygous state in both parents. The 

c.598C>T is a novel amino acid change in a known pathogenic position located within 

the Homeobox functional domain.  

 

Families IV, V, VI and VII are consanguineous from Saudi Arabia. Families IV and V 

share a known homozygous truncating variant in NKX6-2, c.196delC 

(p.Arg66Glyfs*122) that fully segregated with the disease. Proband F4-III:3 had 

nystagmus diagnosed soon after birth. She later developed severe pyramidal 

weakness, spasticity, delayed motor milestones, and never achieved head control or 

independent ambulation. At last examination aged 6 years, she presented global 

developmental delay, nystagmus and severe spastic tetraplegia, bedridden with no 

meaningful verbal output. Two cousins were similarly affected (F4-III:1 and F4-III:2) 

one of whom died at four years of age. A similar clinical picture was reported in the 
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proband from family 5 (F5-II:1) who presented with nystagmus soon after birth and 

progressed to global psychomotor developmental delay.   

Family VI and VII carry a previously reported homozygous missense mutation 

c.487C>G (p.Leu163Val) with many children affected. The cases reported here (cases 

F6-IV:11 and F6-IV:10, F7-III:3) experienced disease onset in the neonatal period with 

nystagmus and hypotonia. The disease progressed to severe spastic quadriplegia and 

delay in both receptive and expressive language skills. The patients never achieved 

head control or ambulation. Furthermore, patient F6-IV:11 required gastrostomy at 3 

years due to dysphagia and recurrent aspirations.  His sibling, F6-IV:10 died suddenly 

at 3 years with no further details available.  

 

Family VIII is of Gujarati origin. The proband (case F8-III:1) presented at 2 years with 

ataxia and motor developmental delay affecting mainly gross and fine motor skills. 

She started walking at 20 months, had normal speech and cognitive development. At 

last examination at 4 years she had ataxia, intention tremor, walked with a wide-base 

gait with normal ocular movements and normal cognitive development for age. 

Genetic analysis found a known homozygous nonsense mutation c.121A>T (p.Lys41*) 

that segregates in both unaffected parents.  
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Supplementary Table S7.3.1. MYORG Primers used for Sanger sequencing 
confirmation. 
	

c.DNA change Amino acid 
change 

Forward Reverse 

c.176G>A p.Gly59Asp CGGCAGCAAATGGAAATATCA GGAGTAGACATCGCTGGTGA 
c.325C>T p.Gln109Ter CGGCAGCAAATGGAAATATCA GGAGTAGACATCGCTGGTGA 
c.349T>C p.Ser117Pro CATGCAGTTCTCTATCCCGC GGACGCCCAGGTAAAGTAGG 
c.1383C>G p.Pro420Arg CGATGTCTACTCCTCCGACG AGCGCCATCTCAGTGTAGC 
c.1401_1402insCG
CTGGTG 

p.Trp426Cysfs*11 CGATGTCTACTCCTCCGACG AGCGCCATCTCAGTGTAGC 

c.1611C>T p.Pro496Leu CTACTTCAAGTTCGACGCGG GGACGCCCAGGTAAAGTAGG 
c.1598C>T p.Ser533Leu CTACTTCAAGTTCGACGCGG GGACGCCCAGGTAAAGTAGG 
c.1634G>A p.Gly545Asp CTACTTCAAGTTCGACGCGG GGACGCCCAGGTAAAGTAGG 
c.1832G>T p.Arg611Leu CTACTTCAAGTTCGACGCGG GGACGCCCAGGTAAAGTAGG 
c.1967T>C p.Ile656Thr CTACTTCAAGTTCGACGCGG GGACGCCCAGGTAAAGTAGG 
c.2162G>A p.Gly680Ser CTACTTCAAGTTCGACGCGG GGACGCCCAGGTAAAGTAGG 
c.2212_2213del p.Leu696Profs*10 CTACTTCAAGTTCGACGCGG GGACGCCCAGGTAAAGTAGG 
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Supplementary Table 7.3.2. Description and classification of all MYORG mutations reported in this study. 

Variant description Variant classification Evidence for classification 

Frequency  

Segreg

ation 

Location 

and 

functional 

domain 

Computational predictions 

c.DNA 

change 

Amino acid change Zygosity 

in 

patients 

Novelty Mutation 

type 

rsNumber ACMG criteria  ACMG 

classificatio

n 

gnomAD 

All 

Total 

allele 

count 

(het) 

In-house 

controls 

(4000) 

  Conserv

ation 

(GERP 

++ 

score) 

