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Abstract

Background: Syndromic forms of diabetes mellitus (DM) are rare monogenic diseases

characterised by the presence of extra pancreatic clinical manifestations including for

example developmental delay, blindness and deafness that accompany DM. Wolfram

syndrome, also known as DIDMOAD is a progressive neurodegenerative disease

characterised by diabetes insipidus, DM, optic atrophy and deafness among other

manifestations, is caused by mutations in WFS1 and is one of the diseases explored in this

study. Another syndrome examined in this project is the pigmentary hypertrichosis

insulin dependent diabetes (PHID) syndrome characterised by cutaneous abnormalities

and generalised inflammation in addition to DM, and is caused by mutations in SCL29A3.

Despite the various known genes associated with syndromes of DM, there remains a

number of genetically uncategorised multi-systemic disorders of DM that are yet to be

explored.

Aims: To understand the genetic and functional mechanisms behind various syndromes

of DM in a cohort of 19 patients.

Methods: The clinical history of all patients was obtained by the referring clinicians. The

genetic methods involved undertaking Homozygosity Mapping and Whole Exome

Sequencing and validation of findings by Sanger sequencing methods. As for the

functional understanding of the identified mutations, Western Blots and real time

quantitative Polymerase Chain Reaction (RT-PCR) experiments were performed on

cultured skin biopsies from these patients.

Results: Novel and rare mutations in WFS1 and CISD2 were identified in 12 patients that

presented with different allelic variations of Wolfram syndrome, revealing its wide

genetic heterogeneity. The functional effects of these mutations were assessed by

immunoblotting patient fibroblasts which revealed decreased levels of protein expression
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in most of these patients. Additionally, a novel 3’UTR mutation in SLC29A3 was

identified in two siblings with PHID syndrome. Immunoblotting and RT-PCR

experiments revealed the damaging effects of this 3’UTR variant on protein and mRNA

levels, respectively. Additionally, two potentially novel syndromes were identified in a

total of 5 patients. A novel missense mutation in the energy sensing enzyme AMPKB1

encoded by PRKAB1 was uncovered and functionally analysed in two siblings with

obesity, type 2 DM and speech delays, making this the first study that links the AMPK

heterotrimer to a distinct phenotype in humans. Moreover, a novel de novo heterozygous

mutation in MYO15A was identified in three unrelated patients with DM and

microcephaly, highlighting a potentially novel syndrome linked to MYO15A.

Conclusion: This study has expanded the existing literature on some of the known

syndromes of DM and has provided opportunities for further research on the findings of

potentially novel syndromes of DM.
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1.1 Overview of diabetes mellitus

Diabetes mellitus (DM) is a growing global health epidemic characterized by

hyperglycaemia secondary to insulin resistance, abnormal insulin secretion, insulin

deficiency or excessive glucagon release (Winkelman et al., 2016). The typical clinical

manifestations of hyperglycaemia are polyuria (excessive urination), polydipsia

(excessive thirst) and weight loss that is sometimes accompanied by polyphagia

(excessive hunger) (American Diabetes Association, 2010).

DM is a serious medical condition associated with various life threatening conditions.

Adults with DM are at a 3-fold increased risk of dying from myocardial infarcts and

strokes compared to non-diabetic individuals (Sarwar et al., 2010). Another condition

associated with DM is neuropathy which combined with reduced blood flow increases

the chances of developing foot ulcers and infections, which eventually result in

amputations (World Health Organisation, 2017,

http://www.who.int/mediacentre/factsheets/fs312/en/). Blindness secondary to diabetic

retinopathy is another devastating condition associated with DM and it is estimated that

2.6% of global blindness is attributed to DM (Leasher et al., 2016). The presentation of

DM can sometimes be accompanied by ketoacidosis which is a life-threatening condition

where the blood PH reaches dangerously low levels (American Diabetes Association,

2010; Lewis et al., 2014).

Nevertheless, some types of DM and their accompanying consequences can be

successfully managed, treated and complications delayed or avoided. This involves

pharmacological treatment, regular screenings, maintaining a normal body weight,



Chapter One: Introduction to Diabetes Mellitus

44

following a healthy diet and engaging in regular physical activity (World Health

Organisation, 2017, http://www.who.int/diabetes/global-report/en/)

1.2 Prevalence of diabetes mellitus

Presently, there are nearly 26 million people in the United States alone diagnosed with

various subtypes of DM with another 79 million individuals with pre-diabetes, implying

that one third of the American population is affected by this disease (Winkelman et al.,

2016; Blair, 2016). The World Health Organisation (WHO) has predicted that DM and

its accompanying consequences will be the 7th leading cause of death by 2030 (Mathers

et al., 2006).

As for the United Kingdom (UK), DM was estimated to cost the National Health Service

(NHS) around 10% of its grand yearly budget. (Want, 2014). It is estimated that the NHS

spending on DM will reach 16.9 billion GBP in 2035 and the cost of treating conditions

secondary to DM will rise to 13.5 billion GBP in 2035 (Diabetes UK, 2017). These figures

illustrate the severity of this chronic metabolic disease and demonstrates its taxing effects

on our societies and health care systems.
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1.3 Diagnosis of diabetes mellitus

1.3.1 Blood glucose measurements

The diagnosis of DM is established around one of the three measurements of blood

glucose (table 1.1). A patient can be diagnosed with DM if he or she has a fasting blood

glucose equal to or greater than 126 mg per dl (7.0 mmol/L) on two separate time points.

The main drawbacks of this test are the the requirement for an eight-hour fast prior the

test, a 12 to 15% day-to-day discrepancy in fasting blood glucose levels and a slightly

low sensitivity for predicting microvascular consequences (Patel and Macerollo, 2010).

DM can be also diagnosed by a random blood glucose reading equal to or greater than

200 mg/dL (11.1 mmol/L) in individuals presenting with the classic symptoms of DM

(eg: polyuria, polydipsia, weight loss, blurred vision & fatigue). Random blood glucose

values that are lower than the 200mg/dl cut off have a high specificity of 92 to 98%.

Hence, individuals with values between 140 to 180 mg/dL (7.8-10.0mmol/L) are

recommended to undergo further diagnostic testing for DM (Patel and Macerollo, 2010;

American Diabetes Association, 2015).

The oral glucose tolerance test (OGTT) is regarded as the first-line diagnostic test for

DM. Its main disadvantages include poor reproducibility and patient compliance due to

the required eight-hour fast prior to the 75g glucose load in adults and 1.75g anhydrase

glucose/ Kg in children up to a total of 75g. After two hours, a blood draw is obtained

from the patients. The diagnostic cut-off value is a blood glucose level equal to or greater

than 200 mg/dL (11.0 mmol/L) (Patel and Macerollo, 2010).
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In 2003, the diagnosis threshold of impaired fasting glucose was lowered by the American

Diabetes Association (ADA) to include values that lie between 100 and 125 mg/dL (5.6

and 6.9 mmol/L). Impaired glucose tolerance is diagnosed when the blood glucose levels

lie between 140 and 199 mg/dL (7.8 and 11.0 mmol/L) two hours after having a 75 g

glucose load. Patients with impaired fasting glucose and impaired glucose tolerance are

at a significantly increased risk to developing DM and should be advised on strategies to

decrease their risk (eg: weight loss and exercise) (Patel and Macerollo, 2010).

1.3.2 hbA1C%

Glycated haemoglobin levels (hbA1C%) is a measurement used as a diagnostic and

screening tool for DM where a value higher than 6.5% on two different occasions is

considered diagnostic of DM. The main advantage of using hbA1C% in the clinical

setting is its lack of fasting requirement. However, its major limitations include low

sensitivity, possibility of discrepancies and interference by certain medications and

anaemia (Patel and Macerollo, 2010). Table 1.1 describes the tests commonly used to

diagnose DM.
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Table 1.1: Tests to diagnose DM (American Diabetes Association, 2010, 2015;
Winkleman et al., 2016; Lewis et al., 2014).

Test Results Patient preparation

Fasting blood glucose . Normal: 70 – 110 mg/dl*

. Impaired fasting glucose: 110 –

125 mg/dl

. Diagnostic: > 126 mg/dl

. Critical: <50 or > 450 mg/dl

. 8-hour fasting

Random blood glucose . Diagnostic: > 200 mg/dl . None

Oral glucose tolerance test

(OGTT)

. Diagnostic: 2 hour blood glucose

level > 200 mg/dl after receiving a

75 g carbohydrate load

. 12 hour fast prior to

the test

A1C . Normal: < 5.7%

. Pre-diabetes: 5.7 % - 6.4 %

. Diagnostic:  6.5%

. None

1.4 Classification of diabetes mellitus

In this section there will be a brief summary of the different categories of DM; detailed

descriptions of the syndromes involved in this study are provided in the respective

chapters.

1.4.1 Type 1 diabetes mellitus (T1 DM)

One of the major subtypes of DM is Type 1 diabetes (T1 DM) which is an autoimmune

disorder characterized by the destruction of the pancreatic  cells which are responsible

for the production of insulin (Lewis et al., 2014; Blair, 2016). This disease, also known
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as juvenile-onset diabetes and insulin dependent diabetes, accounts for only 5-10 % of

the total reports of diabetic patients. Autoimmune destruction markers are present in 90%

of patients and include islet cell, insulin, GAD65 and tyrosine phosphatases (IA-2 & IA-

2) autoantibodies (Lewis et al., 2014).

T1 DM has strong HLA connections where it has been linked to the DQA, DQB and HLA-

DRB1 genes, strengthening its genetic nature (American Diabetes Association, 2010,

2015). In fact, there is a high concordance rate of up to 70% in some studies among

monozygotic twins with T1 DM (Redondo et al., 2001). Also, there has been reports of

strong family history associations in T1 DM where an individual is 15 times more likely

to develop this disorder when a first degree relative has it (Deli et al., 2010; Want, 2014).

Moreover, patients with T1 DM are more prone to developing other autoimmune

disorders such as pernicious anaemia, autoimmune hepatitis, coeliac disease, Addison’s

disease, Hashimoto’s thyroiditis and Grave’s disease (American Diabetes Association,

2010; Want, 2014).

T1 DM is now defined as a polygenic disorder with well-established connections to

various HLA and non-HLA loci, in addition to more than 40 non- HLA linked genes

identified through genome wide association studies (GWAs). Establishing a polygenetic

risk score for the development of T1 DM can be obtained by genotyping these variants

and estimating the combined risk of each inherited allele. Table 1.2 lists the genes

identified in the GWAs studies aimed at identified the loci for T1 DM.
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Table 1.2: List of known susceptibility loci for T1 DM based on GWAS results.

Variant Chromosome Nearby Gene
rs2476601 1p13.2 PTPN22
rs2816316 1q31.2 RGS1
rs917997 2q12.1 IL18RAP
rs1990760 2q24.2 IFIH1
rs3087243 2q33.2 CTLA4
rs11711054 3p21.31 CCR5

rs4505848 4q27 IL2
rs6897932 5p13.2 IL7R
rs9268645 6p21.32 MHC
rs11755527 6q15 BACH2
rs2327832 6q23.3 TNFAIP3
rs1738074 6q25.3 TAGAP
rs12251307 10p15.1 IL2RA
rs11258747 10p15.1 PRKCQ
rs7111341 11p15.5 INS
rs2292239 12q13.2 ERBB3
rs3184504 12q24.12 SH2B3
rs3825932 15q25.1 CTSH
rs12708716 16p13.13 CLEC16A
rs1893217 18p11.21 PTPN2
rs763361 18q22.2 CD226

rs11203203 21q22.3 UBASH3A
rs229541 22q13.1 C1QTNF6

In addition to its multiple genetic predispositions, T1 DM has been linked to

environmental stressors as well such as early cow’s milk feeding and viral infections

which are both still poorly understood and defined (Kostraba et al., 1993; Perez- Bravo

et al., 1996; Knip et al., 2005).

The rate of destruction of the  cells in TI DM is quite variable across patients where it

tends to be rapid in younger individuals and slower in adults. The presenting symptoms

of T1 DM also differ across the ages where ketoacidosis can be the presenting feature of

the disease in younger individuals. In contrast, moderate fasting hyperglycaemia that can

quickly become severe with or without ketoacidosis in the event of an infection or any
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other environmental stress, is usually the presenting symptom in adults (Want, 2014;

American Diabetes Association, 2010). Some of these adults have some residual  cell

function that protects them from ketoacidosis (Want, 2014).

However, after a few years these individuals become insulin dependent as there is very

little or no insulin secretion which can be demonstrated by low or even undetectable levels

of plasma C- peptide, a polypeptide that is released simultaneously with insulin. C-

peptide does not influence blood sugar levels and is used as a marker of insulin

production. Diabetic patients may have their C-peptide levels measured as a means of

distinguishing between the types of diabetes as C peptide levels are reflective of the

individual’s own ability to release insulin even if he or she is on insulin treatment.

Typically, the autoimmune mediated T1 DM occurs in childhood and adolescence but it

can appear at any age even in the 9th decade of life (American diabetes association, 2010,

2015).

1.4.2 Idiopathic diabetes

A minority of individuals with T1 DM do not have any evidence of autoimmune

involvement, are prone to developing episodic ketoacidosis and have fluctuating degrees

of insulin deficits between these episodes. This subtype of DM known as type 1B diabetes

has a strong genetic and ethnic component where it is most common in people of African

or Asian backgrounds and it is not HLA associated. The need for total insulin replacement

in these patients may be intermittent (American Diabetes Association, 2010, 2015). The

precise mechanism of the  cell destruction in this non-autoimmune subtype of DM

remains unknown. Viral infections were hypothesized to cause this abrupt onset of DM
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but there haven’t been reports of antiviral antibodies in the patients’ blood profiles

(Imagawa et al., 2000; Blair, 2016).

1.4.3 Type 2 diabetes mellitus (T2 DM)

This type of diabetes also known as non-insulin dependent diabetes accounts for 90 –

95% of individuals with DM. Hyperglycaemia in T2 DM is mainly due to the combination

of insulin resistance in the tissues and relative insulin deficiency. T2 DM is a complex

metabolic disorder caused by an interplay of genetic and environmental factors, where

the latter can trigger a genetic susceptibility resulting in hyperglycaemia (American

Diabetes Association, 2010, 2015).

The examination of geographic and ethnic effects on the occurrence of T2 DM is crucial

in understanding the genetic and environmental factors that affect this disease. For

instance, the highest occurrence of T2 DM was reported in the Pima and Papago Indians

in Arizona which is most likely due to the high rates of central obesity in this population,

which is the key environmental contributor to this disease (American Diabetes

Association, 2010), alongside the presence of genetic susceptibility (Joslin and Kahn,

2005). Additional supporting evidence to the role of genetics in T2 DM involves the

familial clustering of the T2 DM traits and the higher concordance rate in monozygotic

compared to dizygotic twins (Joslin and Kahn, 2005). A more in-depth description of the

genetics behind T2 DM can be found in section 1.4.3.1.

On the other hand, the association of some environmental factors with T2 DM has gained

a lot of attention. Central obesity and a sedentary lifestyle are now considered to be strong

causal contributors to this disease (American Diabetes Association, 2010, 2015; Joslin
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and Kahn, 2005; Want, 2014; Blair, 2016). Hence, T2 DM can be classified as a complex

metabolic disorder caused by an interplay of both genetic and environmental factors

(Joslin and Kahn, 2005).

This type of DM often goes unnoticed as hyperglycaemia and its associated symptoms

develop progressively and are generally mild in the early stages of the disease (American

Diabetes Association, 2010). In contrast to its autoimmune counterpart T1 DM,

ketoacidosis seldom occurs in T2 DM and and if so, it usually accompanies an infection,

illness or non-compliance to medications and/or insulin therapy (Want, 2014; Blair,

2016).

The prevalence of T2 DM has been on the rise in the paediatric and adolescent

populations worldwide mostly due to the rising reports of obesity and sedentary lifestyles

(Winkelman et al., 2016; Lewis et al., 2014; American Diabetes Association, 2015).

Compared to 20 years ago where T2 DM accounted for 3% of DM diagnosed in children

and adolescents, it has now risen to 45% of new onset cases in these populations (Pinhas-

Hamiel and Zeitler, 2005). According to a progress report by Pinhas-Hamiel and Zeitler

(2005), the rise in newly diagnosed T2 DM is mostly significant in Asian-Pacific regions

such as Japan, Taiwan and Thailand. Similarly, rates in North America and the Middle

East have also been on the rise.

This can be attributed to both the advancements in screening technologies and the rise in

obesity and unhealthy eating patterns in these countries (Pinhas-Hamiel and Zeitler,

2005).
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Patients with T2 DM are at an increased risk of developing macrovascular and

microvascular complications such as cerebrovascular disease, peripheral arterial disease,

cardiovascular disease, diabetic retinopathy, diabetic peripheral neuropathy, diabetic

nephropathy and sexual dysfunction (Chatterjee and Davies, 2015; Want, 2014).

1.4.3.1 Common variants of T2 DM

T2 DM is not characterised by a distinct inheritance pattern and is often described by

familial aggregation reports. Genome wide association studies (GWAS) have proven to

be successful in mapping various loci for T2 DM (Flannick, Johansson & Njolstad, 2016).

Sample sizes in those GWAS reports have now surpassed 100,000 including various

representative ethnicities and identifying ~ 100 genomic loci for T2 DM and monogenic

DM. The interpretation of those GWAS findings have been consistent with the polygenic

model of T2 DM which conceivably involves thousands of distinctive genetic risk factors

(Mohlke & Boehnke, 2015).

Even though these GWAS findings involve genomic regions spanned across hundreds of

kilo-bases, it is not yet clear what genes are affecting these associations (Flannick,

Johansson & Njolstad, 2016). Table 1.3 lists 88 established loci for T2 DM obtained from

a GWAS meta-analysis using the Metabochip array on 22,669 T2 DM samples and 58,

119 controls. The reports revealed additional evidence of overlapping traits between T2

DM and other metabolic traits such as obesity and abnormal lipid profiles (Mohlke &

Boehnke, 2015).
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Table 1.3: List of the 88 loci for T2 DM according to a meta-analysis of GWAS reports (Mohlke & Boehnke, 2015).

Variant Chr Nearby gene Variant Chr Nearby gene Variant Chr Nearby gene
rs2296172 1 MACF1 rs9470794 6 ZFAND3 rs10842994 12 KLHDC5
rs17106184 1 FAF1 rs1535500 6 KCNK16 rs1531343 12 HMGA2
rs10923931 1 NOTCH2 rs2191349 7 DGKB rs7961581 12 TSPAN8, LGR5
rs340874 1 PROX1 rs864745 7 JAZF1 rs11065756 12 CCDC63
rs780094 2 GCKR rs4607517 7 GCK rs2074356 12 C12orf51
rs7578597 2 THADA rs6467136 7 GGC1, PAX4 rs7957197 12 HNF1A
rs243021 2 BCL11A rs791595 7 MIR129, LEP rs1727313 12 MPHOSPH9
rs6723108 2 TMEM163 rs972283 7 KLF14 rs9552911 13 SGCG
rs7560163 2 RBM43, RND3 rs515071 8 ANK1 rs61736969 13 TBC1D4
rs7593730 2 RBMS1 rs896854 8 TP53INP1 rs1359790 13 SPRY2
rs3923113 2 GRB14 rs13266634 8 SLC30A8 rs7403531 15 RASGRP1
rs2943641 2 IRS1 rs7041847 9 GLIS3 rs7172432 15 C2CD4A/B
rs1801282 3 PPARG rs17584499 9 PTPRD rs7178572 15 HMG20A
rs7612463 3 UBE2E2 rs10811661 9 CDKN2A/2B rs11634397 15 ZFAND6
rs831571 3 PSMD6 rs13292136 9 TLE4 rs2028299 15 AP3S2
rs4607103 3 ADAMTS9 rs2796441 9 TLE1 rs8042680 15 Prc1
rs11708067 3 ADCY5 rs11787792 9 GPSM1 rs9936385 16 FTO
rs6769511 3 IGF2BP2 rs12779790 10 CAMK1D rs7202877 16 BCAR1
rs16861329 3 ST6GAL1 rs1802295 10 VPS26A rs391300 17 SRR
rs6808574 3 LPP rs12571751 10 ZMIZ1 rs312457 17 SLC16A11/A13
rs6815464 4 MAEA rs1111875 10 HHEX, IDE rs11651952 17 HNF1B
rs1801214 4 WFS1 rs7903146 10 TCF7L2 rs8090011 18 LAMA1
rs6813195 4 TMEM154 rs10886471 10 GRK5 rs12970134 18 MC4R
rs702634 5 ARL15 rs2334499 11 DUSP8 rs12454712 18 BCL2
rs459193 5 ANKRD55 rs2237892 11 KCNQ1 rs10401969 19 CILP2
rs4457053 5 ZBED3 rs5215 11 KCNJ11 rs3786897 19 PEPD
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rs35658696 5 PAM, PPIP5K2 rs1552224 11 CENTD2 rs8108269 19 GIPR
rs9502570 6 SSR1, RREB1 rs10830963 11 MTNR1B rs4812829 20 HNF4A
rs10440833 6 CDKAL1 rs11063069 12 CCND2 rs5945326 X DUSP9
rs3132524 6 POUSF1, TCF19
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1.4.4 Gestational diabetes mellitus (GDM)

This subtype of DM is one of the most common pregnancy complications, affecting up

to 7% of pregnancies, and is characterized by glucose intolerance that starts or is

recognized during pregnancy. The occurrence of GDM is in direct proportion to the

prevalence of T2D and obesity in a certain given population. With the increase in obesity

and sedentary lifestyles, women of child bearing age have become at a very high risk of

developing DM and GDM. The prevalence of GDM is high among certain ethnic groups

including Native American, African American, Hispanic, Asian and Pacific Islander

women (Hod et al., 2015). Women with GDM are at risk of developing other pregnancy

complications such as preeclampsia, gestational hypertension and cesarean delivery with

its accompanying risks (Hod et al., 2015; American Diabetes Association, 2010).

It has been estimated that up to 50% of women diagnosed with GDM will develop DM

at a later time point in their life (Hod et al., 2015; American Diabetes Association, 2014).

GDM also affects the offspring of the women affected with this condition where they are

at an increased risk of macrosomia which is associated with shoulder dystocia secondary

to birth trauma, neonatal hypoglycaemia and hyperbilirubinaemia (Hod et al., 2015).

1.4.5 Neonatal diabetes mellitus (NDM)

Evidence has shown that most of the diabetes cases diagnosed in the first 6 months of life

are not of the autoimmune type, even though they are often misdiagnosed as such. The

first subtype of NDM is transient neonatal diabetes mellitus (TNDM), which is non-

insulin requiring and usually resolves by 12 weeks of age. However, reports have shown
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that TNDM relapses in more than 50% of neonates (American Diabetes Association,

2010). The majority of patients with TNDM have been found to have mutations in the

ZAC and HYMAI genes on chromosome 6 (Hoffman et al., 2015). The second subtype of

NDM is permanent neonatal diabetes mellitus (PNDM) which requires continuous

treatment and stays with the patient permanently (Hattersley et al., 2009) The underlying

pathophysiology of the commonest type in western societies of PNDM most frequently

lies in mutations of the KCNJ11 gene, which encodes for the Kir6.2 subunit of the KATP

channel in pancreatic β cells (Hattersley et al., 2009; American Diabetes Association, 

2015).

1.4.6 Maturity Onset Diabetes of the Young (MODY)

This term was introduced in 1975 by Tattersall and Fajans to describe a phenotype of T2

like DM that occurred before the age of 25 years and is characterized by an autosomal

dominant pattern of inheritance. It has later become apparent that autosomal dominant

DM can occur after the age of 25 years and the inheritance pattern is the more essential

defining feature in this disease than the age of onset.

It is roughly estimated that this subtype of DM accounts for 1-3 % of individuals with

DM and is misdiagnosed as T1 DM or T2 DM in 90% of the cases (Joslin and Kahn,

2005).

A summary of the most common types of MODY is given in the table 1.4. Additional

rare subtypes of MODY (7 -11) have also been described and linked to mutations in

KLF11, CEL, PAX 4, INS and BLK respectively (Online Mendelian Inheritance in Man,

2017).
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Table 1.4: The most common categories of MODY and their characteristics (OMIM,
2017).

Disease Gene Cytogenetic

location

Clinical characteristics Study

MODY

1

HNF- 4 α 20q13.12 Mild to severe DM,

early onset, liver

abnormalities

Yamagata et al

(1996)

MODY

2

Glucokinase 7p13 Mild DM, early onset,

microvascular

complications

Froguel et al

(1992); Vionnet

et al (1992).

MODY

3

HNF- 1 α 12q24 Severe DM, early onset,

insulin dependent,

microvascular

complications

Yamagata et al

(1996)

MODY

4

PDX1/ IPF1 13q12 Mild DM, variable

onset, pancreatic

agenesis

Stoffers et al.,

1997

MODY

5

HNF-1  17q21.12 Mild to severe DM,

early onset, nondiabetic

kidney disease, genital

malformations

Horikawa et al

(1997); Lindner

et al (1999)

MODY

6

NeuroD1/

BETA2

2q32 Mild to severe DM,

variable onset

Malecki et al

(1999)
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1.4.7 Mitochondrial diabetes mellitus (MIDM)

The clinical nature of DM in MIDM is unspecific and can vary between T1 DM or T2

DM based on the degree of insulinopenia present (Maasen et al., 2004). An MIDM

diagnosis is considered when there is a strong familial clustering with exclusive maternal

transmission of DM which is accompanied by bilateral hearing loss in the majority of

carriers. Various mitochondrial DNA (mtDNA) mutations have been linked to DM with

the A3243G mutation in the tRNA (Leu,UUR) gene being the most common (Maasen et

al., 2004, 2002) This mutation was originally identified in patients with MELAS

syndrome (mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like

episodes) (Maasen et al., 2004).

The A3243G mutation is heteroplasmic, implying that there is a mixture of wild type and

mutant mtDNA in the carriers’ tissues (Wallace et al., 1999), where high heteroplasmy

levels tend to be associated with early onset DM (Maasen et al., 2004).

High frequency hearing impairment is the most common comorbidity associated with the

A3243G mutation (Maasen et al, 1996), where it supersedes the clinical manifestation of

DM by several years (Maasen et al., 2002). Other comorbidities include changes in retinal

pigmentation, cardiomyopathy, gastrointestinal malfunctions and renal abnormalities

(Maasen et al., 2004).

Individual mtDNA mutations are associated with distinct syndromes such as myoclonic

epilepsy and Lebers hereditary optic neuropathy (Wallace et al., 1999; Maasen et al.,

2004). It is hypothesised that the disease states result from the abnormal production of

ATP by mutant mitochondria (Sivitz and Yorek, 2010). To explain these phenotypic
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variations, it has been suggested that the degree and distribution of heteroplasmy in

particular tissues determines the phenotypic nature of the different mtDNA mutations

(Sivitz and Yorek, 2010; Maasen et al., 2004).

1.4.8 Syndromic diabetes mellitus

DM may rarely be associated with monogenic multi-systemic syndromes characterized by

several extra pancreatic phenotypes which are the focus of this study. Two syndromes of

DM, Wolfram Syndrome and Pigmentary Hypertrichois Insulin Dependent DM, are

explained in detail in chapters 3 & 4, respectively. Various other syndromic forms of DM

are described below and listed in table 1.5.

1.4.8.1 Alstrom syndrome (AS)

AS is a very rare genetic disease characterized by progressive sensory deterioration

resulting in blindness secondary to retinal dystrophy and sensorineural hearing loss. This

disease has a wide spectrum of phenotypes where endocrine, renal, cardiac, metabolic and

hepatic abnormalities have been described (Alvarez-Satta et al., 2015; Alstrom et al.,

1959). The endocrine symptoms include early onset type 2 diabetes associated with insulin

resistance, hypertriglyceridaemia and childhood obesity (Alvarez-Satta et al., 2015).

Another hallmark feature of AS is dilated cardiomyopathy accompanied by fibrosis in

various organs including the liver, kidneys and lungs (Bond et al., 2005). A peculiar

cutaneous condition, acanthosis nigricans, has been reported in patients with Alstrom

syndrome and it refers to the thickening and darkening of the skin causing it to crease

(Akdeniz et al., 2010). This rare disease is caused by mutations in the ALMS1 gene

localized to chromosome 2p13 and it is estimated to occur in < 1:100.00 live births

(Alvarez- Satta et al., 2015).



Chapter One: Introduction to Diabetes Mellitus

61

1.4.8.2 Bardet-Biedl syndrome (BBS)

BBS is a rare autosomal recessive ciliopathy characterized by rod-cone dystrophy, which

is a feature with poor prognosis that is very likely to end in complete blindness by the age

of 15 years. Another hallmark feature of BBS is truncal obesity, where significant weight

gain appears within the first year of life and develops into a permanent condition for most

patients; this central obesity is associated with type 2 DM and insulin resistance in general

and in these patients specifically (Forsythe and Beales, 2013). In addition, abnormal

sexual development occurs in both males and females due to hypo-gonadotrophic

hypogonadism and genitourinary deformities, respectively. Another characteristic

symptom of BBS is cognitive delay associated with learning difficulties and intellectual

disabilities, in addition to postaxial polydactyly and renal abnormalities (Forsythe and

Beales, 2013; Forsythe et al., 2015). To date, 21 genes have been associated with BBS

and are thought to be accountable for 80% of the clinical diagnoses of BBS (Online

Mendelian Inheritance in Man – OMIM, 2017).

1.4.8.3 Wolcott Rallison syndrome (WRS)

WRS is another rare autosomal recessive syndrome characterized by early onset non-

autoimmune insulin dependent DM. The hallmark symptom of WRS includes multiple

epiphyseal dysplasia, which is a disorder of bone development that mainly affects the

periphery of long bones and is manifested as chronic joint pain and early onset arthritis

(Julier and Nicolino, 2010). Hepatic involvement is another characteristic phenotype of
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WRS and is expressed by increased liver enzymes, hepatic enlargement and subsequently

liver failure (Julier and Nicolino, 2010; Hattersley et al., 2009). This disease is caused by

mutations in the EIF2AK3 gene (eukaryotic translation initiation factor 2 α kinase 3) 

which encodes a membrane protein PERK localized to the endoplasmic reticulum (ER)

(Julier and Nicolino, 2010).

1.4.8.4 Roger’s syndrome (RS)

Thiamine responsive megaloblastic anaemia (TRMA), also known as Rogers syndrome

is a rare recessive disease characterized by a phenotypic triad of megaloblastic anaemia,

non-autoimmune diabetes mellitus and progressive sensorineural hearing loss (Mikstiene

et al., 2015). Inspection of the patients’ bone marrow have revealed the presence of

erythroblasts with ringed sideroblasts, which are iron - loaded mitochondria. Anaemia can

manifest itself anywhere between infancy and adolescence and is often treated with high

pharmacologic amounts of thiamine (vitamin B1) in a dosage of 25-75 mg/day compared

to the recommended daily intake of 1.5 mg/day (Mikstiene et al., 2015; Hattersley et al.,

2009). Hearing loss is usually manifested in the second year of life, and so far studies have

shown that treatment with thiamine pre- and post-natally do not improve the prognosis of

deafness (Ozdemir et al., 2002).

As for DM, it usually presents before the age of 5 years and studies have shown that

thiamine supplementation delays its onset and lessens the insulin requirements. In addition

to the triad of symptoms, optic atrophy has been reported in some case reports in addition

to cardiovascular complications (eg. atrial tachycardia) and neurologic defects, where

generalized and focal epilepsy have been found in 27% of patients with TRMA (Mikstiene
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et al., 2015; Ozdemir et al., 2002). This syndrome is solely attributed to pathogenic

variants in the SLC19A2 gene, which encodes for a high affinity thiamine transporter

(Mikstiene et al., 2015).

1.4.8.5 MEDS (Microcephaly, Epilepsy, Diabetes Mellitus Syndrome)

MEDS is a relatively new syndrome of DM first described in 2011 where homozygous

mutations where discovered in the immediate early response 3 interacting protein 1

(IER3IP1) gene localized on chromosome 18 in two unrelated consanguineous families

(Poulton et al., 2011). Other subsequent reports of mutations in this gene have been

described in patients from Egypt (Abdel-Salam et al., 2012) and Libya (Shalev et al.,

2014). IER3IP1 is thought to encode for a protein localized to the endoplasmic reticulum

(ER), playing a mediating role in ER stress, in turn influencing cell differentiation and

apoptosis (Abdel-Salam et al., 2012). This syndrome phenotypically consists of

microcephaly with a simplified gyral pattern, pronounced epileptic encephalopathy and

permanent early onset diabetes mellitus (Poulton et al., 2011).

1.4.8.6 Down’s syndrome (DS)

DS, also known as Trisomy 21, is one of the most common genetic birth defects with an

occurrence of of 1 in 700 live births (Patterson and Costa, 2005). The extent of the physical

and cognitive intellectual disability in this disease is highly variable between patients. The

characteristic appearance of DS includes short stature, a posteriorly flattened head, a broad

neck, slanted eyes, a flattened nose and small hands that have a single palmar crease. The
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spectrum of intellectual impairment in these patients ranges between moderate to very

severe (Bizzarri and Cappa, 2017).

A Dutch study have reported that individuals with DS are three times more likely to

develop T1 or T2 DM compared to individuals without the genetic disease (Van Goor et

al., 1997). Similarly in Denmark, the occurrence of DS amongst diabetic patients is 4.2

times higher than in the general Danish population (Bergholdt et al., 2006).