CADD 

score 

Mutatio

nTaster 

c.176G>A p.Gly59Asp Hom Known missense  rs7788636
51 

PM1, PM2, 
PP2, PP4 

Likely 
pathogenic 

0.000041 11 0 hom/ 
0 het 

NA N-
terminal 
cytoplasm
ic domain 

3.3 5 Disease 
causing 

c.325C>T p.Gln109Ter Comp het Known nonsense rs7461040
60 

PVS1, PM1, 
PM2, PM4, 
PP3, PP4 

Pathogenic 0.000004 1 0 hom / 
0 het 

yes Helical 
transmem
brane 
domain 

4.87 35 Disease 
causing 

c.349T>C p.Ser117Pro Comp het Novel aa 
change in 
known 
pathogenic 
position 

missense  rs7557429
95 

PM1, PM2, 
PM5, PP4, 
PP2, PP3 

Likely 
pathogenic 

0.000009 9 0 hom/ 
0 het 

yes Extracellul
ar 
glycosidas
e domain 

5.82 25 Disease 
causing 

c.1383C>G  p.Pro420Arg Comp het Novel missense  NA PM1, PM2, 
PP2, PP4  

Likely 
pathogenic 

absent absent 0 hom/ 
0 het 

yes Extracellul
ar 
glycosidas
e domain 

5.08 24.2 Disease 
causing 

c.1401_14
02insCGCT
GGTG 

p.Trp426Cysfs*11 Comp het Known frameshift 
insertion 

rs7796581
30 

PVS1, PM2, 
PM4, PP3, 
PP4 

Pathogenic 0.0000106
9 

1 0 hom/ 
0 het 

NA Extracellul
ar 
glycosidas
e domain 

NA NA Disease 
causing 

c.1611C>T p.Pro496Leu Hom Novel	 missense  NA PM1, PM2, 
PP1, PP2, PP4 

Likely 
pathogenic 

absent absent 0 hom/ 
0 het 

yes Extracellul
ar 
glycosidas
e domain 

5.27 16.4 Disease 
causing 

c.1598C>T p.Ser533Leu Comp het Known missense  rs7613924
40 

PM1, PM2, 
PP2, PP3, PP3, 
PP4 

Likely 
pathogenic 

0.000025 6 0 hom/ 
1 het 

yes Extracellul
ar 
glycosidas

5.59 26.2 Disease 
causing 



	
	

	

	

443	

e domain 

c.1634G>
A 

p.Gly545Asp Comp het Known missense  rs1997709
30 

PM1, PM2, 
PP2, PP3, PP4  

Likely 
pathogenic 

0.0000616
3 

17 0 hom/ 
2 het 

yes Extracellul
ar 
glycosidas
e domain 

5.59 27 Disease 
causing 

c.1832G>T p.Arg611Leu Comp het Known missense  rs7579440
00 

PM1, PM2, 
PP2, PP3, PP4  

Likely 
pathogenic 

0.0000206
9 

5 0 hom/ 
0 het 

yes Extracellul
ar 
glycosidas
e domain 

5.56 28.5 Disease 
causing 

c.1967T>C p.Ile656Thr Comp het Known missense  rs3709443
50 

PM1, PM2, 
PP2, PP3, PP4  

Likely 
pathogenic 

0.0000250
0 

7 0 hom/ 
1 het 

NA Extracellul
ar 
glycosidas
e domain 

5.27 24.9 Disease 
causing 

c.2162G>
A 

p.Gly680Ser Comp het Known missense  COSM469
5529 

PM1, 
PM2,PP2, 
PP3, PP4  

Likely 
pathogenic 

absent absent 0 hom/ 
0 het 

yes Extracellul
ar 
glycosidas
e domain 

5.54 26.6 Disease 
causing 

c.2211_22
12del 

p.Leu696Profs*10 Comp het Novel frameshift 
deletion 

NA PVS1, PM2, 
PM4, PP2, 
PP3, PP4 

Pathogenic absent absent 0 hom/ 
0 het 

yes Extracellul
ar 
glycosidas
e domain 

NA NA Disease 
causing 

ENST00000297625, Genbank transcript ID NM_020702. Position on Genome Reference Consortium human genome build 38 (GRCh38). Legend: aa- amino acid, 
Comp het  - compound heterozygous, hom – homozygous, ACMG - American College of Medical Genetics and Genomics, EXAC- Exome Aggregation Consortium, 
NA- not available, hom-homozygous, het- heterozygous, GERP++ score- Genomic Evolutionary Rate Profiling score, CADD -Combined Annotation Dependent 
Depletion. In house controls consist of 2800 control cases.  
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Supplementary 7.3.3. Phenotype-Genotype correlation for the MYORG mutations 

identified in this study. 

Family 1 is of Pakistani descent. The proband, case 1, was born to consanguineous parents 

and presented at 40 years with right arm and leg tremor and rigidity. Her initial clinical 

examination one year later showed profound facial hypomimia, hypermetric saccades and 

reduced upgaze. There was profound bilateral bradykynesia with increased tone. Her gait 

showed reduced arm swings and a combination of ataxia and difficulties turning. 

Archimedes spiral drawing showed a profound increase in spiral density and handwriting 

had a three-sentence micrographia. She had limited response to high doses of Levodopa. 

Cognitive testing showed good working memory but reduced verbal fluency, a concrete 

verbal reasoning and an impaired Luria 3 test. 	

 WES identified a homozygous variant in MYORG -the c.176G>A, p.Gly59Asp. Located in a 

conserved amino acid position, this variant was absent in our in-house control dataset of 

2800 individuals and was absent in homozygous state in Genome Aggregation Database 

(gnomAD).   

Family 2 is of Middle Eastern origin from Israel. We have previously reported the clinical 

presentation of the two affected siblings. The older brother (patient 2) presented at 52 

years with walking difficulty, cramps, dysarthria and memory impairment (MMSE 27/30). 

The younger brother (patient 3) presented at 45 years with vertigo, ataxia, memory 

impairment (MMSE 28/30) and headache.   WES in the two affected siblings identified a 

shared homozygous c.1611C>T, p.Pro496Leu. This variant was absent in our in-house and 
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all publically available databases and is located in a conserved amino acid position 

affecting the glycosidase functional domain. 	

Family 3 is Caucasian of British origin. Extensive brain calcifications were identified at the 

age of 87 years as incidental findings during clinical evaluation for Bell’s palsy (patient 4). 

Detailed neurological examination revealed only mild cerebellar and extrapyramidal signs 

including reduced arm swing, dysdiadochokinesia and broad-based gait.  WES revealed a 

compound heterozygous mutation c.1598C>T, c.1634G>A (p.Ser533Leu,p.Gly545Asp). 

Both variants are very rare wih p.Ser533Leu found with a frequency of 0.000045 and the 

p.Gly545Asp  in  0.0001 in gnomAD and are located in a evolutionary highly conserved and 

conserved amino acid position respectively. With CADD scores of 26 and 27, these variants 

are predicted to affect the extracellular glycosidase functional domain.	

Families 4-7 are non-consanguineous, Caucasian, of Italian origin. In family 4 we found two 

compound heterozygous variants:  c.2211_22126del, c.349T>C (p.Leu696Profs*10, 

p.Ser117Pro). The p.Leu696Profs*10 is a frameshift deletion absent in our in-house and all 

publically available databases and located in a conserved amino acid position predicted to 

lead to nonsense-mediated decay (NMD). The p.Ser117Pro is a novel amino acid change in 

a known pathogenic position. The two variants segregated with the disease in the family. 

The proband (case 5) presented at age 56 with asymmetric akinetic-rigid parkinsonism and 

supranuclear gaze palsy with poor response to Levodopa, mimicking a PSP case. 

Progressive deterioration of motor function, dysarthria, dysphagia and gait ataxia became 

evident over the following years. Depression was reported at age 60 and was treated with 

sertraline. 	
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In family 5 we found two compound heterozygous missense variants, the c.2162G>A, 

c.1383C>G (p.Gly680Ser, p.Pro420Arg). Both variants are absent in publically available 

databases and are located in highly conserved and conserved amino acid positions 

respectively and segregated with the disease in the family. The proband (patient 6) 

presented at age 73 with dysarthria and mild ataxic gait. Mild parkinsonism became 

evident over the following 4 years and was levodopa responsive. Dysarthria showed a 

progressive course making speech less intelligible. No cognitive or psychiatric disturbances 

have emerged 8 years after the onset. 	

In family 6 we found two compound heterozygous variants, the c.325C>T, c.1832G>T 

(p.Gln109Ter, p.Arg611Leu). Both variants are very rare with gnomAD frequencies of 

0.000004 and 0.000025 respectively with p.Gln109Ter leading to a premature termination 

and a highly truncating protein with a predicted loss of the entire extracellular topological 

domain. These variants and segregated with the disease in the family. The proband 

(patient 7) presented progressive dysarthria and dysphagia since age 62 and was 

incidentally diagnosed with PFBC when admitted for a lacunar cerebral stroke. Cognitive 

impairment was present by the age of 67 and dysarthria was the most disabling clinical 

feature. 	

In family 7 we found two compound heterozygous variants, the 

c.1401_14026insCGCTGGTG, c.1967T>C (p.Trp426Cysfs*11, p.Ile656Thr), both found with 

very rare frequencies in gnomAD (0.000045 and 0.00001 respectively). The 

p.Trp426Cysfs*11 is a frameshift insertion predicted to lead to severe protein truncation 

and NMD and the p.Ile656Thr is located in a conserved amino acid position within the 

glycosidase functional domain. The proband (case 8) showed a PSP-like phenotype at the 
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age of 62 years (akinetic-rigid parkinsonism, frequent falls, staring gaze with vertical gaze 

palsy) that progressed over 16 years along with gait ataxia, cognitive decline, urinary 

incontinence and diffuse pyramidal signs. At the age of 68, the patient was bed-ridden and 

required assistance for self-care. 
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Table S8.1.1. Description of all known spastin mutations included in the study 

Family 
number 

Case 
number 

cDNA 
sequence Amino acid change Location Functional 

Domain 
Heterozygous/Ho

mozygous 
Consequence of 

mutation 
Type of 

mutation 
Accession 

number (AN) MAF in Exac 

1 48 c.85dupC p.Leu29fs*18 Exon 1 N-term Heterozygous Frameshift small indel CI063729 NA 

2 57 c.68G>A p.Arg23Lys Exon 1 N-term Heterozygous Missense SNV rs558882317 MAF 
0.0008/4 

4 88 c.131C>T p.Ser44Leu Exon 1 N-term Heterozygous Missense SNV rs121908515 MAF   
0.005415 

5 95 c.131C>T p.Ser44Leu Exon 1 N-term Heterozygous Missense SNV rs121908515 MAF   
0.005415 

6 56 c.131C>T p.Ser44Leu Exon 1 N-term Heterozygous Missense SNV rs121908515 MAF   
0.005415 