Moreover, individuals with DS are at an increased risk of developing autoimmune

diseases such as hypothyroidism (Pellegrini et al., 2012), coeliac disease (Mackey et al.,

2001) and obesity (Basil et al., 2016).

It has been reported that the onset of DM in patients with DS is earlier than that of age

matched controls (Bizzarri and Cappa, 2017). Clinical group studies have revealed that

T1 DM is more prevalent in the DS population (Bergholdt et al., 2006). and there have

been reports of the presence of autoantibodies in non-diabetic patients with DS which is

predictive of future T1 DM development (Bizzarri and Cappa, 2017; Bergholdt et al.,

2006).

The HLA genotype analysis of these patients have suggested that there might be genes on

chromosome 21 that are increasing the penetrance of certain diabetogenic genes which

can explain the increased occurrence of T1 DM in this population (Van Goor et al., 1997;

Bizzarri and Cappa, 2017).
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1.4.8.7 Lipodystrophic syndromes (LS)

LS are very rare diseases characterised by partial or generalised lipoatrophy accompanied

by serious metabolic complications such as DM, insulin resistance (IR), ovarian

hyperandrogenism, non-alcoholic fatty liver disease and dyslipidaemia (Vatier et al.,

2013). Various genes have been linked to the development of different lipodystrophic

syndromes, with both recessive and autosomal dominant transmissions (Astapova and

Leff, 2014). Although LS are a cluster of heterogeneous diseases, most of the responsible

genes lead to abnormal adipogenesis, adipocyte lipid storage and production/ storage of

the adipocyte lipid droplet (LD). These alterations reveal that disruptions to the adipose

tissue (AT) can result in serious endocrine and metabolic complications (Astapova and

Leff, 2014; Vatier et al., 2013).

AT is known as an essential paracrine and endocrine organ (Ailhaud et al., 2000), in

addition to being a metabolic tissue. Several adipose secretory products such as leptin and

adiponectin play an integral role in energy intake and consumption, cellular energy storage

and insulin sensitivity which are directly and indirectly linked the development of DM

(Vatier et al., 2013).

1.4.8.8 Friedrich’s ataxia (FRDA)

FRDA is the most prevalent form of congenital ataxia which can be described as a

progressive neurodegenerative disorder with an autosomal recessive inheritance pattern

associated with an increased risk of impaired glucose tolerance and DM (Ran et al., 2017).

In fact, studies have reported a 32 % increase in the likelihood of developing DM in these

patients compared to the normal population (Ran et al., 2017; Delatycki et al., 2000).
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Individuals with FRDA have been described to have gait and limb ataxia, areflexia

(absence of contractions of the detrusor muscles in the urinary bladder), loss of

proprioception, nystagmus, extra-neurological symptoms such as scoliosis and

hypertrophic cardiomyopathy which is the most common cause of death in these patients

(Ran et al., 2017).

GAA (guanine-adenine-adenine) inserting mutations in intron 1 of the FXN gene leading

to its transcriptional silencing, have been linked to the development of FRDA (Cocozza

et al., 1996). FXN encodes for frataxin, an inner mitochondrial membrane protein that

maintains the functional integrity of this organelle. FRDA has been associated with

mitochondrial abnormalities due to the increased production of reactive oxidative species

(ROS) and decreased generation of ATP (Delatycki et al., 2000). Healthy pancreatic

mitochondria are crucial to stimulus secretion coupling in the ß cells which in turn ensures

the triggering and amplification of the insulin secretion signal (Ran et al., 2017; Delatycki

et al., 2000). Moreover, the mitochondrial dysfunction associated with the activation of

apoptotic pathways in these organelles have been linked to the development of DM in

FRDA (Ran et al., 2017).

1.4.8.9 Donohue syndrome (DS)

DS, also known as Leprechaunism is a very rare severe autosomal recessive disorder of

the insulin receptor (INSR). DS is characterised by linear growth retardation, FTT,

disrupted glucose homeostasis, dysmorphic facial features (elfin face, thick lips, low set

posterior rotated ears, upturned nostrils and prominent eyes) (Al-Gazali et al., 1993),

acanthosis nigricans, hypertrichosis, and cystic ovaries in females (Falik Zaccai et al.,

2014). The main metabolic derangement in DS is the occurrence of fasting hypoglycaemia
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accompanied by post prandial hyperglycaemia and excessively elevated levels of plasma

insulin secondary to the non-functional insulin receptor (Al-Gazali et al., 1993).

The prognosis of DS patients is poor with mortality often occurring within the first 2 years

of life (Donohue et al., 1954).

1.4.8.10 Immune dysregulation polyendocrinopathy enteropathy X linked Syndrome

(IPEX)

IPEX syndrome is a rare monogenic primary immunodeficiency disease first described by

Powel et al. in 1982. The original IPEX syndrome family consisted of 19 affected males

that presented with polyendocrinopathy (mainly characterised by hypoparathyroidism,

candidiasis and adrenal insufficiency), severe enteropathy, T1DM and eczema (Bacchetta

et al., 2016). IPEX syndrome is caused by mutations in the FOXP3 gene which encodes

for an essential transcription factor needed for the preservation of thymus derived

regulatory T (tTreg) cells whose dysfunction leads to the multisystemic autoimmunity seen

in IPEX (Bacchetta et al., 2017). Typically, T1 DM is present in most patients with IPEX,

however some atypical presentations of this syndrome can occur without T1 DM or any

of the other characteristic manifestations making the diagnostic step very challenging

(Bacchetta et al., 2016 & 2017). tTreg dysfunction has also been linked to mutations in

genes other than FOXP3 and these presentations are referred to as “IPEX like syndromes”

in which the occurrence of T1 DM is less frequent (Bacchetta et al., 2017).

1.4.8.11 Myotonic dystrophy (MD)

The Myotonic dystrophies (MD 1 & MD 2) are the most common genetic contributors to

muscular impairment. The distinctive features of MD include muscle weakness, slow
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muscle relaxation (myotonia), early developing cataracts and cardiac arrhythmias

(Thornton et al., 1997). MD type 1 (MD 1) is caused by expanded CTG repeats in the 3’

untranslated region (3’UTR) of the DMPK gene (DM Protein Kinase) (Brook et al., 1992).

However, MD type 2 (MD 2) is caused by expanded CCTG repeats in intron 1 of the

CNBP (Cellular Nucleic Acid Binding Protein) gene (Liquori et al., 2001). In both types

of MD, the mutant repeats lead to the expression of dominant acting RNAs that have a

toxic gain of function effect. Individuals with MD1 and MD2 have been reported to have

peripheral insulin resistance which increases their chances of developing T2 DM

(Chakraborty et al., 2016).

Also, there has been reports of elevated pro-insulin levels in these patients which can

result in glucose intolerance and hyperinsulinaemia. Reports of individuals with MD1

have shown impaired glucose tolerance in 15% of the population compared to a control

population. Also, T2 DM have been reported in 9% of individuals of this MD 1 population

compared to a 3% incidence rate in the general background population (Dahlqvist and

Vissing, 2017).

Table 1.5: List of the most common syndromes of DM (OMIM, 2017).

Syndrome Gene Location Phenotype

MIM number

Inheritance

Alstrom ALMS1 2p13.1 203800 AR

Bardet – Biedl syndrome (BBS)

BBS1 BBS1 11q13.2 209900 AR, DR

Modifier of BBS1 CCDC28B 1p25.2 209900 AR, DR

BBS2 BBS2 16q13 615981 AR
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BBS3 ARL6 3q11.2 600151 AR

Modifier of BBS3 ARL6 3q11.2 209900 AR, DR

BBS4 BBS4 15q24.1 615995 AR

BBS5 BBS5 2q31.1 615983 AR

BBS6 MKKS 20p12.2 605231 AR

BBS7 BBS7 4q27 615984 AR

BBS8 TTC8 14q31.3 615985 AR

BBS9 PTHB1 7p14.3 615986 AR

BBS10 BBS10 12q21.2 615987 AR

BBS11 TRIM32 9q33.1 615988 AR

BBS12 BBS12 4q27 615989 AR

BBS13 MKS1 17q22 615990 AR

BBS14 CEP290 12q21.32 615991 AR

Modifier of BBS14 TMEM67 8q22.1 615991 AR

BBS15 WDPCP 2p15 615992 AR

BBS16 SDCCAG8 1q43-q44 615993 AR

BBS17 LZTFL1 3p21.21 615994 AR

BBS18 BBIP1 10q25.2 615995 AR

BBS19 IFT27 22q12.3 615996 AR

BBS20 IFT74 9p21.2 617119 AR

BBS21 C8orf37 8q22.1 617406 AR

Wolcott Rallison EIF2AK3 2p11.2 226980 AR

Roger’s SLC19A2 1q24.2 249270 AR

MEDS IER3IP1 18q21.1. 614231 AR
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Down’s syndrome Trisomy 21 21q22.3 190685 IC

Lipodystrophic syndromes (lS)

LS1 AGPAT2 7q31.2 612526 AR

LS2 BSCL2 11q12.3 269700 AR

LS3 CAV1 7q31.2 612526 AR

LS4 CAVIN1 17q21.2 613327 AR

Friedrich’s ataxia FXN 9q21.11 229300 AR

Donohue INSR 19p13.2 147670 AR

IPEX FOXP3 Xp11.23 304790 XLR

Myotonic dystrophy 1 DMPK 19q13.32 160900 AD

Myotonic dystrophy 2 ZNF9 3q21.3 602668 AD
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1.5 Endoplasmic reticulum (ER) stress

In this section, the role of the Endoplasmic Reticulum (ER) stress response is going to

be described as it has been shown to be integral in the development of certain monogenic

DM syndromes explored in this study (eg: Wolfram Sydrome & Pigmentary

Hypertrichosis Insulin Dependent DM).

The importance of ER stress has been established in studies on neurodegeneration,

particularly in Alzheimer’s (Katayama et al., 2004) Parkinson’s (Shimura et al., 2000)

and polyglutamine diseases (Schaffar et al., 2004). It has also been discovered that the

ER stress is an integral component of the pathophysiology of some types of DM (T1

DM, T2 DM, MODY) (Ariyasu et al., 2017) and some other endocrine disorders such as

obesity (Adiponectin and Leptin dysregulation) (Garfinkel et al., 2017), Central Diabetes

Insipidus (Arima et al., 2016) and Isolated Growth Hormone Deficiency Type II

(Ariyasu et al., 2017).

1.5.1 ER stress & endocrine disorders

Proteins are the building blocks of cells and organs; therefore, the regulation of their

production and degradation is integral for the overall health of eukaryotic cells. The ER

is a cytoplasmic organelle that biosynthesizes secretory and membrane proteins

alongside lipids. The ER membrane produces all the transmembrane proteins and lipids

for almost all of the cellular organelles including the Golgi apparatus, lysosomes,

endosomes, plasma membrane, secretory vesicles and the ER itself. To become fully

functional, proteins are folded into their mature three-dimensional configurations which

are then transferred to the Golgi body. Misfolded and unfolded proteins are held in the
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ER and are subsequently degraded by a process called ER-associated degradation

(ERAD) (Alberts et al., 2002).

Protein folding is evolutionary preserved in both eukaryotes and unicellular organisms as

it is vital for cell survival. Since protein secretion is the foundation of multi-cellularity,

the protein folding homeostasis in the ER has a strong influence on the functioning of

higher eukaryotes (Fonseca et al., 2009). The ER chaperones and the ERAD pathway can

successfully deal with unfolded and misfolded proteins under non-stress conditions.

However, under stressful conditions caused by environmental toxins, genetic

abnormalities, viruses, inflammation and aging etc, the demand for protein folding

surpasses the ER’s folding capacity, resulting in ER stress. As a protective response, the

unfolded protein response (UPR) also known as ER stress signaling is initiated in an

attempt to protect the cells from apoptosis (Ariyasu et al., 2017).

Figure 1.1 summarises the different potential contributors to cellular ER stress which can

r result in either a homeostatic or apoptotic output. Additionally, figure 1.2 shows the

three main pathways of the UPR.

The UPR responds to stress by four different mechanisms: 1) Increasing the folding

capacity and decreasing protein aggregation in the ER by up-regulating the molecular

chaperones. 2) Protein translation is reduced in an attempt to alleviate the ER from its

workload and avoid an additional build up of unfolded proteins. 3) ERAD is activated in

an attempt to clear misfolded proteins. 4) Apoptosis is triggered when the damage is

irreversible and the ER function is severely impaired.
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Figure 1.1: The ER stress process. ER stress is caused by a variety of external and internal
stimuli which activate the UPR which has two outputs; Homeostatic output is achieved
when the ER stress is successfully resolved by the UPR, priming the cell for a future insult.
However, the apoptotic output occurs when the UPR’s homeostatic efforts are insufficient
or dysfunctional, or when the ER is high and / or chronic resulting in irreversible damage
leading to cell death. One of the UPR’s most delicate functions is to ensure a balance
between the downstream anti-apoptotic targets and the pro-apoptotic ones. Adapted from
Fonseca et al (2009).
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Figure 1.2: The major UPR pathways. The inositol requirement 1 (IRE1), the PKR – like
endoplasmic reticulum kinase (PERK) and activating transcription factor 6 (ATF6).
These pathways regulate downstream pathways that in turn help regulate the ER stress.
Adapted from Fonseca et al (2009).
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1.5.1.1 The regulatory pathways of the UPR

1.5.1.1.1 IRE1 pathway

IRE1 is a protein sensing transmembrane kinase in the ER whose luminal domain is

responsible for detecting unfolded or misfolded proteins which signal ER stress. Upon

sensing ER stress, IRE1 activates itself by dimerization and auto-phosphorylation.

Activated IRE1 subsequently transforms X-box binding protein 1 (XBP1) mRNA into its

mature form by a splicing reaction. The active XBP1 (S) protein moves to the nucleus

where it upregulates both the UPR target genes which will enhance degradation of the

unfolded and misfolded proteins and the protein folding genes. A chronic state of ER

stress results in the stimulation of TNF – receptor – associated factor 2 (TRAF2) and the

initiation of the apoptosis – signaling – kinase 1 (ASK1) by IRE1 which eventually leads

to cell death (Fonseca et al., 2009; Ariyasu et al., 2017). Figure 1.3 summarises the

activation pathway of IER1 leading up to transcriptional modification and the

manifestation of the ERAD components.
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Figure 1.3: The IRE1 pathway. BiP interacts with the N- terminal luminal domain of
IRE1and separates when an unfolded or misfolded protein binds to BiP. IRE1 is then
activated by trans- auto-phosphorylation and dimerization and then converts XBP1 (U)
mRNA into its mature form XBP1(S) by a splicing reaction. XBP1(S) then moves to the
nucleus where it up-regulates the gene expression of ERAD components. IRE1 then
degrades the remaining mRNAs by RNase activity which lowers the protein load in the
ER and consequently decreases ER stress through IRE1-dependent decay of mRNA.
Adapted from Ariyasu et al., 2017.

1.5.1.1.2 PERK pathway

Similarly to IRE1, PERK is also an ER transmembrane kinase that regulates the UPR by

controlling the synthesis of protein during ER stress. When it is activated by ER stress it

undergoes auto-phosphorylation and oligomerization which initiates the phosphorylation

of the  subunit of the eukaryotic initiation factor 2 (eIF2 ). This cascade of events leads

to translational attenuation of proteins and an upregulation of UPR target genes including

activating transcription factor 4 (ATF4) which increases protein transcription and in turn

alleviates ER stress (Fonseca et al., 2009; Ariyasu et al., 2017). Figure 1.4 describes the

role of this pathway in regulating transcription and the apoptotic pathway.
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Figure 1.4: The PERK pathway. This pathway is activated by ER stress when an unfolded
protein is detected. This triggers a cascade of events, where eIF2  is inactivated by
phosphorylation leading to a decrease in protein translation and the induction of ATF4.
This improves amino acid transport, the response to oxidative stress and induces apoptotic
agents such as the C/EBP homologous protein (CHOP) that will be used in the case of
irreversible damage. Adapted from Ariyasu et al., 2017.

1.5.1.1.3 ATF6 pathway

The third regulatory pathway of the UPR is ATF6, which is a type II membrane

transcription factor responsible for mediating transcription. After unfolded proteins are

sensed, ATF6 moves to the Golgi apparatus where it is cleaved by Site-1 and Site-2

proteases. The ATF6 isoform then relocates to the nucleus where it upregulates the UPR

genes responsible for protein degradation by ERAD and protein folding (Fonseca et al.,

2009; Ariyasu et al., 2017). It has been described that the remaining unprocessed ATF6

is unstable and is degraded by the ubiquitin proteasome pathway in order to avoid chronic
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activation of the UPR (Ariyasu et al., 2017), which is a pathological mechanism in some

diseases (discussed in a different section). The activation of the ATF6 pathway and its

subsequent nuclear effects are shown in figure 1.5.