10 92 c.484G>A p.Val162Ile Exon 2 MIT Heterozygous Missense SNV rs141944844 MAF 
0.001879 

11 
30 

c.486dupT p.Ile163Tyrfs*7 Exon 2 MIT Heterozygous Frameshift small indel CI063728 NA 
84 

13 93 c.843_846dup
ATCT p.Gly283Ilefs*9 Exon 5 MTBD Heterozygous Frameshift small indel CI076999 NA 

14 111 c.843_846dup
ATCT p.Gly283Ilefs*9 Exon 5 MTBD Heterozygous Frameshift small indel CI076999 NA 

17 16 c.983_984dup
TA p.Met329* Exon 6 Outside 

domain Heterozygous Nonsense small indel CI090391 NA 

18 58 c.1004+2T>A / Intron 6 AAA Heterozygous Splicing SNV CS000465 NA 

19 
37 c.1082C>T p.Pro361Leu Exon 7 AAA Heterozygous Missense SNV CM042482 NA 
41 c.1082C>T p.Pro361Leu Exon 7 AAA Heterozygous Missense SNV CM042482 NA 

20 3 c.1091G>T;109
3C>T 

p.Arg364Met;p.Pro3
65Ser Exon 7 AAA in-cis mutation Missense SNV CM11420; 

CM103636 NA; NA 

21 33 c.1096G>A p.Glu366Lys Exon 7 AAA Heterozygous Missense SNV Published but 
no AN NA 
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Family 
number 

Case 
number 

cDNA 
sequence Amino acid change Location Functional 

Domain 
Heterozygous/Ho

mozygous 
Consequence of 

mutation 
Type of 

mutation 
Accession 

number (AN) MAF in Exac 

22 29 c.1098+1G>A / Exon 7 AAA Heterozygous Splicing SNV CS063390 or 
CS000466 NA 

30 32 c.1157A>G p.Asn386Ser Exon 8 AAA Heterozygous Missense SNV CM044068 - 
rs121908514 NA 

35 23 c.1196C>T p.Ser399Leu Exon 9 AAA Heterozygous Missense SNV CM022250 NA 

36 81 c.1209_1211d
elCTT p.404del Exon 9 AAA Heterozygous Inframe deletion small indel CD052506 NA 

37 
70 

c.1209C>G p.Phe403Leu Exon 9 AAA Heterozygous Missense SNV CM063175 NA 45 
109 

38 67 c.1216A>G p.IIe406Val Exon 9 AAA Heterozygous Missense SNV CM060485 NA 
39 69 c.1216A>G p.IIe406Val Exon 9 AAA Heterozygous Missense SNV CM060485 NA 
40 15 c.1217T>G p.Ile406Arg Exon 9 AAA Heterozygous Missense SNV CM060485 NA 

41 
49 

c.1245+1G>A / Intron 9 AAA Heterozygous Splicing SNV CS011845 NA 
39 

42 36 c.1245+1G>A / Intron 9 AAA Heterozygous Splicing SNV CS011845 NA 
43 42 c.1245+5G>A / Intron 9 AAA Heterozygous Splicing SNV CS011845 NA 
45 9 c.1285delG p.Val429fs Exon 10 AAA Heterozygous Frameshift small indel CD114205 NA 
46 76 c.1291C>T p.Arg431* Exon 10 AAA Heterozygous Nonsense SNV CM000437 NA 
47 97 c.1291C>T p.Arg431* Exon 10 AAA Heterozygous Nonsense SNV CM000437 NA 
48 103 c.1307C>T p.Ser436Phe Exon 10 AAA Heterozygous Missense SNV CM00477 NA 
49 5 c.1350A>T p.Arg450Ser Exon 11 AAA Heterozygous Missense SNV CM114204 NA 
50 107 c.1378C>T p.Arg460Cys Exon 11 AAA Heterozygous Missense SNV CM042786 NA 
51 60 c.1378C>T p.Arg460Cys Exon 11 AAA Heterozygous Missense SNV CM042786 NA 
52 89 c.1378C>T p.Arg460Cys Exon 11 AAA Heterozygous Missense SNV CM042786 NA 



	
	

	

	

450	

Family 
number 

Case 
number 

cDNA 
sequence Amino acid change Location Functional 

Domain 
Heterozygous/Ho

mozygous 
Consequence of 

mutation 
Type of 

mutation 
Accession 

number (AN) MAF in Exac 

53 112 c.1378C>T p.Arg460Cys Exon 11 AAA Heterozygous Missense SNV CM042786 NA 
54 113 c.1378C>T p.Arg460Cys Exon 11 AAA Heterozygous Missense SNV CM042786 NA 

60 10 c.1493+18G>T / Intron 12 AAA Heterozygous Splicing SNV rs189961829 MAF 
0.003066 

62 101 c.1508G>T p.Arg503Leu Exon 13 AAA Heterozygous Missense SNV CM030281 NA 
64 55 c.1536+2T>G / Intron 13 AAA Heterozygous Splicing SNV CS021767 NA 
69 85 c.1649C>T p.Thr550Ile Exon 15 AAA Heterozygous Missense SNV CM065472 NA 

71 66 c.1676insG p.Pro560Serfs*17 Exon 15 AAA Heterozygous Frameshift small indel CI114206 NA 