Figure 1.5: The ATF6 pathway. When the ATF6 detects unfolded proteins in the ER it
moves to the Golgi body where it is cleaved by S1P and S2P. Its N terminal, ATF6 (N),
moves to the nucleus where it upregulates the expression of ER chaperones Adapted from
Ariyasu et al., 2017.

1.5.1.2 ER stress and diabetes mellitus

As described in earlier sections, DM is a chronic disease characterized by an atypically

high level of blood glucose most commonly due to abnormalities in insulin production

and function. The baseline ER stress level in pancreatic  cells is high because of the

constant demand for proinsulin production in response to continuous fluctuations in blood

glucose levels which makes these  cells dependable on a very efficient UPR system

(Sharma et al., 2015). Despite the UPR’s competency in the pancreatic  cells, a chronic

elevated amount of ER stress can overwhelm the UPR and lead to apoptosis as in the case
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of numerous pathological conditions such as insulin resistance or a genetic defect

(Fonseca et al., 2009).

There are a few mouse models that highlight the importance of the ER stress response in

the pathophysiology of diabetes. Perk knockout mice show signs of early onset DM due

to impaired insulin secretion caused by  cell apoptosis which suggests that PERK might

have a cytoprotective role. This is achieved by decreasing the biosynthesis of proinsulin

which alleviates the ER stress in the pancreatic  cells (Harding et al.,2001; Ariyasu et

al., 2017). This models the monogenic diabetes syndrome Wolcott-Rallison, whose

responsible gene EIF2AK3 encodes for PERK. The loss of function of PERK reduces the

phosphorylation of a PERK substrate, eIF2, which is crucial in regulating ER stress.

Hence, mutations in EIF2AK3 result in  cell failure and death mediated by ER stress

(Fonseca et al., 2009). Another renowned ER stress diabetes model is the Akita mouse

which has a heterozygous mutation (C96Y) the insulin encoding gene, Ins2. The C96Y

mutation causes an abnormally structured proinsulin molecule by replacing a cysteine

residue resulting in ER stress. In humans, INS mutations lead to neonatal diabetes whereas

the Akita mouse is thought to model MODY in humans. In the cell lines established from

the Akita mice, the AT6 and IRE1XBP1 stress pathways are chronically activated

(Nozaki et al., 2004).

Also, ATF6 and IRE1 knockout mice respectively have impaired proinsulin

biosynthesis when put on a fat diet and develop diabetes when on a normal diet (Usui et

al., 2012 ; Tsuchiya et al., 2016). All of these findings provide evidence that ER stress

plays an important role in the development of DM (Ariyasu et al., 2017).
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In addition, ER has been linked to neurodegenerative diseases such as Alzheimer’s,

Amyotrophic Lateral Sclerosis (Ariyasu et al., 2017) and Parkinson’s (Shimura et al.,

2000) diseases since neurons do not reproduce and are very sensitive to ER stress.

Monogenic syndromes of diabetes often have a neurodegenerative element and ER stress

might be a key player in the pathogenesis of the both the endocrine and the neurological

aspects of these diseases.

1.5.1.2.1 ER stress and type 2 diabetes mellitus

Reduction in  cell mass is one of the main pathological mechanisms of type 2 diabetes,

whose primary presenting characteristic is insulin resistance in peripheral tissues (adipose

tissue, muscles, hepatic tissue, etc..). In an attempt to normalize blood glucose,

hyperinsulinaemia occurs due to the overproduction of insulin in the  cells. This in turn

leads to ER stress due to the immense pressure placed on its folding capacity which results

in the chronic stimulation of the UPR that often leads to  cell death (Leahy , 2004).

A few other pathways are thought to be involved in  cell loss in type 2 diabetes and these

include glycogen synthase kinase 3  (GSK3), IRE1-JNK interactions and CHOP

(Figure 1.6). Increases in insulin production lead to the activation of the IRE1 pathway,

which can result in  cell death through the activation of JNK if it were kept activated

for a prolonged period of time (Urano et al., 2000). CHOP is an apoptotic effector and

contributes to the death of the  cells by apoptotic pathways and may be involved in the

progression of type 2 diabetes. The third potential component is GSK3 which is the

substrate of Akt, a survival kinase. During ER stress, the phosphorylation of Akt

decreases leading to the dephosphorylation of GSK3 which results in cellular apoptosis

and death (Srinivassan et al., 2005).
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Figure 1.6: The role of ER stress in the development of T2 DM. There is a positive
feedback loop between  cell apoptosis, ER stress signalling cascade and insulin
resistance mediated by proapoptotic UPR effectors : IRE1-JNK, CHOP & GSK3. The
phosphorylation of JNK contributes further to insulin resistance which enhances the
already heightened state of ER stress resulting in the apoptotic death of the  cells
Adapted from Fonseca et al. (2009).
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Insulin resistance is not the only contributor to ER stress  cells; it has been reported that

free fatty acids (FFAs), particularly long chain FFAs (LCFFAs) play a role in  cell death

(Karaskov et al., 2006; Cnop et al., 2007). When  cell lines were treated with LCFFA

palmitate, an overexpression of ER stress markers was observed (ATF4 and XBP1) due

to the induction of lipotoxicity in the  cells (Fonseca et al., 2009; Kharroubi et al., 2004).

The role of ER stress in insulin resistance does not only involve pancreatic ß cells but

encompasses hepatic tissue, muscles and adipose tissue. Obesity, which is strongly linked

to type 2 diabetes, hyperactivates JNK which results in the phosphorylation of insulin

receptor substrate 1 (IRS-1) and ultimately inhibits the action of insulin further increasing

insulin resistance (Ozcan et al., 2004).

1.5.1.2.2 ER stress and T1 diabetes mellitus

There is accumulating evidence that shows the importance of the ER stress mediated 

cell death in the pathophysiology of autoimmune diabetes. In the event of additional ER

stress applied to the  cells like for instance in genetic diseases, the  cells undergo

apoptosis and die. The misfolded proteins in the apoptotic  cells can act as neo-

autoantigens that are engulfed by dendritic cells in the islets which stimulate the

development of  cell reactive T cells. This in turn leads to the autoimmune destruction

of the remaining healthy  cells resulting in the absence of insulin, which is the hallmark

feature of type I diabetes (Casciola-Rosen et al., 1995; Fonseca et al., 2009). Various

insults to the  cells can lead to the development of neo-autoantigens such as nitric oxide

(NO) which plays a crucial role in the pathogenesis of type I diabetes, environmental

stimuli and viral infections (Fonseca et al., 2009; Ariyasu et al., 2017).
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Inflammatory cytokines in the  cells such as  interferon (IFN-) and interleukin- 1 (IL-

1) stimulate the production of NO which results in  cell death through a cascade of

events medicated by ER stress (Oyadomari et al., 2001). NO hinders the activity of an ER

Ca2+ pump (SERCA2b) which reduces the amount of Ca2+ in the ER and in turn causing

severe ER stress. Consequently, CHOP is induced by an NO donor and being a pro-

apoptotic factor, it induces  cell failure and subsequently death (Cardozo et al., 2001),

shown in figure 1.7. Chop knockout mice have islets that are resistant to apoptotic death

mediated by NO, highlighting the importance of CHOP in the NO mediated ER stress

response (Oyadomari et al., 2001).

Another contributor to the ER stress response in type I diabetes is the pro-apoptotic

Activating Transcription Factor 3 (ATF3). The pancreatic islets of ATF3 knockout mice

are partly protected from NO and cytokine mediated  cell death, while its overexpression

results in  cell malfunction (Hartman et al., 2004).
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Figure 1.7: The role of ER stress in the development of T1 DM. The ER stress response in
type I diabetes is induced by inflammatory cytokines and mediated by NO, resulting in
apoptotic  cell cell death by the action of the pro-apoptotic factors CHOP and ATF3.
Adapted from Fonseca et al., 2009.
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Aims

The main aim of this study was to understand the genetic causes behind rare syndromic

manifestations of DM in a total of 19 patients from 14 unrelated families. The genetic

studies were done using Whole Exome sequencing, Homozygosity Mapping and Sanger

sequencing techniques. Following the identification of the mutation (s) in previously

known or novel genes of interest, the second aim of the study was to understand the

functional and molecular implications of these genetic changes by exploring their effects

on protein and RNA levels.
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2.1 Sample collection

Patient blood and skin biopsies used in this study were either obtained from UCL Great

Ormond Street Hospital (UCL GOSH) or were kindly sent by international collaborators.

In most families, blood samples from at least one unaffected family member were also

obtained. Table 2.1 provides the details on the collected samples.

Table 2.1: Information on the collected patient samples used in this study.

Patient (s) Sample Collaborators City / Country

A, B, C, D, E,

F, G, H, I & J

Blood & skin

biopsies

Dr Sebahat Yilmaz

Dr Erdal Kurnaz

Istanbul, Turkey

Ankara, Turkey

K & L Fibroblasts Professor Lisbeth Tranebjaerg Copenhagen,

Denmark

M & N Blood & skin

biopsies

Professor Feyza Darendeliler Istanbul, Turkey

O & P Blood samples Professor Khalid Hussain GOSH, London

O & P Skin biopsies Dr Kausik Banerjee Romford, London

Q & S Blood sample Professor Khalid Hussain GOSH, London

R Blood sample Dr Rasha Tarif Egypt

Control DNA was obtained from the Genetics and Genomic Medicine department

laboratories at UCL GOS Institute of Child Health (UCL GOS ICH). Moreover, control

fibroblasts were provided by Dr Umma Khair from the Enzyme Lab at UCL GOS ICH.
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DNA was extracted from the patients and unaffected family members’ blood at GOSH

North East Thames Regional Genetics Service Laboratories using the Maxwell® 16

Blood DNA Purification Kit (Promega, USA).

Consent was obtained from the patients (where applicable) and/or their care-givers prior

to their inclusion in this study.

Ethical consent to participate in this study was granted by the R&D office at UCL GOS

Institute of Child Health.

2.2 Primer design

A primer is a short nucleic acid sequence that acts as a starting point for DNA replication

and/or synthesis, which is integral for DNA amplification. Primer3 (http://primer3.ut.ee/)

software was used to design the primer sequences which were then screened for the

presence of single nucleotide polymorphisms (SNPs) using SNPcheck3

(https://secure.ngrl.org.uk/SNPCheck/snpcheck.htm). The typical primer consists of 18-

24 base pairs, which is the optimal size for binding specificity. Another feature that

controls primer specificity is the annealing temperature, which is typically recommended

to be between 54 ͦ C and 60 ͦ C. All the primer sequences were ordered from Sigma-

Aldrich (USA) and were received in a freeze - dry (lyophilized) state. The sequences were

then diluted with 0.1 % TE (10mM Tris – HCL / 0.1 mM EDTA) buffer to make a 100

µM stock solution and a 5 µM working solution. All the primers used can be found in the

appendix.

2.3 Polymerase chain reaction

Polymerase chain reaction (PCR) is a molecular biology technique introduced in 1985

that revolutionized genetic research (Garibyan and Avashia., 2013). PCR is often referred
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to as “molecular photocopying” and is widely used to amplify or replicate small fragments

of DNA, which is an indispensable starting point for almost all genetic studies. The

integral component of a PCR reaction is the Taq polymerase enzyme, which is responsible

for the replication of the nucleic acid sequences.

2.3.1 Preparation of a PCR reaction

The reagents used in one standard PCR reaction in this project can be found in table 2.2.

36.5 µl/reaction of ddH2O was initially added to a sterilised eppendorf and kept on ice,

followed by the addition of 5 µl/reaction of reaction buffer and 2 µl/reaction of MgCl2.

One µl/reaction of deoxynucleotide triphosphate mixture (dCTP, dTTP, dGTP, dATP)

was then added, followed by 10 µl/reaction of betaine (when needed). Finally, 0.5

µl/reaction of polymerase Taq DNA (stored at -20°C before use) freezer was added to the

PCR mixture on ice. The mix was then vortexed and added evenly to a sterilised 96 well

plate or a group of labelled eppendorfs. Two µl of diluted forward and reverse primers

were added to each well. DNA samples (1 µl) were added at the end to avoid

contamination.

The plate was then placed in the Veriti® 96 well thermal cycler (Invitrogen, USA). The

amplification steps used in the PCR reactions can be found in table table 2.3. An initial

heat activation step was incorporated when using HotStar Taq DNA Polymerase (Qiagen,

Germany, #203203).
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Table 2.2: Reagents used in the PCR reactions performed in this project.

Reagents Volume
(µl)

Function Supplier

Standard reaction Buffer
(1X)

5 Maintains the reaction’s PH. Bioline (UK, #BIO-21060)

Standard MgCl2 buffer (1X) 2 Acts as a polymerase co – factor.

dNTPs (dATP, dGTP, dCTP,

dTTP) (2mM)

1 Lengthens the annealed primers. Invitrogen, #10297-018

Taq Polymerase (0.9 units/
36.5 µl/ PCR reaction)

0.5 Synthesizes nucleic acids. Bioline (UK, #BIO-21060)

Forward Primer (0.05-1µM) 2 Provides a starting point for DNA synthesis. Sigma-Aldrich (USA)

Reverse Primer (0.05-1µM) 2

Betaine (5M) 10 Improves the yield and specificity of the PCR products
by facilitating strand separation and maintaining balance
between GC and AT base areas

Sigma-Aldrich (UK, #B0300-
1VL)

Template DNA < 1,000 ng 1 (≤ 1 µg/ 
reaction)

Target to be amplified -------

Distilled Water 36.5 Dilutes the PCR mixture -------
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Table 2.3: The PCR cycle

as set on the thermocycler.

Steps 3 -5 were repeated 35

times.

# Steps Temperature (°C) Time

1 Initial heat activation
(HotStar Taq DNA Polymerase)

95 15 minutes

2 Initial DNA denaturation 95 5 minutes

3 DNA denaturation 95 30 seconds

4 Primer annealing 50 - 68 30 seconds

5 DNA extension 72 1 minute
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2.4 Gel Electrophoresis

Gel electrophoresis is a technique used to separate RNA, DNA and protein mixtures

according to their molecular sizes. The fragments were subjected to an electrical field and

passed through the small pores of an agarose gel whose percentage is dependent on the

molecular weight of the samples. The standard gel percentage used to run DNA samples

is around 1 % which was made by mixing 1g of UltraPureTM (Thermo Fisher Scientific,

USA, #16500500) agarose powder with 100 ml of TAE (Tris - acetate – EDTA) buffer.

The agarose - TAE solution was then heated for 3-4 minutes in the microwave until the

agarose powder had completely dissolved. 30 seconds after, 1 µl of ethidium bromide

(Thermo Fisher Scientific, USA, #15585011), which is a fluorescent nucleic acid stain

that enables the visualisation of the separated products under UV light, was added to the

cooled agarose-TAE mixture. The solution was then poured into a gel tray and left to

solidify for 15 minutes. Two µl of a Blue Loading Dye (Promega, USA, #G1881) was

mixed with 5 µl of the PCR product and loaded onto the wells of the solidified gel. Also

5 µl of a 100 bp DNA ladder (Sigma-Aldrich, USA, #P1473-1VL) was loaded onto the

gel, which serves as a size marker for the separated DNA samples. The current was set at

90 V for 30 to 45 minutes, allowing the PCR products to travel through the gel pores at a

speed inversely correlated to their sizes. The PCR bands were later visualised under ultra

violet (UV) light using the ChemiDocTM MP imaging system (Bio-Rad, USA).
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2.4.1 Optimisation of gel electrophoresis

If the bands were well defined and visible, then optimization is not necessary and the

amplified PCR product was used in further experiments. However, for those bands that

appeared faint or had duplicates, optimization was carried out by creating a temperature

gradient (from 50º C 60ºC) or by adding enhancing agents such as 10 µl/ reaction of

betaine, respectively.

2.5 Sanger sequencing

Sanger sequencing, also known as the chain termination method, is a procedure used for

the sequencing of DNA by the incorporation of chain terminating dideoxynucleotides

(ddNTPs) by a DNA polymerase (Sanger et al., 1977). The discovery of this technique in

1977 by Frederick Sanger revolutionised genetic research and it remained the most

popular sequencing method for approximately 25 years until it was superseded by next

generation sequencing (NGS) methods. Conventional Sanger sequencing requires the

presence of a single stranded DNA template, a primer, DNA polymerase, chain

terminating ddNTPs and normal deoxynucleosidetriphosphates (dNTPs). The modified

ddNTPs are responsible for the termination of DNA strand elongation through their lack

of a 3’ – OH group which in turn is needed for the development of phosphodiester bonds

between two nucleotides. The DNA elongation process is terminated when a ddNTP is

introduced. In the traditional Sanger sequencing technology, four separate sequencing

reactions were set up for the same DNA sample containing all of the normal dNTPs

(dATP, dGTP, dCTP, dTTP), DNA polymerase and only one chain terminating ddDNTP

(ddATP, ddGTP, ddCTP, ddTTP). The DNA fragments obtained after DNA extension

are subsequently denatured and separated by gel electrophoresis with a distinct lane for

each sequencing reaction. The DNA bands can later be visualised using UV light and the
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sequence can be analysed straight off the gel image. In the dye terminating sequencing

method, the ddNTPs are labelled with distinct fluorescent dyes which are then made

readable by a laser light source at distinctive wavelengths.

2.5.1 Preparation of a sequencing reaction

All the sequencing reactions were done using the BigDye Terminator v.3.1 Cycle

Sequencing kit (Thermo Fisher Scientific, USA, #4337455).

Initially, impurities were removed from the PCR amplified DNA samples by mixing 5 µl

of MicroCLEAN (Web Scientific, UK, #2MCL-5) with 5µl of PCR product in a 96 well

plate and centrifuging the mixture at 4000 rpm for 40 minutes. Then the supernatant was

discarded by inversely spinning the plate for 1 minute at 600 rpm.

The sequencing master mix was prepared and 10 µl was added to the wells. The reagents

used in all the sequencing reactions in this project along with their respective volumes

can be found in table 2.4.

After the sequencing mix was added to the wells, the plate was placed in the Veriti® 96

well thermal cycler (Invitrogen, USA) for amplification. The steps involved in the

amplification of the sequencing mixture can be found in table 2.5. The amplification

cycle is repeated 30 to 40 times depending on the starting amount of DNA.
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Table 2.4: Reagents used in the sequencing reactions performed in this study.

Reagents Volume (µl) Manufacturer

Big Dye Terminator (1X) 1 Thermo Fisher Scientific, #4337455.

Sequencing Buffer (1X) 1 Thermo Fisher Scientific, #4336697.

Betaine (5M) 2 Sigma-Aldrich, #B0300-1VL.

ddH2O 4 -

Forward primer (0.05-1µM) 1 Sigma-Aldrich

Reverse primer (0.05-1µM) 1

Table 2.5: The amplification steps of the sequencing reactions.

Steps T ( ͦ C ) Time Process

Initial Denaturation 95 ͦ C 1-2 minutes Double stranded DNA separates 

Into single stranded DNA.
Denaturation 95 ͦ C 30 seconds 

Annealing 50 ͦ C 10-15 seconds One primer anneals to the DNA

strand.

Extension 60  ͦ C 3-4 minutes The fluorescently labelled 

ddNTPs are incorporated into

the sequence by a DNA

polymerase enzyme.
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2.5.2 Ethanol precipitation

Following the amplification in the Veriti® 96 well thermal cycler (Invitrogen, USA), the

samples were purified by ethanol precipitation to obtain a refined DNA concentrate. This

was done by creating a sodium acetate-ethanol mix by mixing 2 µl of 3M sodium acetate

with 50 µl of 100 % ethanol for each sequencing mix and spinning the mixture for 30

minutes at 3200 rpm at 4ºC. The supernatant was discarded, and the wells containing DNA

were washed with 50 µl of 70 % ethanol after which the 96-well plate is spun again for

10 minutes at 3200 rpm at 4ºC. Finally, the sample was spun down to discard the

supernatant and the concentrated DNA precipitate is re-suspended in 15µl of 0.1 x TE

buffer.

2.5.3 Sequence analysis

The fluorescently labelled ddNTPs emit light at different wavelengths which are

recognized by the automated 3500 xL Genetic Analyser (Thermo Fisher Scientific, USA)

which produces a chromatogram. This chromatogram shown in figure 2.1 was analysed

using the Sequencher 4.9 software (Gene Codes Corporation, USA) allowing the

comparison of a gene of interest with a reference sequence. This quickly and easily

identifies SNPs and any potentially disease causing variants in the gene of interest.

Figure 2.1: Example of a chromatogram showing the distinctively coloured base pairs:

(A) Arginine – green, (G) Guanine - black, (T) Tyrosine – red and (C) Cytosine - blue.
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2.6 Homozygosity Mapping (HZM)

2.6.1 Overview of the technique

Homozygosity mapping is a mapping technique used to identify the genes behind rare

diseases in inbred populations. This technique is based on the notion that affected patients

born from a consanguineous marriage are likely to have two identical-by-descent alleles

(IBD), which are allele copies from a common ancestor at the disease locus. These patients

are considered to be autozygous at the disease locus (the presence of copies of identical

ancestral genes secondary to consanguineous mating), and since small chromosomal

regions are expected to be transmitted whole, these patients will have IBD alleles at

markers neighbouring the disease locus, hence homozygosity is expected at occur at these

regions (Génin and Todorov, 2007). In other words, HZM assumes the existence of a

disease gene adjacent to a marker locus due to the observation of excessive homozygosity

that is too significant to be contributed solely to chance (Alkuraya, 2010). Figures 2.2 and

2.3 further elaborate on this technique by showing the difference between identical by

state and descent alleles and the basic principles of autozygosity, respectively.
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Figure 2.2: Difference between identity by descent and identity by state alleles. (A) The
affected individual from an inbred family has two allele copies of a single allele originally
present in the great grandfather; He is considered to be autozygous (homozygous with two
identical-by-descent alleles). (B) The affected individual from a non-consanguineous
family has two identical-by state alleles at the disease locus that are not present in a
common ancestor; He is considered to be alloozygous at this disease locus and not
autozygous. Adapted from Génin and Todorov, 2007.



Chapter Two: Methods

99

Figure 2.3: The basic principles of HZM. The genome of four individuals from a
consanguineous family suspected to have a rare recessive disorder is shown here. The
genome is represented by the grey line with locus markers illustrated as vertical black
lines and regions of autozygosity as horizontal black lines. Since these patients are inbred,
various loci of autozygosity can be observed. However, the shared loci of autozygosity,
marked by two vertical lines, are where the disease locus is expected to be localised.
Subsequently, all four patients will have identical homozygous alleles in that specific
region, which is where the mutation behind the rare disease is expected to be. Adapted
from Génin & Todorov, 2001.

2.6.2 Steps of HZM

HZM was performed at UCL Genomics core facility UCL GOS ICH. All the steps were

carried out according to the Infinium HD Ultra Assay protocol (Rev B, 2010, Ilumina Inc,

San Diego, USA) using the cytoSNP-12 v 2.1 beadchip array.

300 ng of high quality genomic DNA was denatured and neutralized in preparation for

amplification. The denatured DNA was whole genome amplified in an overnight step at

37 ͦ C, in turn increasing the amount of DNA by a thousandfold with minimal amplification 

bias (A & B – figure 2.4). The amplified DNA was fragmented by an enzymatic technique
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(37 ͦ C for 1 hour and 15 minutes) in a hybridisation oven (C – figure 2.4). The fragmented

DNA was then precipitated by isopropanol and centrifuged at 4 ͦ C (D – figure 2.4). The

DNA precipitate was then re-suspended in a hybridisation buffer (E – figure 2.4). The

samples were loaded onto the BeadChip using a liquid handling robot (Freedom Evo,

Tecan Ltd, Switzerland) and incubated overnight in an Illumina hybridization oven (48 ͦ 

C). During hybridization, the DNA attaches to locus specific 50-mers, which are linked

to 300,000 bead types (F – figure 2.4). The un-hybridized and the non-specifically

hybridized nucleic acid segments were washed away (G – figure 2.4). The single base

extension of the oligos and staining was then performed by the liquid handling robot. A

single hapten-labelled ddNTP complementary to the sample DNA was used in the single

base extension process. 2,4- Dinitrophenol was used to stain the ddATP and ddTTP bases,

in addition to Biotin that is used to label the ddCTP and ddGTP bases. These stained

bases were detected by Streptavidin alongside an anti-DNP primary antibody, which are

linked to green and red fluorophores, respectively. To amplify the fluorescent signals, the

sample was counterstained with anti-steptavidin and a secondary anti-DNP antibody (H –

figure 2.4). Finally, the stained beadchips were covered in a glue-like substance (XC4

reagent) to protect the stained bases, which were then scanned using the Illumina iScan.

This scan uses a laser that excites the fluorophore of the base extensions, which enables

the recording of high-resolution images which are then analysed against an auto-ladder (I

– figure 2.4)
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Figure 2.4: The HZM steps followed in the Infinium HD Assay Ultra protocol (Rev B,
2010, Ilumina Inc, San Diego, USA). Adapted from the Infinium® HD Assay Ultra
Protocol Guide (2009).



Chapter Two: Methods

102

2.7 Cell culture

Fourteen primary fibroblast cell lines were established from the patients’ skin biopsies

(See Section 2.1: Sample collection).

2.7.1 Culture of fibroblasts

The patient and control fibroblasts were cultured in a biosafety level-2 cell culture

laboratory at UCL GOSICH. The cells were handled under European standard EN 12469

certified biological safety cabinets and were incubated in a CO2 incubator at 37°C.

The medium used for all the cell lines in this project was Dulbecco’s Modified Eagle

Medium (DMEM) GlutaMAX supplement (Thermo Fisher Scientific, USA, #10565018).

50 ml of Fetal Bovine Serum (FBS) from South American origins (Thermo Fisher

Scientific, USA, #0500-064) was added to every 500 ml DMEM container in addition to

15 ml of Penicillin-Streptomycin (10,000 U/ml) (Thermo Fisher Scientific, USA,

#15140122).

2.7.1.1 Media changing

The media was warmed up in a water bath at 37°C for at least 30 minutes prior to usage.

The media was changed 3 times per week for all cell lines. Table 2.6 shows the volumes

of DMEM used in different flasks.
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Table 2.6: Volumes of DMEM GlutaMAX media used.

Culturing container DMEM volume (ml)

Petri dish (15mm) 2 - 3

T25 cm2 8

T75 cm2 12

T175 cm2 16-20

2.7.1.2 Cell splitting

When the cells were approximately 80% confluent, they were split in a 1:2 or 1:3 ratio

depending on how fast the cells were growing. To start, the media was pipetted out of the

flask into a waster pot that contained at least 100 ml of Virkon (Sigma-Aldrich, USA, #

Z692158). Sterile PBS Ca2+- /Mg2+ -, PH 7.4, (Thermo Fisher Scientific, USA,

#10010023) was pipetted into the flask to wash the cells and get rid of any residual FBS

from the media that can inactivate the trypsin. The PBS was then pipetted into the waste

pot and trypsin- EDTA (0.05%) phenol (Thermo Fisher Scientific, USA, #2530054) was

added to cover the flasks at the bottom of the flask which is then incubated in the CO2

incubator at 37°C for 5 minutes. Table 2.7 contains the volumes of PBS and trypsin used

in different flasks.

The flask (s) was then removed from the incubator and gently tapped to to detach the cells

which were then checked under the microscope. Culturing media is directly added to the

flasks to inactivate trypsin (due to the presence of FBS) and the media containing the

detached cells is then pipetted into 15ml (petri dish or T25cm2 flask) or 50 ml falcons

(T75cm2 or T175cm2 flasks) falcons that were then centrifuged at 1000 rpm for 5 minutes

to obtain a cell pellet. The supernatant was then discarded and the media was added to the
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falcon as per table 2.6 to disrupt the cell pellet and the cells suspended in the media were

then moved to the new flask and then put in the CO2 incubator at 37°C to settle.

Table 2.7: Volumes of PBS and trypsin used in different flask sizes.

Culturing container Reagents Volume (ml)

Petri dish (15mm) PBS 0.5

Trypsin 0.5

T25 cm2 PBS 3

Trypsin 2

T75 cm2 PBS 8

Trypsin 6

T175 cm2 PBS 9

Trypsin 10

2.7.1.3 Skin biopsy culturing procedure

The skin biopsy was cut into 7-8 small pieces using a sterile scalpel in a 15 mm petri dish.

The pieces were spread in the dish and 1-2 ml of DMEM GlutaMAX media was carefully

added while making sure the skin pieces are stuck to the bottom of the dish and were not

floating in the media. The dish was then closed and transferred to the 5% 37°C CO2

incubator. The biopsy was checked every two days and the media is changed twice per

week to avoid continuously disrupting the skin pieces. Approximately 3 weeks after the

initial culturing step, cells began to appear around the skin pieces. When the cells became
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70% confluent, they were trypsinized without the centrifugation step to avoid any cell loss

due to their limited numbers at that stage.

2.7.1.4 Freezing fibroblasts

The same steps followed in the cell splitting protocol (Section 2.7.1.2) were done for

freezing the cells up until a pellet is obtained after centrifugation. The pellet was then

suspended in 1 ml of FBS followed by the drop-wise addition of 1 ml of 20% DMSO

(Sigma-Aldrich, USA, #472301) and 80% FBS to the cell suspension on ice. The

suspension was then transferred to two vials which were placed in a Styrofoam tube rack

and placed in the -80°C freezer overnight. On the next day, the vials were transferred to

liquid nitrogen for long term storage.

2.7.1.5 Recovering fibroblasts

Frozen vials were transferred from liquid nitrogen on dry ice and are quickly thawed by

gentle swirling in a sterile water bath at 37°C. Five ml of growth media was then added

to the cell suspension which was then transferred to a 15 ml falcon. The suspension was

then centrifuged at 1000rpm for 5 minutes. The supernatant was discarded and media was

added based on the size of the flask (table 2.6).
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2.8 Western Blotting

2.8.1 Overview of technique

Western blotting (WB) is a technique that incorporates the use of antibodies to detect

proteins that have been separated by gel electrophoresis. The gel is placed adjacent to

the membrane made of nitrocellulose or PVDF (polyvinylidene fluoride). An electrical

current induces the migration of the proteins from the gel to the membrane.

Consequently, the membrane is further processed with antibodies specific to the protein

of interest which is then visualized by a secondary antibody and detection reagents.

2.8.2 Sample preparation for Western Blotting

2.8.2.1 Lysing the fibroblasts

In preparation for sample loading in WB, specific lysis buffers need to be used to make

the proteins of interest accessible. The disruption of the cellular membranes and the

solubilisation of the intracellular proteins is achieved by using lysis buffers, which in

turn allow the individual migration of the proteins of interest through the gel. Generally,

buffers containing sodium dodecyl sulfate (SDS) yield the highest protein levels so SDS

was used. The key considerations when choosing a buffer are whether the antibody

recognises denatured protein samples and the location of the particular protein of

interest. Table 2.8 lists different lysis buffers used based on the proteins’of interest

cellular localization.
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Table 2.8: The lysis buffers typically used in WB based on the cellular location of

proteins.

Protein Location Lysis Buffer

Whole cell NP – 40 or RIPA

Cytoplasmic (soluble) Tris - HCL

Cytoplasmic (cytoskeletal bound) Tris - Triton

Membrane bound NP-40 or RIPA

Nuclear RIPA or nuclear fraction protocol

Mitochondria RIPA or mitochondrial fraction

protocol

The proteins of interest in this study are either membrane bound, nuclear and/or

mitochondrial, so 50 µl of RIPA buffer (Radio Immunoprecipitation Assay Buffer) was

used to lyse the fibroblast cell pellets as per section 2.7.1.2 which were then kept on ice

for one hour to allow time for the denaturation of the proteins. For membrane bound

proteins 10X RIPA buffer was used by mixing 150 mM sodium chloride with 1.0 % NP-

40 or Triton X-100, 0.5 % sodium deoxycholate, 0.1 % SDS (sodium dodecyl sulphate)

and 50 mM Tris, pH 8.0.
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2.8.2.2 Protease and phosphatase inhibitors

To avoid proteolysis, denaturation and dephosphorylation, the samples were kept on ice

and protease inhibitor tablets were used (Sigma- Aldrich, USA, # SRE0055). These

tablets contain individual components including EDTA at 1nM, Leupeptin at 1µM, E-64

at 14 µM.Bestatin at 116µM, Aprotinin at 0.3 µM and AEBSF at 2nM. The lysing mixture

was then made by adding 800 µl of ddH2), 100µl of 10X RIPA (see section 2.8.2.1) and

a 100 µl of the protease inhibitor cocktail mix. Approximately 80 µl of this lysis

suspension is added to the pellet obtained from a T175cm2 cell culture flask on ice.

2.8.2.3 Protein quantification

To ensure that an equal protein loading is achieved, a Bradford quantification assay (Bio-

Rad, USA, #5000006) was used. A standard curve was made by adding increasing

amounts of 1 µg/µl BSA to 7 wells filled with 399 µl of ddH2O in a clear flat bottom 96-

well plate (Thermo Fisher Scientific, USA, #460984). Simultaneously, 1µl of each cell

lysate sample was added to 399 µl of ddH2O. 100 µl of the protein assay dye reagent was

added to the standard curve and lysate wells and left to stand for 10 minutes. The plate

was then placed in the Thermo ScientificTM EvolutionTM 602 UV- Visible

Spectrophotometer (Thermo Fisher Scientific, USA, #11337903) that records the

absorbance of the samples. The respective protein calculations were then normalised to

the standard curve.