72 

72 

c.1684C>T p.Arg562* Exon 15 AAA Heterozygous Nonsense SNV rs121908518, 
CM000441 NA 77 

80 

73 12 c.1684C>T p.Arg562* Exon 15 AAA Heterozygous Nonsense SNV rs121908518, 
CM000441 NA 

74 94 c.1684C>T p.Arg562* Exon 15 AAA Heterozygous Nonsense SNV rs121908518, 
CM000441 NA 

75 106 c.1684C>T p.Arg562* Exon 15 AAA Heterozygous Nonsense SNV rs121908518, 
CM000441 NA 

76 64 c.1685G>A p.Arg562Gln Exon 15 AAA Heterozygous Missense SNV CM022254 NA 
77 91 c.1687+1G>T / Intron 15 AAA Heterozygous Splicing SNV CS107591 NA 
78 99 c.1702C>T p.Gln568* Exon 16 AAA Heterozygous Nonsense SNV CM090418 NA 
79 110 c.1720delG p.Ala574Profs*4 Exon 16 AAA Heterozygous Frameshift small indel CD030353 NA 

80 2 c.1728+1G>A / Intron 16 AAA Heterozygous Splicing SNV CS000472 NA 

81 68 c.1728+1G>T / Intron 16 AAA Heterozygous Splicing SNV CS002468 NA 
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Family 
number 

Case 
number 

cDNA 
sequence Amino acid change Location Functional 

Domain 
Heterozygous/Ho

mozygous 
Consequence of 

mutation 
Type of 

mutation 
Accession 

number (AN) MAF in Exac 

19 

82 26 c.1728+2T>C / Intron 16 AAA Heterozygous Splicing SNV CS004671 NA 

83 21 c.1728+2T>C / Intron 16 AAA Heterozygous Splicing SNV CS004671 NA 

87 20 c.1728+2T>C / Intron 16 AAA Heterozygous Splicing SNV CS004671 NA 

28 62 1735A>C p.Asn579His Exon 17 AAA Heterozygous Missense SNV CM054863 NA 

86 
59 c.1805_1808d

up AAGC p.Tyr604Serfs*28 Exon 17 Outside 
domain Heterozygous Frameshift small indel CI114207 NA 

102 

89 65 Deletion of 
exon 1 - - N-TERM/ MIT Heterozygous Whole exon 

deletion 
whole exon 

CNV CG072715 NA 

90 47 Deletion of 
exon 1 - - N-TERM/ MIT Heterozygous Whole exon 

deletion 
whole exon 

CNV CG072715 NA 

91 105 Deletion of 
exon1-7 - - ALL Heterozygous Whole exon 

deletion 
whole exon 

CNV CG066493 NA 

93 52 Deletion of 
exons 1-17 - - ALL Heterozygous Whole exon 

deletion 
whole exon 

CNV CG072716 NA 

94 22 Deletion of 
exons 2-16 - - ALL Heterozygous Whole exon 

deletion 
whole exon 

CNV CG073890 NA 
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Family 
number 

Case 
number 

cDNA 
sequence Amino acid change Location Functional 

Domain 
Heterozygous/Ho

mozygous 
Consequence of 

mutation 
Type of 

mutation 
Accession 

number (AN) MAF in Exac 

95 

25 Deletion of 
exons 16-17 - - ALL Heterozygous Whole exon 

deletion 
whole exon 

CNV CG066497 NA 

28 Deletion of 
exons 16-17 - - ALL Heterozygous Whole exon 

deletion 
whole exon 

CNV CG066497 NA 

96 24 
131G>T, 

deletion of 
exons 2-9 

p.[Ser44Leu(+)deleti
on] 

Exon 1, 
whole exon 

2-9 
ALL Heterozygous Missense, Whole 

exon deletion 

SNV and 
whole exon 

CNV 
rs121908515 MAF   

0.005415 

97 44 131G>T, 
463_465del 

p.Ser44Leu, 
p.155_155del 

Exon 1, exon 
2 N-TERM/ MIT Heterozygous Missense, Inframe 

deletion 
SNV, small 

indel rs121908515 MAF   
0.005415 
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S8.1.2.	Variants	of	unknown	significance	

	

Family 
# 

Case 
# 

c.DNA 
change 

Amino acid 
change 

E/I Functional 
Domain 

Consequence 
of mutation 

Effect 

2 57 c.68G>A p.Arg23Lys E 1 N-term Missense 
Unknown 

significance 

8 100 c.315G>A p.Pro105Pro E 1 
Outside 

domain 

Synonymous/ 

silent 

Unknown 

significance 

4,5,6 
88,95

,56 
c. 131C>T p.Ser44Leu E1 N-term Missense 

Intragenic modifier, 

Unkown 

significance 

103, 10 
119, 

92 
c.484G>A p.Val162Ile E 2 MIT Missense 

Unkown 

significance 

27 27 c.1107A>G p.Thr369Thr E 8 AAA 
Synonymous/ 

silent 

Unknown 

significance 

23 79 
c.1099-

35A>G 
/ I 7 AAA Splicing 

Unknown 

significance 

31 38 c.1155G>A p.Gly385Gly E 8 AAA 
Synonymous/ 

silent 

Unknown 

significance 
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S8.1.3.	NCS	results	in	Spast	patients		