2.8.3 Sample loading for Western Blotting

Before the lysates were loaded onto the gel, 10 µl of Laemmli 4 x loading buffer (Bio-

Rad, USA, #161-0737) was added along with 8 µl of dithiothreitol (DTT; Thermo Fisher

Scientific, USA, #R0861) to to the cell lysates. The samples were heated at 90°C for 1-2

minutes before gel loading and were then stored at – 80 C.
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2.8.3.1 Gel Electrophoresis

Ready-made pre-cast gels (Bio-Rad mini-PROTEAN TGX 4-20% gradient gels, USA

#4561093) and self-made 10 % Polyacrylamide gels were used for the gel electrophoresis

in the mini-PROTEAN tetra cell (Bio – Rad,USA, #165-8000). A protein molecular

weight marker for proteins between 2 – 250 kD was used to determine the protein sizes

(Bio – Rad Precision Plus Dual Xtra, USA, #161-0377). Twenty µl of the lysate was

loaded into the wells for a total of 20ug of protein and placed in running buffer (Bio – Rad

10X Tris/Glycine/SDS, #1610732). The gel was left to run at 110 V for 70 minutes.

2.8.4 Protein transfer

The principle of protein transfer is similar to that of gel electrophoresis, where an

electrical current is used to transfer the proteins of interest in an electrical field onto a

nitrocellulose or PVDF membrane. There are two ways in which the transfer can be done:

in a wet or a semi – dry environment. The latter is usually quicker but more prone to

failure due to the drying of the membrane and the former is recommended when the

protein of interest is large ( 100 kDA). Both transfer methods were used in this study:

2.8.4.1 Wet transfer

Three hundred ml of 10x Tris/Glycine transfer standard transfer buffer was used (Bio-

Rad, USA, #1610734) for the wet transfer of the fibroblast lysates from patients A, B, C,

D, E, F, G, H, I & J (Table 2.1). The gel was placed on top of a nitrocellulose membrane

which was surrounded by 6 blotting papers (3 from each side) and 2 sponges (Figure 2.5)

which were then placed in cold transfer buffer and were left to run for 60 minutes at 100V

in the mini- PROTEAN tetra cell tank (Bio-Rad, USA, #165-8000).
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Figure 2.5: Schematic illustration of the transfer stack used in the wet transfer technique.

2.8.4.2 Semi- dry transfer

The gel was placed between ready made sandwiches of wet blotting paper and membranes

(Bio-rad, Trans-Blot Turbo Transfer Pack, USA, #170-4156) which were then placed in

an electrode cassette (Bio-Rad, Mini Trans-Blot Electrophoretic Transfer Cell, USA,

#170-3930). An electrical current was applied for 7 minutes (built in optimised time)

which allowed the transfer of the the proteins onto the membrane. Semi-dry transfer was

used for the WB done for patients K, L, M, N, O & P.

2.8.5 Blocking the membrane

After the transfer is complete, the membrane was blocked in 5% skimmed milk (Sigma-

Aldrich, USA, #BCR685) in Tris Buffer Saline Tween20 (TBST) buffer (Sigma-Aldrich,

USA, #91414) for 60 minutes to prevent the non-specific binding of the antibodies to the

membrane. Bovine Serum Albumin (BSA) is used as a blocking agent when the protein

of interest is phosphorylated due to the presence of the phosphorylated protein casein in

milk which causes high background. In this study, all the membranes were blocked in 5%

skimmed milk for 60 minutes.
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2.8.6 Incubating with the primary antibody

The membrane was washed 3 times in TBST buffer for 3 minutes each after the blocking

step. In the meantime, the primary antibodies were diluted in 5 % skimmed milk based

on the manufacturer’s dilution ranges (Table 2.9). The membrane was then placed in the

5% skimmed milk antibody mixture and incubated overnight at 4 C on a roller to prevent

the drying of the membrane and to ensure equal coverage. The antibody dilutions were

subsequently optimised based on the results obtained.

Table 2.9: The list and details of the primary antibodies used in this study.

Primary antibody Dilution Manufacturer (#)

GAPDH - Rabbit 1 : 1000 Cell Signalling

Technology (#2118S)

GAPDH - Mouse 1: 500 Merck Millipore (#MAB374)

WFS1 - Rabbit 1:1500 Thermo Fisher Scientific (#PA1-16923)

WFS1 – Rabbit 1:1000 Thomas Scientific (#11558-1-AP)

CISD2 - Rabbit 1:500 Thermo Fisher Scientific (#PA5-34545)

SLC29A3 - Rabbit 1:1000 LifeSpan Biosciences (#aa28-59)

SLC29A3 - Rabbit 1:200 Santa Cruz Biotechnology (#sc-134531)

SLC29A3 - Rabbit 1:500 Thermo Fisher Scientific

(#PA5-38039)

AMPK  1/2 -

Rabbit

1:1000 Cell Signalling

Technology (#57C12)
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2.8.7 Incubating with the secondary antibody

The membrane was then washed thoroughly with TBST before it was incubated with the

secondary antibody 5% skimmed milk mixture for 1 hour on a roller. The recommended

dilutions were specified on the antibodies’ data sheets (table 2.10).

Table 2.10: The list and details of the primary antibodies used in this study.

Secondary antibody Dilution used Manufacturer (#)

Polyclonal Swine Anti-

Rabbit Immunoglobulins

1:3000 Agilent (#P0399)

Polyclonal Rabbit Anti –

Mouse Immunoglobulins

1:3000 Agilent (#P0260)

2.8.8 Developing the membrane

The membrane was then thoroughly washed with TBST and placed in a Clarity ECL (Bio

– Rad, #170-5060) mixture which is a chemiluminescence substrate. The ChemiDocTM

MP imaging system (Bio-Rad, USA). detection machine then detected the

chemilluminescence emitted from the membrane and transformed the signal into a digital

image that was then analysed by the Image Lab software (Bio-Rad, USA).

2.8.9 Stripping & reprobing the membrane

When the protein of interest and the housekeeping protein are close to each other in size,

the membrane cannot be cut and thus has to be stripped from the first antibody and

reprobed with the second antibody. A stripping buffer was made by mixing 10 % SDS,

0.5 M Tris HCL pH 6.8, ultra pure water and - mercaptoethanol (Sigma-Aldrich, USA,
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#60-24-2) under the fume hood. The buffer was warmed to 60 C in the oven after which

the membrane (s) was added to a plastic box submerged in the stripping buffer and was

incubated for 45 minutes in the oven at 60 C with frequent agitation. After that, the

membrane (s) was washed extensively with water and TBST to remove traces of -

mercaptoethanol after which it was reprobed with another primary antibody. The

membrane could then be treated as a standard blot and the experiment can resume from

section 2.8.5.
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2.9: Real time quantitative reverse transcription PCR (qRT-PCR)

2.9.1: Overview of the technique

qRT-PCR is a major advancement in the PCR technology, where it has enabled the

tracking and measurement of amplified products in every PCR cycle and not just at the

end point. Traditional PCR incorporates agarose gels to visualize the amplification

products at the end point of the reaction which is not very precise and sensitive in

detecting small changes. Compared to the Agarose gel resolution of 10 fold, qRT-PCR

can identify changes that are as slight as two folds. The amplification phases of the RT-

PCR reaction are shown in figure 2.6 and the separation that occurs in the plateau phase

is shown in figure 2.7.

Figure 2.6: The amplification phases of three sample replicates. The amplification of the
products is steady in the exponential phase and begins to decrease in the linear phase due
to the depletion of the reagents which can be seen by the diverging amplicon quantities
at the reaction end point (black arrow).
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Figure 2.7: The separation in the plateau phase of the amplification reaction of 96
replicates. This plateau region is representative of the the amount of product seen on an
agarose gel. For this reason, an accurate quantitative analysis of DNA and RNA can not
be done at the end point of the reaction because the data is not accurately representative
of the starting material. Therefore, quantification studies are optimal when performed at
the exponential phase and qRT-PCR technology was developed to address that issue.
qRT-PCR remains a sensitive and reliable technique that is routinely used for gene
expression studies, genetic testing, RNAi and microarray validation.

2.9.2 Reverse transcription PCR

Complementary DNA (cDNA) was synthesized from RNA isolated from the patients’

fibroblasts using the RNA easy kit (Qiagen, #74104) and a reverse transcription PCR

reaction was performed. To start, 1µg of each RNA sample was diluted with DEPC

treated water to a total volume of 10.25 µl. The diluted RNA was then heated for 5

minutes at 72 C to remove any remaining secondary structures of the single stranded

RNA. The mix was then cooled to 37C in a Veriti® 96 well thermal cycler (Invitrogen,

USA) after which 9.75 µl of reverse transcription mix was added and left to incubate at

37C for one hour. The reaction was then stopped by denaturing the reverse transcription

enzyme by heating the mixture at 80 C for 10 minutes in the Veriti® 96 well thermal

cycler (Invitrogen, USA). The reagents used in the Reverse transcription PCR reagents

are listed in table 2.11.
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Table 2.11: Reagents used for the reverse transcription reaction mixes prepared in this
study.

In order to ensure the conversion success of RNA to cDNA, 1µl of the cDNA samples

were amplified by a standard PCR reaction alongside control genomic DNA samples

using Tubulin (TUBA1B) house keeping gene primers, Tubulin (TUBA1B). The TUBA1B

primers (shown in the appendix) amplified both genomic DNA (407 bp) and cDNA (273

bp) that were later electrophoresed to check for any RNA contamination and to ensure

the conversion to cDNA was successful. The cDNA products were then stored at -20 C.

2.9.3 Real - time quantitative PCR

SYBR Green chemistry is a method that can be used to monitor the amplification of the

products in ‘real time’. SYBR Green is a fluorescent dye that binds to double stranded

DNA which in turn increase its fluorescent emissions. These emissions are then detected

up by a sensitive monitor that records the fluorescence emissions of every plate, hence

enabling gene expression quantification at any time during the amplification process. The

reagents used in the SYBR Green reactions are listed in table 2.12.

Reagent Volume (µl) / reaction

Moloney Murine Leukemia Virus
Reverse Transcriptase (M-MLV RT)

buffer (5x)

4

dNTPs (10mM) 2

Random primers (500ug/ml) 1

M- MLV RT (200 units/ul) 0.5

RNasin RNase inhibitor (40 units/ul) 0.25

DEPC- treated water 2
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Three sets of primers (found in the appendix) were designed for the SLC29A3 gene whose

efficiencies were tested by creating a standard curve for each primer set. This was done

by running a RTqPCR reaction using five serial dilutions of template cDNA in triplicates

with a water blank. The reaction was done in a 96 well plate (microAMP Fast Optical 96-

well reaction plates, ABI) with every well containing 15 µl of SYBR GREEN master mix

and 10 µl of template cDNA. Primer set 3 was found to be the most efficient followed by

set 2, and set 1 was discarded. The efficiency was calculated using the formula 10(-1/slope)-

1 which was then multiplied by 100 to give the efficiency %.

Table 2.12: Standard SYBR Green reagents used in this study.

Reagent Volume (µl/reaction)

Power SYBR Green PCR Master Mix 12.5

Forward primer (50ng/ul) 1

Reverse primer (50ng/ul) 1

DEPC – treated water 0.5

To ensure accurate comparisons between the samples of interest, the relative

quantifications and comparisons of the samples must be normalized to an endogenous

housekeeping gene whose levels are known to be stable across all tissues. The relative

comparisons in this study were normalized against ribosomal protein L19 (RPL19). It was

assumed that the relative amplification of the target (SLC29A3) and control (RPL19)

genes is comparably efficient under the comparative CT method.
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The two primer sets used were free of primer – dimer products and the assays were run

in triplicates for all the samples, with the gene of interest and the control always being

run on the same plate with a control blank for each primer set to eliminate the risk of

contamination. The plates were then sealed with optical adhesive covers (ABI),

centrifuged briefly to eliminate any surface air bubbles and placed in the StepOne Plus

Real-Time PCR Systems (ABI) machine. The amplification reaction was programmed to

include an initial incubation step at 50C for two minutes followed by polymerase

activation at 95C for 10 minutes, 40 denaturation cycles at 95C for 15 seconds, and the

final annealing and extension steps at 60C for 1 minute.

After the reaction is finished, the StepOne software (version 2.1) was used for the

quantitative expression analysis of the RT-PCR assays. The software detects the cycle

number at which the fluorescence signals cross a threshold line, which gives a CT value

(Figure 2.8). The change in fluorescence at every cycle crossing point is calculated as:

∆Rn (cycle) = Rn (cycle) – Rn (baseline) where Rn is the normalized reporter representing 

the fluorescence of the SYBR Green dye divided by that of a passive reference that emits

a constant fluorescent signal. The threshold is automatically set by the machine although

it can be manually altered, but it is generally set at a cut-off that eliminates noise and

shows the amplification clearly.
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Figure 2.8: Graphical representation of the RTqPCR threshold data. Anything lower than
the CT value is considered as background noise and is discarded.
In order to assess the quantitative difference between the samples and controls, the ∆ CT

values were assessed and calculated as: average target CT (RPL19) – average control CT

(SLC29A3). Theoretically the CT values of the triplicates should be identical, however
variations do occur due manual pipetting errors. A CT value that was not within one cycle
compared to the other sample repeats was discarded manually. The target gene expression
was finally calculated using the formula 2-∆CT and the values of the patients were
compared to those of the controls.

2.10 Whole Exome Sequencing (WES)

WES was done at the UCL Institute of Neurology by Miss Deborah Hughes and Dr Alan

Pitman. The probands and their families (when available) were sequenced on the Illumina

HiSeq 2000 platform (Illumina, San Diego, USA) and the sample enrichment and library

preparation were based on the Agilent SureSelect v4 protocols (Agilent, Santa

Clara,USA) and the sequencing was set up to to achieve a final coverage of 30x for all

samples.
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2.10.1 Overview of WES

‘Next Generation Sequencing’ (NGS) is a blanket expression used to describe the high

throughput sequencing technologies that are able to sequence a significant number of

DNA sequences in parallel. The development of these technologies have revolutionized

genetic research and met the high demand for fast, affordable and accurate sequencing

data in both the clinical and research settings. Despite being superseded by the NGS

technologies, Sanger sequencing remains the gold standard sequencing technology and is

still used to confirm the variants shortlisted from the NGS analysis.

One of the most popular targeted sequencing technologies used is WES due to its cost

effective characteristics compared to whole genome sequencing. Despite the fact that the

exome represents 2% of our whole genome, it harbors more than 85% of the known

pathogenic gene variants. WES also provides a relatively manageable data set (4 - 5 Gb)

compared to whole genome technologies that yield ~ 90Gb per genome making the

variant analysis much easier (Yang et al., 2013).

2.10.2 Sample enrichment & library preparation

The starting material for NGS technologies is double stranded DNA which undergoes

standardized steps to form a sequencing library. These steps involve fragmentation and

size selection steps to ensure that the DNA templates are of sequence-able size. Also

through a ligation step, platform specific synthetic DNA is added to the end of these

fragments that act as primers for the downstream amplification of the DNA templates.

Ideally, these controlled steps are done in order to create an unbiased and representative

sequencing library of the entire DNA population.



Chapter Two: Methods

121

Figure 2.9: Library Preparation based on the Agilent SureSelect V4 protocol. Before each
sample is processed, individual library preparations are performed along with
hybridizations and captures on magnetic beads that enable the parallel running of the
downstream sequencing reactions. Sample preparation: The double stranded DNA is
fragmented, adaptor tagged, amplified and purified using AMPure XP beads.
Hybridization: the prepped DNA is hybridized to the Capture library which are then
washed. Indexing: Index tags are added to the DNA by a PCR reaction followed by
purification. Adapted from SureSelectQXT Automated Target Enrichment for Illumina
Multiplexed Sequencing Protocols, 2016.
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2.10.3 Paired-end and mate-paired sequencing

In WES, the DNA templates are sequenced from one end with an equal probability of

forward and reverse readings. Based on the library preparation protocol and on the

sequencing machine used, one of two types of sequencing is performed. Paired end

sequencing which was done in this study involves the forward and reverse mapping of

both ends of the DNA fragments, which is the method used in the Agilent SureSelect

protocol. On the other hand, mate-end sequencing maps both ends of formerly

circularized DNA fragments.

Figure 2.9 summarises the basic workflow of WES from sample collection to data

analysis.

Figure 2.10 (below): Standard workflow of NGS technologies. NGS applications involve

four steps: 1) Sample collection (purple): The starting material for all NGS experiments

is double stranded DNA from various origins: genomic DNA, immune-precipitated DNA

and reverse – transcribed RNA or cDNA). Samples usually include normal controls and

diseased samples or probands. 2) template generation (blue): This steps include the

standardizing steps of fragmentation, ligation, hybridization, amplification and indexing.

3) Sequencing reactions and detection (green): This can involve single-end reads or

paired – end reads based on the platform and library prep methods. 4) Data analysis: The

final step of the NGS experiments is data analysis where the reads are assembled to a

reference genome and filtered based on their quality. Adapted from Yang et al. (2013).
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2.10.4 Data analysis, annotation & interpretation

Before the clinical interpretation of the data, it was analyzed and annotated through an

analysis pipeline developed by Dr Alan Pitman at UCL Institute of Neurology. In brief,

data from the Illumina HiSEq2000 were transformed to a vcf file format from a FastQ

file using the Illumina Consensus Assessment of Sequence and Variation software,

version 1.8. Preceding the alignment of the FastQ files, the data was trimmed using

Trimmomatic (v0.32-1) (Bolger, Lohse & Usadel, 2014) and was then assessed for its

quality using FastQC (v0.10.1) (Andrews, 2011). The Illumina adapters were then

removed by MarkIlluminaAdapters from Picard tools (v1.1.19,

http://picard.sourceforge.net). The Picard tools (FastqToSam) were then used to

transform the fastq files to unaligned BAM files. Then using Novoalign (v3.02.0), the

reads were aligned to the hg19 reference genome. Base score quality recalibration and

alignment statistics were produced for each DNA template. The aligned BAM files were

then organized in coordinate order and using Picard tools, the file duplicates were marked

and not removed.

2.10.4.1 Variant calling

The BAM files were locally realigned around Indels after being fed into the Genome

Analysis Toolkit (GATK). UnifiedGenotyper was used to perform variant calling based

on the GATK standards and practices. The files were then stored in standard .vcf version

4.1file format.
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2.10.4.2 Variant annotation

The files were then annotated using the ANNOVAR software and were then compared

against an in-house database that contains all the previously reported variants for the

annotated genes which helps in determining the likelihood of a variant being disease

causing. These databases include: 1000 Genome Project (2012apr), Exome Variant

Server (esp6500si_all), refGene, dbSNP129 (snp129), Complete Genomics 69 (cg69),

dbSNP137(snp137) and Exome Aggregation Consortium (exac02). Moreover, variants

from 1300 sequenced ALS patients at UCL were included within the database.

2.10.4.3 Data interpretation

The data was then analyzed using the Ingenuity Variant Analysis (IVA) software (Qiagen,

USA) where filters where applied to retain variants that could potentially be disease

causing. The pathogenicity of these variants was predicted by various prediction tools

including: Sift (Kumar et al. 2009), Polyphen 2 (Ramensky et al, 2002) and Mutation

Taster (Schwarz et al., 2010). The prevalence of the candidate variants in certain healthy

populations was checked in the Exac database (Broad Institute). The bam files were

visualized using the Integrated Genome Browser (Nicol et al., 2009) software to assess

the quality of the reads. The potentially disease causing candidate variants were then

confirmed by Sanger sequencing as per section 2.5 and considered for further functional

work when applicable. Table 2.13 shows an example of the data analysis workflow based

on the IVA software that was used.
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Table 2.13: WES standard data analysis workflow. The analysis starts with thousands of
variants that are filtered down to a few variants that can be considered “good” candidates.
The size of the eclipse is reflective of the decreasing number of variants remaining after
every filtering step.

Confidence

Call quality At least 10 in any case and any control.

Read depth At least 10 in any case and any control.

Keep only Variants outside the top 5% most exonically variable 100base windows

in healthy public genomes.

Variants that passed upstream pipeline filtering

Variants outside 5% most exonically variable 100base windows in

healthy public genomes.

Variants outside top 1% most exonically variable genes in healthy

public genomes

Genotype quality At least 30 in any case or at least 30 in any control

Common variants

Keep only Variants observed in less than 1% in the 1000 Genomes Project.

Variants observed in less than 1% in the ExAc databse.

Variants observed in less than 1% of all NHLBI ESP exomes

Variants that are present in dbSNP

Predicted Deleterious

Keep only Variants that are experimentally observed to be associated with a

phenotype: Disease associated according to computed ACMG

Guidelines classification: Pathogenic & Likely pathogenic & Uncertain

significance.

Keep only Variants that are associated with a loss of function of a gene:

Frameshift, in-frame indel or start/stop codon change & Missense &

Predicted deleterious by having CADD score > 15 & Splice site loss up

to 2 bases.

Genetic Analysis – recommended settings for recessive or dominant variants

Keep only Case samples: variants which are associated with gain of function OR

are homozygous, compound heterozygous, haploinsufficient,

hemizygous, het-ambiguous and heterozygous AND the genotypes
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selected above occur in at least 2 of the 2 case samples (100%) at variant

level.

Exclude Control samples: variants which are associated with gain of function

OR are homozygous, compound heterozygous, haploinsufficient,

hemizygous, het-ambiguous and heterozygous AND the genotypes

selected above occur in at least 2 of the 2 control samples (100%) at

variant level.

Biological Context

Keep only Variants that are known to affect genes implicated in the following

diseases, processes, pathways, phenotypes, domains, activities or

biomarkers: (ex: DM, obesity, dysmorphic features, speech

abnormalities, etc.)
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Chapter Three: Allelic Variations and

Genetic Heterogeneity in Wolfram

Syndrome
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Aims

The aim of this chapter is to explore the allelic variations of Wolfram syndrome 1 in addition

to Wolfram syndrome 2 in a cohort of 12 Turkish patients. The mutations in the WFS1 and

CISD2 genes were identified using HZM and WES techniques, which were then confirmed by

Sanger sequencing. The pathogenicity of the identified novel and rare mutations was then

explored by assessing the functional impact of these genetic changes on the respective proteins

of interest.
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3.1 Introduction to Wolfram syndrome

3.1.1 Description and natural history

Wolfram syndrome (WS) is a rare autosomal recessive multisystem neurodegenerative disease

first described by Wolfram and Wagener in 1938, shortly after the introduction of the

ophthalmoscope into clinical practice at the Mayo Clinic. Dr Wolfram described four patients

in total, whose ages ranged between 3 to 18 years who initially presented to his practice with

DM and optic atrophy. The oldest patient described was an 18-year-old female who developed

DM at the age of 8 and optic atrophy at the age of 11 which has progressed to near total

blindness at the age of 18 with her visual acuity being reduced to counting fingers. Similarly,

this patient’s 15-year-old brother also presented with juvenile onset DM and bilateral optic

atrophy which led Dr Wolfram to infer the genetic basis of this family’s distinct clinical profile

(Wolfram, 1938).

A decade later, another family member who was initially thought to have the same disease as

his siblings (early onset diabetes and optic atrophy) was misdiagnosed with having atypical

Friedrich’s ataxia because of his neurological symptoms of poor coordination and abnormal

gait that were absent in his siblings. Almost two decades after the first description of this

family, two of the siblings were completely blind and had developed neuropathic bladders and

three siblings developed sensorineural hearing loss which expanded the phenotypic spectrum

of this disease. This original Wolfram family remain the best example of the natural

progression of WS and the wide spectrum of its debilitating symptoms (Minton et al., 2003).

Since the initial description of WS, there have been over 250 worldwide case reports on this

syndrome which expanded its clinical picture by adding diabetes insipidus, urinary tract

complications, neurological and psychiatric disorders to the its’ phenotypic spectrum. Today,



Chapter 3: Introduction

130

WS (NIM 222300) is also known as DIDMOAD (diabetes insipidus, diabetes mellitus, optic

atrophy & sensorineural deafness) and is diagnostically suspected when there is a clinical

presentation of juvenile onset diabetes mellitus (<15 years) and bilateral progressive optic

atrophy (<15 years) (Minton et al., 2003; Rigoli L., Lombardo F., Di Bella C., 2011).

In a UK nationwide study on 45 patients with WS, Barrett el al. (1995) revealed that 54% of

WS patients had all four components of DIDMOAD, 58% had renal tract abnormalities, 62%

had neurological complications and 62% had sensorineural deafness. All of the patients had

diabetes mellitus and optic atrophy which are the required symptoms for the diagnosis of WS

(Barrett et al., 1995).

3.1.1.1 Diabetes Mellitus

Non-autoimmune and non HLA linked DM is the first clinical manifestation of WS that

appears at an average age of 6 years and in most cases insulin replacement is necessary.

Postmortem studies in two patients with WS revealed the selective absence of the  cells in the

islets of Langerhans of the patients’ pancreas, explaining the need for insulin replacement in

WS (Karasik et al., 1989). Microvascular complications such as diabetic retinopathy are not

very common and this might be due to a protective consequence of optic atrophy (Minton et

al., 2003).

3.1.1.2 Optic atrophy

DM is followed by OA which presents at an average age of 11 years with reduced visual acuity

and a loss of color vision followed by peripheral vision. OA is progressive and eventually

results in a vision of  6 out of 60 in the better eye over an average period of 8 years. Most WS

patients become completely blind by the time they reach their second decade Rigoli L.,
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Lombardo F., Di Bella C., 2011). OA in itself is the final symptom of any pathology involving

axonal degeneration in the retinogeniculate network. The optic nerve is made up of ~ 1.2

heavily myelinated axons originating from the retinal ganglia and this myelin does not

regenerate after any damage. In OA, there is a rapid unexplainable loss of optic nerve myelin

which is organically manifested in altered color perception and arrangement of the optic discs,

and clinically as reduced vision (Pedroso et al., 2015).

Figure 3.1: Fundoscopy images showing the atrophy of the pale optic discs in a patient with
OA (B) compared to a healthy control (A). Adapted from (Pedroso et al., 2015).

Figure 3.2: MRI images of a patient with WS (A, C, E) compared to an age matched control
(B, D, F). Image A shows the significant coronal hypoplasia of the optic nerves in the orbits
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(shown by arrow) of the patient compared to the healthy control (Image B). The same
observation can be noticed in the axial plane of image C of the patient compared to control
(image D). Image E shows hypoplasia of the optic chiasm in the WS patient compared to the
normal optic chiasm in image F. Adapted from (Pedroso et al., 2015).

3.1.1.3 Diabetes insipidus

At the average age of 14 years, cranial diabetes insipidus occurs in 7/10 of WS patients as a

result of a dysfunctional pituitary gland which leads to the abnormal release of the peptide

hormone vasopressin. The main function of this antidiuretic hormone is to control the

extracellular plasma volume by regulating the permeability of the renal ducts through V2

receptors. In patients with central DI, there is an impaired release of vasopressin which

increases urinary frequency and consequently leads to dehydration, exhaustion and a chronic

feeling of thirst (Bichet et al., 2009).

3.1.1.4 Sensorineural hearing loss

Sensorineural hearing loss is another hallmark feature of WS that develops at an average age

of 16 years. The hearing impairment mainly affects higher frequencies and is progressive in

most of the WS cases; however, a few reports of total hearing loss have been reported

(Plantinga et al., 2008). The major cause of sensorineural deafness is an abnormality in the

structure and/or function of the hair cells in the organ of Corti, which is part of the cochlea

(Minton et al., 2003).

3.1.1.5 Renal abnormalities

Other clinical manifestations of WS include a range of urinary tract abnormalities which

appear on average between the second and third decade of life. Those mostly include renal

and/or ureteric obstructions, high capacity atonal bladders, bladder – sphincter dyssynergia,
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urinary frequency, recurrent urinary tract infections and incontinence Rigoli L., Lombardo F.,

Di Bella C., 2011).

3.1.1.6 Neurological dysfunction

Neurological abnormalities associated with WS include central apnoea secondary to

respiratory failure, myoclonus, peripheral & autonomic neuropathy, hemiparesis caused by

cerebral infarcts, cerebellar dysarthria and diminished olfaction & gag reflex (Barrett et al.,

1995; Minton et al., 2003). Magnetic resonance imaging (MRI) scans of patients with WS show

global cerebral atrophy and mostly in the cerebellum, medulla and pons. These scans also show

an almost absent signal from the posterior pituitary and a reduced signal from the optic nerve

explaining DI and OA, respectively (Minton et al., 2003).

Figure 3.3: Symptom progression in Wolfram syndrome. The peak of each curve denotes the
median age of presentation. DM: diabetes mellitus, OA: optic atrophy, DI: diabetes insipidus,
D: deafness, R: renal tract abnormalities, N: neurological complications. Adapted from Minton
et al. (2003).

3.1.1.7 Gastrointestinal dysregulation

Additional complications include gastro – intestinal complications such as constipation and /

or diarrhea (Minton et al., 2003).
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3.1.1.8 Sexual development abnormalities

Secondary hypogonadism in males is common among WS patients due to the abnormal

secretion of luteinizing hormone (LH) by the pituitary gland which signals the testes to produce

testosterone resulting in delayed puberty and infertility (Noormets et al., 2009). Similarly,

female WS patients have delayed menarche, irregular menstrual cycles and reduced fertility.

However, there have been records of 5 women with WS who gave birth to 9 healthy individuals

(Barrett et al., 1995).

3.1.1.9 Mental illness

WS has been closely linked to mental illness where patients have been reported to have a higher

risk of developing progressive juvenile dementia, severe depression, psychosis, paranoid

delusions, hallucinations and impulsive aggressive behaviors which all contribute to the

increased suicide attempts and hospitalizations amongst these patients (Flint J. & Kendler K.

S., 2014; Swift R. G, Sadler D. B & Swift M., 1990). It was even reported that heterozygous

WS carriers that are estimated to constitute 1% of the general population are at a higher risk of

developing mood disorders compared to non-carriers (Swift M. & Swift R. G., 2000). In fact,

it is estimated that heterozygous carriers are 26 times more likely to be institutionalized for

mental illnesses compared to non-carriers and these carriers might represent 25 % of patients

hospitalized for depression and suicide attempts (Swift R. G, Sadler D. B & Swift M., 1990;

Swift M. & Swift R. G., 2000).

A couple of studies have suggested a link between the likelihood of committing suicide and

the H611R heterozygous variant in the WS gene (Sequeira et al., 2003). These conclusions

have been confirmed in further additional reports (Swift et al., 2005; Sequeira et al., 2003;
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Zalsman et al., 2009) and refuted in a few others (Furlong et al.,1999; Ohtsuki et al., 2000;

Torres et al., 2001). This inconsistency of the findings might be attributed to major differences

in the patient cohorts and requires further exploration. As a result, the discovery of the genetics

behind WS has opened an era of focus on gene discovery in mental illness. Even though the

initial excitement has faded since, WS remains one of the most important neurodevelopmental

disorders associated with mental illness.

3.1.2 Prognosis of WS

The prognosis of patients with WS is poor where patients die at average age of 30 (range 25 –

49 years) (Barrett el al., 1995). Complications from the neurological and renal symptoms are

the most common causes of death in these patients. Metabolic complications of diabetes DM,

recurrent infections, respiratory distress due to central respiratory failure secondary to

brainstem atrophy and suicide due to severe depression are also amongst the causes of death in

WS patients (Minton et al., 2003; Barrett el al., 1995).

3.1.3 Prevalence of WS

The estimated occurrence of WS in the UK is 1 in 770,000 live births with a carrier frequency

of 1 in 354. This data was collected from two National Health Service centers in two regions

in the UK with a total population of 10,022,620 in 1992 (Barrett et al., 1995). These statistics

are significantly lower than the estimated frequency of 1/100,000 in North America with a

carrier frequency of 1 in 100 which was based on the presentation of one case of OA in every

175 patients in a juvenile diabetes clinic (Fraser, J. A., Biousse, V., & Newman, N. J., 2010).

However, the false diagnoses of type 1 DM could be the reason behind the inconsistent data

and the low number of reported cases worldwide. Consequently, the genetic screening for WS



Chapter 3: Introduction

136

is advisable whenever DM is accompanied by any symptom associated with this

neurodegenerative disease especially OA (Homa et al., 2014).

3.1.4 WS - like diseases

3.1.4.1 Mitochondrial diseases

Initially WS was thought to be a mitochondrial disease due to their symptomatic resemblance

(Minton et al., 2003). Examples of these diseases are Leber’s Heriditary Optic Neuropathy

(LHON) and MELAS which is short for Myopathy, Encephalomyopathy, Lactic acidosis and

Stroke-like episodes. DM is often reported as a complication in MELAS and OA is the key

symptom in LHON. Point mutations and deletions in mitochondrial DNA (mtDNA) have been

reported to cause DM, OA and deafness which are the hallmark features of WS, so the

assumption that WS is a mitochondrial disease is reasonable (Barrett et al., 1995).