Case 
# 

MOTOR NCS SENSORY NCS 
Median nerve Ulnar nerve  Tibial nerve MEP  Median nerve Ulnar nerve  Sural nerve 

DL <4 

ms 

CMAP 

amp 

>8mV 

MCV 

>50 

m/s 

DL 

<3.5 

ms 

CMAP 

amp 

>8 mV 

MCV 

>51 

m/s 

DL 

<5.5 

ms 

CMAP 

amp 

>7.5 mV 

MCV 

>40 

m/s 

LL 

<17 

ms 

SNAP 

amp 

>10mV 

SCV 

>49 

m/s 

SNAP 

amp 

>13mV 

SCV 

>52 

m/s 

SNAP 

amp 

>9mV 

SCV 

>40 

m/s 

13 4 7.7 51 2.3 9.9 53 4.4 4.3 44 na 5 48 5 48 5 45 

53 4.4 7.3 52 2.6 12.5 59 4.9 8.7 53 na 20 54 10 49 18 51 

71 3.7 11.1 53 na na na 6.5 0.6 na na 9 54 5 50 14 48 

3 4.8 11.6 48 3.4 10.4 51 5.9 4.8 42 na 8 41 5 40 7 50 

11 3.9 7.2 49 2.3 9 59 na na na na 8 36 6 63 na na 

18 na na na 3.1 9.4 50 5.4 7.9 44 na 26 59 7 61 14 45 

26 8.5 6 53 na na na 4.3 6 42.5 na 5 57.1 2.3 56.5 3 36 

58 4 8 na 3.4 13.6 na 3.9 15.1 na na 10.5 50 10 49 28.5 47.5 

66 3.8 12.5 54 na na na 4.7 2.7 47 na 16 39 na na 2 54 

67 na na na na na na 5.7 11.7 45 16 na na na na 25 47 

27 4.8 6.5 51 na na na 3.6 8.9 45 N 4 48 6 57 7 43 

21 6.1 4.6 55 3.1 8.1 62 5.2 8.6 43 19.9 32 43 na na 8 45 

75 3.8 5.1 53 3.7 10.2 59 3.3 Absent 32 na 2 50 4 50 Absent Absent 

73 na na na 2.5 12 na 4.7 12 47 na 12 57 na na 16.5 46.5 

69 na na na 3.1 11.2 na 3.9 16.6 na 12.8 na na na na 18 49 

23 2.9 9.5 55 2.5 10.8 68 3.5 17.3 43 na 21 54 17 53 23 44 

33 na na na 2.5 11.3 59 3.8 10.8 49 5.9 17 54 11 61 30 56 

59 4.7 9.1 54 3 8 57 5.8 0.8 42 na 14 41 6 43 9 55 

6 na na na na na na 5.6 11.6 49 

 

na na na na 20 46 

36 4.1 6.9 59 na na na 5.6 8.7 49 na 30 53 12 50 21 47 

56 3.9 3 60 3.1 9.5 58 5 5.4 51 na 19.3 56 5.3 54 10.1 44 

22 na na na na na na 4.5 12.3 47 na na na na na 25 56 
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Case 
# 

MOTOR NCS SENSORY NCS 
Median nerve Ulnar nerve  Tibial nerve MEP  Median nerve Ulnar nerve  Sural nerve 

DL <4 

ms 

CMAP 

amp 

>8mV 

MCV 

>50 

m/s 

DL 

<3.5 

ms 

CMAP 

amp 

>8 mV 

MCV 

>51 

m/s 

DL 

<5.5 

ms 

CMAP 

amp 

>7.5 mV 

MCV 

>40 

m/s 

LL 

<17 

ms 

SNAP 

amp 

>10mV 

SCV 

>49 

m/s 

SNAP 

amp 

>13mV 

SCV 

>52 

m/s 

SNAP 

amp 

>9mV 

SCV 

>40 

m/s 

60 5.7 5.4 49 3.2 5.7 50 na na na na 3 33 1 67 na ma 

32 na na na na na na 3.1 16.6 54 20.3 na na na na na na 

35 2.5 8.9 na na na na 3.4 6.6 na na na na na na na na 

19 na na na na na na 6.6 0.4 47 na na na na na 11 54 

7 na na na na na na 3.5 4.6 53 na na na na na 3.1 42 

38 3.6 7.8 59 2.6 11.3 50 3.7 10.6 55 11.4 14 58 7 58 6 48 

57 4 9.5 55 2.7 12.4 na 5.8 1.1 40 na 15 56.5 12 55.5 32 40 

41 4.4 4.8 56 2.1 9.4 56 6.7 1.7 53 na 7 46 5 50 8 62 

45 na na na na na na 5.1 12.5 40 na na na na na 9 51 

40 na na na na na na 3.2 6.6 48 na na na na na 6 53 

9 3.7 9 55 na na na 4.1 7 46 na 5 43 8 62 na na 

42 na na na 2.4 12.8 58 3.6 12.7 na 15 20 52 na na 26 52 

80 4.2 20 33.8 2.8 13 36 5.6 na 29.2 na 14 36.7 9 37 6 25.6 

83 
na na na na na na 6.4 3 42 na 18 49 9 46 Not 

elicit 

na 

87 na na na 8.1 11.5 50 11.5 4.2 46 na 14 na 5 na 13 na 

114 2.7 8 57 na na na 4 2.6 70 na 28 54 na na 15 54 

DL-distal latency, CMAP-compound muscle action potential, SNAP-sensory nerve action potential. Amp-amplitude, MCV-motor 

conduction velocity, SCV-sensory conduction velocity, na-not available, LL-lower limbs. 
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Supplementary Figure  S8.1.3. MRI brain scans showing cysts in the posterior fossa (A, B, C), 
thin corpus callosum (B, E, F) and cerebellar atrophy (G, H, I).  
	

B A C 

A-T1 sagittal view, B-T1 coronal view post gadolinium, C-T2 (case 69). The cystic lesion 
(narrow arrow) located in the left cerebellar lobe, indenting the lateral wall of the fourth 
ventricle presents a thin wall, with a few thin internal septa in its inferior portion. There is 
no evidence of enhancement of the wall after contrast administration, and no soft tissue 
components are identified.  There is also a posterior fossa arachnoid cyst (large arrow). 

D E F 

D and F-T1 sagital views-The splenium of the corpus callosum is mildely thinned and there 
is abnormal signal within it extending into the peritrigonal white matter (D, case 5) and 
moderatelly slender in the posterior 2/3rds (case 27). E- Few tiny nonspecific foci of 
abnormal signal elsewhere within the cerebral white matter.  

G H I 

G-T1 sagittal view, H-T2, I-T2 coronal view (case 57). There is marked cerebellar volume 
loss (arrow) and supratentorial volume loss with minimal non-specific periventricular white 
matter abnormality. 
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Supplementary S8.2.1. Pathway enrichment analysis for PSEN1 and significantly 
enriched pathways associated with HSP causative genes 
 
We used PanelApp database (https://panelapp.genomicsengland.co.uk/) (last accessed on 

the 18/03/19) to construct a tiered query on all known causative genes for HSP. Only 

genes with a diagnostic – grade status in PanelApp were included in the putative 

interactome. Functional enrichment analyses, including the construction of functional 

protein – protein interaction (PPI) networks were performed via the STRING database. The 

networks were constructed using Cytoscape v3.6.1 (https://cytoscape.org/). 

In silico knockdown of PSEN1 

To assess the perturbations caused by PSEN1 mutations in its interactome, we retrieved 

its predicted functional partners via STRING; these proteins constituted “Network 1”, i.e. 

an interactome representing the physiological function of the PSEN1-dependent 

pathways. By removing PSEN1 itself from the PPI, we produced “Network 2”, i.e. an 

interactome whose functions would be mediated in the absence of PSEN1.   

 
Pathway enrichment analysis via STRING revealed that the derivative 55 HSP-associated 

proteins interactome, has several significantly enriched pathways (PPI enrichment p-value: 

< 1.0 e-16). Among 72 significantly enriched molecular processes, Network 1, which does 

not include PSEN1, was found to mediate axo-dendritic-transport (False Discovery Rate, 

FDR=0.0034), cell morphogenesis involved in neuron differentiation (FDR=0.0116), 

neurogenesis (FDR=0.0123), axon development (FDR=0.0097) and myelination 

(FDR=0.0121).  
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The HSP protein – protein interaction (PPI) network. Each network node represents a 

protein; the colored lines connecting them represent different lines of evidence used to 

map each interaction.  

As a next step, we aimed to determine whether all HSP – causative (including PSEN1) 

genes represent a biological network (hence dubbed “Network 2; N2”) mediating specific 

biological functions. N2, comprised of 103 genes, was associated in turn with 97 

significantly enriched (FDR <0.05) pathways involved in neurogenesis, axonal 

development, CNS myelination and intracellular protein transport. Pathways associated 

with PSEN1 included neurogenesis, axonal development and protein localization, but did 

not include myelination.  

The effect of deleterious PSEN1 mutations on its interactome with in silico PSEN1 

knockdown  
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In the previous step, we determined in silico pathways associated with HSP genes, and 

PSEN1-associated pathways. Next, we focused on PSEN1-associated pathways in a broader 

spectrum, and determined the impact of a deleterious mutation on them. STRING 

(accessed 18/03/19) provided a list of 10 predicted functional partners for PSEN1, 

henceforth dubbed “Network A; Na ”; by retaining these proteins without PSEN1 itself, 

“Network B; Nb ” was produced, representing Na's function in a PSEN1 knockdown 

scenario.  

Both networks produced significantly enriched pathways (PPI enrichment p-value:  4.44e-

16 and PPI enrichment p-value: < 1.0e-16 correspondingly). PSEN1 knockdown in Network 2 

resulted in several differences in the pathways, functions and processes when compared 

to Network 1. Notably, a salient difference arose in the KEGG pathways “neurotrophin 

signaling” and “Wnt signaling”, which were not preserved between Network 1 and 2.  

Supplementary S8.2.2. PSEN1 mutations associated with spastic paraparesis.  

 
Study Mutations Exon Families 

(n) 
Age of 
onset 

Neuropathological 
findings 

Onset  

Kwok et al. 
(1997) 

p.Arg278Thr Δ290-319 EX8 1 34 - SP 

Crook et al. 
(1998) 

Skipping of exon 9 IVS8-
IVS9 
HL-VI 
(MA) 

1 45- 55 CWP SP 

Farlow et al. 
(2000) 

p.Arg278Thr EX8 1 38 CWP SP 

Houlden et 
al.(2000) 

p.Ile83_Met84del 
 

EX4 
TM-I 

 

1 34-38 CWP SP 

Houlden et al. 
(2000) 

p.Pro436Gly EX12 
TM-IX 

1 20-42 CWP SP  

Verkkoniemi et 
al. (2001) 

Skipping of exon 9 IVS8-
IVS9 
HL-VI 
(MA) 

1 61, 57 CWP, DP SP, Ataxia, 
dementia 

Sodeyama et al. p.Phe237Ile  1 31 - SP 
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(2001) 
O’Riordan et al. 
(2002) 

p.Glu280Gly EX12 
TM-IX 

 

1 40-43 Amyloid plaques, 
CWP 

SP, 
Myoclonus, 
Ataxia 

Tabira et al. 
(2002) 

p.Pro284Leu EX8 
HL-VI 
(MA) 

1 32 CWP SP  

Tabira et al. 
(2002) 

Δ9 (g.58303 G>A) IVS8 
HL-VI 
(MA) 

1 46 CWP SP  

Jacquemont et 
al. (2002) 

p.Pro264Leu EX8 1 54 - SP 

Assini et al. 
(2003) 

p.Arg278Lys EX8 1 45,41 - SP 

Brooks et al. 
(2003) 

Skipping of exon 9 - 1 44 CWP SP 

Kwok et al. 
(2003) 

p.Leu271Val EX8 
HL-VI a 

1 41-50 CWP, DP SP, Ataxia, 
Pyramidal,Par
kinsonism 

Rogaevaet al. 
(2003) 

p.Glu280Gln EX8 
HL-VI 
(MA) 

 

1 27 CWP in cortex, 
striatum, 
thalamus, 
spinal cord 

SP, cognitive 

Ataka et al. 
(2004) 

p.Leu85Pro EX4, 
TM-I 

1 25 - SP, cognitive, 
parkinsonism  

Beck et al. (2004) p.Pro436Gly EX12 
TM-IX 

1 42 Amyloid plaques,                  
CWP 

SP, 
parkinsonism
, cognitive  

Dowjat et al. 
(2004) 

p.Pro117Leu  EX5 
 HL-I 

1 32,33 Amyloid plaques rigidity, 
Myoclonus/ 
Jerks 

Hattori et al. 
(2004) 

p.Tyr154Asn  1      37 - SP 

Moretti et al. 
(2004) 

p.Lys155_Tyr156insPheIle EX5 
HL-II 

1     28 Amyloid plaques,                  
CWP 

SP, memory 
impairment 

Finckh et al. 
(2005) 

p.Leu113Glu EX4 
HL-I 

1 33 Amyloid plaques SP, 
Myoclonus/ 
Jerks, all 
dementia 

Dumanchin et al. 
(2006) 

c.869-22_869-23ins18 
 

p.Thr291Pro 
 
 

p.Pro264Leu 
 
 

p.Glu280Gly 

IVS8 
HL-VI 
(MA) 
EX9 
HL-VI 
(MA) 

 
EX8 
HL-VI a 

 
EX8 
HL-VI 
(MA) 

1 
 
 

1 
 
 

2  
 
 

1 

42,47 
 
 

33 
 
 

47-55 
 
 

40-48 

Amyloid plaques,                  
CWP ,CAA 

 
                - 
 
 

Amyloid plaques,                  
CWP ,CAA 

 
Amyloid plaques,                  

CWP ,CAA 
 

SP, congitive 
 
 
SP 
 
 
SP, cognitive 
 
 
SP, cognitive 
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Rudzinski et al. 
(2008) 

p.Asp135Ser EX5 
TM-II 

1 32               - SP, cognitive 

Gomez-Tortosa 
E, (2010) 

p.Val261Leu EX-8 
TM-VI 

1 40               - SP, cognitive  

Martikainen et al. 
(2010) 

p.Pro264Leu EX8 
HL-VI a 

1 51-64            CWP Cognitive, SP,  
Myoclonus, 
Jerks 
 

Wallon et al. 
(2012) 

p.Pro264Leu EX8 
HL-VI a 

1        – CWP SP 

Wallon et al. 
(2012) 

p.Phe386Ser EX11 
TM-VII 

1 – CWP SP  

Sinha et al. 
(2013) 

 p.Glu280Gly EX8 
HL-VI 

1 47 Amyloid plaques, 
CWP 

SP 

Saint-Aubert et 
al. (2013) 

p.Gln223Arg EX7 
TM-V 

1       –    
CWP 

SP 

Dolzhanskaya et 
al. (2014) 

p.Leu381Phe EX11 
TM-VII 

1 32 Amyloid plaques SP,dementia, 
ataxia  

Gallo et al. (2017) p Met84Val EX4 
TM-I 

1 49-58 - SP,Dementia 

 
 (in bold cases with SP onset before dementia) 