There have been reports of point mutations and deletions in the mtDNA of patients with

features similar to WS but these findings were not consistent (Bundey at al., 1992; Rotig et al.,

1993; Barrientos et al., 1996). Also, mutations in mitochondrial DNA have been ruled out in

cluster of WS patients (Rigoli et al., 1999), challenging the assumption that WS is a

mitochondrial disease. However, the recent studies that have explored the role of the

mitochondria in ER stress (Cagalinec et al., 2016) alongside the discovery of a second causal

gene for WS (Amr et al., 2007) localized to the mitochondrial membrane, have proved that

there is indeed mitochondrial involvement in WS.
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3.1.4.2Autosomal Dominant WFS1

3.1.4.2.1 Non-syndromic low-frequency sensorineural heating loss (LFSNHL)

There have been various reports of heterozygous and compound heterozygous WFS1 mutations

in patients with LFSNHL (Gurtler et al., 2005; Bespalova et al., 2001; Eiberg et al., 2006;

Tranebjaerg et al., 2013). For instance, Young et al., (2001) described a 6 generation Canadian

family with dominant progressive non-syndromic deafness. The hearing impairment initially

affects the low frequencies and can progress to severe impairment across all frequencies after

the fourth decade of life (Young et al., 2001; Tranebjaerg et al., 2013).

3.1.4.2.2 Autosomal dominant optic atrophy (ADOA) and hearing impairment

OPA1 is the gene most frequently associated with isolated or syndromic OA and hearing loss

(OMIM, 2017). In 2006, Eiberg et al., identified a common heterozygous missense mutation

(E864K) in WFS1 in 5 individuals from a Danish family with juvenile onset OA and hearing

impairment. Three of these patients had impaired glucose regulation where one of them had

undiagnosed DM, another had impaired  cell function as demonstrated by an abnormal

insulinogenic index and the last one had compromised glucose tolerance. Further reports

emerged of WFS1 heterozygosity in ADOA and deafness (Rendtorff et al., 2011; Tranebjaerg

et al., 2013) and now this phenotype is a recognized presentation of WFS1’s heterozygous

pathogenic variants.

3.1.5 Genetics - WFS1 & Wolframin

The occurrence of WS in patients born to unaffected parents that were often consanguineous

implied an autosomal recessive mode of inheritance of this disease. In an attempt to understand

the genetics behind WS, Polymeropoulos et al., (1994) linked the WS gene to the short arm of

chromosome 4 by using 195 microsatellite DNA markers in 11 families with at least 2 members
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affected with WS. The linkage was later refined in 12 UK families in 1996 by Collier et al.,

(1996) and the disease was confirmed to link at 4p. Subsequently in 1998 one Japanese and

one American group independently discovered the WS gene using positional cloning

techniques and a candidate gene approach, respectively (Inoue et al., 1998; Strom et al., 1998).

The WS gene was named WFS1 by Inoue et al., (1998) and its encoding protein Wolframin

was coined by Strom et al., (1998).

WFS1 is made up of 8 exons of which 7 are coding and spans 33.4 kb of genomic DNA.

Figure 3.4: The exons of the WFS1 gene; exon 1 is non coding. The most common mutations
in WFS1 are specified in the respective exons. Adapted from Rigoli et al., (2011).

Figure 3.5: The cytogenetic location of WFS1 at 4p16.1 & molecular location of WFS1
between the base pairs 6,260,368 to 6,303,265 on chromosome 4. Adapted from Ensembl
(2017).
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WFS1 encodes for Wolframin which is an 890 amino acids long protein with a molecular mass

of 100 kDa. Wolframin is a tetrameric protein that is made up of nine transmembrane segments

with hydrophobic properties at each end of the termini. WFS1’s product is an endoglycosidase

H- sensitive membrane glycoprotein localized to the ER with a Ncyt/Clum orientation (Rigoli et

al., 2011). Studies have proposed that Wolframin plays an integral role in the regulation of ER

stress which will be discussed in detail in section 3.1.8 (Fonseca et al., 2005).

Figure 3.6: Hypothetical structure of Wolframin with its 9 transmembrane domains and its
Ncyt/Clum orientation. Adapted from Rigoli et al., (2011).

3.1.5.1 WFS1 mutations

There are approximately 350 reported mutations in WFS1 with the majority of them being

missense/nonsense mutations followed by frameshifts, deletions and insertions (The Human

Gene Mutation Database, 2017). Most of the mutations are in exon 8 (figure 3.4) which encodes

for Wolframin’s transmembrane and C terminal domains (Rigoli et al., 2011; Fonseca et al.,

2009; Minton et al., 2003; Ariyasu et al., 2017). There is no clear genotype phenotype

relationship in WS where the clinical presentation of the disease is highly variable even

amongst the same family (Tranebjaerg et al., 2013).
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3.1.6 Expression of WFS1

Expression analyses of WFS1 show that it is ubiquitously expressed in the pancreas, kidneys,

liver, heart, brain, lung, placenta and skeletal muscle (Minton et al., 2003). It has been reported

that expression is significantly greater in the pancreatic islets compared to exocrine cells with

the  cells being the main site of WFS1 expression. Expression is also found to a lesser extent

in the  cells but is absent in the  cells or exocrine acinar cells even though they both are

involved in protein secretion (Rigoli et al., 2011; Fonseca et al., 2005).
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Figure 3.7: Wolframin expression in various tissues of the body which explains the
multisystemic nature of this disease. (Red: blood & immune, green: nervous, yellow:
muscoskeletal, blue: internal, pink: secretory, turquoise: reproductive). Adapted from Gene
Cards, 2017.
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3.1.7 Wolfram Syndrome Type II - CISD2 & ERIS

WS is a highly heterogeneous disease with a wide phenotypic spectrum, where symptoms can

differ greatly even within a single family. In 2000, Shanti et al., (2000) described 16 individuals

from 4 unrelated consanguineous Jordanian families with a phenotype that almost matched that

of WS1 except that the patients did not have diabetes insipidus which is usually present in 70%

of all WS patients. However, Rondinelli et al., (2015) have described an Italian patient with

WS2 that had the clinical and biochemical profile of diabetes insipidus revealing that the

absence of this symptom is not the defining clinical difference between WS1 and WS2.

An additional symptom in these patients is an increased bleeding tendency with abnormal

platelet aggregation, where these patients tend to suffer from gastrointestinal tract bleeding

secondary to peptic ulcers. Nevertheless, Rouzier et al., (2017) described a Moroccan patient

with WS2 that did not show any signs of peptic ulcers which argues against a consistent

genotype – phenotype relationship in WS2.

Shanti et al., (2000) found another WS locus that was mapped to chromosome 4q22-24 between

the D4S1591 and D4S3240 markers in three out of four unrelated Jordanian families.

Consequently, Amr et al al., (2007) found a common truncating homozygous mutation (E37Q)

in CISD2 – CDGSH iron sulfur cluster containing protein 2 - in the three Jordanian families

described by Shanti et al., (2000); Consequently, these patients have been classified as having

WS2 (MIM 604928). It is estimated that around 10% of patients with WS do not have mutations

in WFS1and CISD2 is the only other causative gene that has been identified in a few isolated

families worldwide. CISD2 mutations have only been reported so far in 4 families from Jordan

(Amr et al.,2007), one patient from Italy (Mozillo et al., 2014; Rondinelli et al., 2015) and one

patient in Morocco (Rouzier et al., 2017).
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The cytogenetic region of CISD2 (4q) has been previously mapped for human longevity by

Puca et al., (2001) in a comparative genome study on 137 centenarian siblings. Accordingly,

Chen et al., (2009) showed that CISD2 deficiency is associated with premature aging and

lifespan regulation in CISD2 knockout mice.

Figure 3.8: The cytogenetic location of CISD2 is at 4q and the molecular location is between
the base pairs 102,868,978 to 102,892,807 on chromosome 4 - Homo Sapiens Annotation
Release 108, GRCh38.p7. Genetics Home Reference, 2017.

CISD2 is a highly conserved gene which encodes for a small 135 amino acid protein known as

ERIS (endoplasmic reticulum IFN stimulator) which has a molecular weight of 15 kDa (Amr

et al., 2007). The N and C terminals of ERIS harbor a transmembrane and a CDGSH domain

respectively and the protein has two redox active 2 Fe – 2S clusters in its homodimer state.

ERIS is localized to both the ER and mitochondrial membranes and is thought to play an

important role in maintaining the structural and functional integrity of these organelles

(Rouzier et al., 2017). Similarities between WS1 and WS2 could be attributed to the overlap in

the protein expression of Wolframin and ERIS in cerebral tissue (Amr et al., 2007; Rouzier et

al., 2017).
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Figure 3.9: Expression levels of ERIS. ERIS is expressed in various tissues with prominent
levels in the islets of Langerhans, nasal respiratory epithelium and the brain. (Red: blood &
immune, green: nervous, yellow: muscoskeletal, blue: internal, pink: secretory, turquoise:
reproductive). Adapted from Gene Cards, 2017.
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Rouzier et al., 2017 have shown that a homozygous mutation in CISD2 (c.215A>G) disturbs

Ca2+ homeostasis by increasing the Ca2+flux from the ER to the mitochondria through the IP3R

channel resulting in an increase of cytosolic Ca2+. This creates cellular stress which ultimately

leads to the activation of apoptotic pathways in both the ER and mitochondria (Section 3.1.8).

Figure 3.10: Schematic model showing the effects of mutations in CISD2. There is disrupted
Ca2+homeostasis as a result of an increased Ca2+ flux between the ER and mitochondria. Also
enhanced interorganellar contact was seen in the fibroblasts of a patient with a homozygous
CISD2 mutation. Adapted from Rouzier et al., 2017.
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In conclusion, this review supports the notion that WS1 and WS2 have a continuous and

overlapping phenotypic spectrum that is highly heterogeneous. The two separate causative

genes (WFS1 & CISD2) also have overlapping mechanisms of pathophysiology and expression

which explains their close similarity.

3.1.8 Pathophysiology of WS

3.1.8.1 ER stress

Since WFS1 encodes for a product that is embedded in the ER, the disease mechanism of WS

is thought to lie within this organelle. The ER is an integral cellular component with functions

that range from folding and assembling of new proteins such as pro-insulin in the pancreas to

post translational modification (Fonseca et al., 2009).

ER stress occurs when there is an imbalance between the protein folding capacity of this

organelle and the demand placed on it, resulting in an accumulation of misfolded and unfolded

proteins. It has been shown that WFS1 plays an integral role in mediating the stress response

in the ER, a mechanism thought to be involved not only in the pathophysiology of WS but a

variety of endocrine disorders (Alberts et al., 2013).

The cells respond to ER stress by activating a signaling network known as the unfolded protein

response (UPR) which leads to the increase in ER size and decrease in protein translation in an

attempt to lessen the workload on the organelle. Also, the activated UPR leads to the

upregulation of gene expression for molecular chaperones and degrades the mis – and unfolded

proteins that have accumulated in the ER in an attempt to neutralize this stress (Alberts et al.,

2013; Fonseca et al., 2009).
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Activating transcription factor 6 (ATF6) is one of the key regulators of the UPR and it

encodes for a bZIP containing transcription regulator located in the ER membrane. Under ER

stress, ATF6 is cleaved and discharged from the ER and its bZIP domain relocates to the

nucleus to upregulate BiP and XBP -1, which are target downstream genes that control the

folding and processing of proteins. The remaining unstable and non-cleaved ATF6 is then

degraded by the ubiquitin proteasome pathway in an attempt to avoid hyper-activation of the

UPR which can lead to apoptotic cell death and global cellular dysfunctions (Alberts et al.,

2013; Fonseca et al., 2009).

There is accumulating evidence showing that the WS phenotype is caused by the hyper

activated ER stress signaling pathway in the affected tissues resulting in  cell death and

neuronal dysfunction. Fonseca et al., (2010) showed that WFS1 is a key component in

regulating the negative feedback loop of the ER signaling cascade which protects the cells from

the detrimental consequences of UPR hyper- activation. Thus, dysfunctional WFS1 affects the

ER stress response in either increasing the ATF6 signaling by preventing its degradation or

by affecting the stability of E3 ubiquitin ligase, HRD1 (Alberts et al., 2013; Fonseca et al.,

2009).

Maintaining ER homeostasis is crucial for insulin regulation because the transformation of pro-

insulin (insulin precursor) into its active mature form takes place in the ER, and thus the

integrity of this organelle is crucial in glucose regulation (Fonseca et al., 2005). ER stress can

be a direct result of either physiological or pathological factors that lead to the buildup of

misfolded and unfolded proteins. For instance, a physiological stimulus could trigger the

initiation of pro –insulin biosynthesis in the  cells in response to a glucose load (Lipson et al.,

2006). Hence, the ER stress pathway should be closely regulated in the pancreatic  cells in
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order to adapt to the continuous fluctuations of blood glucose and the respective need for

insulin production (Fonseca et al., 2007 ; Fonseca et al., 2010).

In order to prevent hyper-activation of the ER stress signaling cascade, WFS1 might have

developed in mammals as a protective regulator of HRD1. Hence, WFS1 has a crucial role in

protecting  cells from apoptosis by operating as an ER stress suppressor. It can be predicted

that mutations in the WFS1, HRD1 or ATF6 genes are associated with ER stress disorders

such as diabetes and neurodegeneration. In fact it has been shown that some WFS1 variants are

associated with a risk for diabetes type 1 and type 2 (Lyssenko et al., 2008; Sandhu et al.,

2007). In addition, polymorphisms and haplotypes of ATF6 have been associated with

abnormal glucose homeostasis and type 2 diabetes (Meex et al., 2007).

Fonseca et al., (2005) have shown using siRNA that when mutations in WFS1 result in a loss

of function of Wolframin, ER stress significantly increases as a result of WFS1 suppression in

pancreatic  cells.
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Figure 3.11: WFS1 regulates the levels and activation of the ATF6 protein. (A) Under normal
conditions, WFS1 brings ATF6 and ubiquitin E2 ligase (Hrd1) together where the latter
ubiquitin marks ATF6 for proteasome degradation. Under ER stress, the N-terminal binding
domain of ATF6 detaches from WFS1 to undergo proteolysis and its soluble bZIP domain
moves to the nucleus to up-regulate the expression of the ER stress target genes (BiP,XBP-1
and CHOP). Subsequently ATF6 is degraded as a result of WFS1 induction and cellular
homeostasis is maintained. (B) In WS, ATF6 fails go through proteasome degradation
resulting in a chronic state of ER stress signaling which results in cellular apoptosis through
apoptotic agents of the UPR such as CHOP. Adapted from Fonseca et al., (2010).

It has also been previously reported that Wolframin plays an important role in Ca2+ homeostasis

very likely by being a Ca2+ channel itself (Osman et al., 2003; Hofman et al., 2003). The islets

of WFS1 knockout mice have lower cytosolic Ca2+ production compared to controls in response

to a change in blood glucose (Ishihara et al., 2004). These reports propose that the loss of

function of WFS1 disrupts Ca2+ homeostasis in the ER which results in ER stress that ultimately

causes pancreatic  cell death.
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In conclusion WFS1 plays an integral protective role in the ER stress signaling pathway and its

loss of function causes ER- stress related disorders including diabetes and neurodegeneration;

Also it may very well play a pathological role in mental illness.

3.1.8.2 Mitochondria & ER stress

The causative role of the ER stress response in WS has been well established with evidence

from various studies (Fonseca et al., 2005, 2007, 2011). However, as described in the

‘differential diagnoses’ section, most of the clinical manifestations of WS resemble

mitochondrial diseases and suggest a defect in energy metabolism (Kanki et al., 2009; Ross-

Cisneros et al., 2013). This assumption is supported by the discovery of CISD2 as another

causative gene for WS type II which is linked to mitochondrial dysfunction and death (Chen et

al., 2009; Wiley et al., 2013). ER stress and mitochondrial dysfunction in WS are not mutually

exclusive mechanisms since the former can cause the latter which supports the assumption that

WS is associated to mitochondrial disease (Win et al., 2014; Cagalinec et al., 2016).

In a series of experiments Cagalinec et al., (2016) showed that WFS1 deficiency leads to the

abnormal functioning of the mitochondria in primary neuronal cell cultures which in turn

hinders neuronal development. To start, it was shown that WFS1 deficiency in neurons leads

to ER stress in pancreatic  cells (Cagalinec et al., 2016) which elaborates on the findings of

Fonseca et al., (2005, 2009). This neuronal ER stress leads to the dysfunction of the 1,4,5 –

triphosphate receptor (IP3R) which leads to increase Ca2+ levels under resting conditions

(Cagalinec et al., 2016). This is in line with the reports of increased Ca2+ levels in WFS1

deficient induced pluripotent stem (iPS) cells (Lu et al., 2014).



Chapter 3: Introduction

151

However, under neuronal stimulation the level of Ca2+ is decreased which is suggestive of the

abnormal process of the IP3R mediated Ca2+ release in these WFS1 deficient neurons. This

unsettled Ca2+ homeostasis disrupts the mitochondrial settings in a way that their movement

becomes abnormal, they become smaller in size, the frequency of their fission and fusion

decreases and they undergo mitophagy and autophagy at an increased rate (Rouzier et al.,

2017). Most importantly, Cagalinec et al., 2016 were able to correct the disrupted

mitochondrial dynamics pharmacologically by activating L – type Ca2+ channels which

highlights potential therapies and confirms the role of Ca2+ in mitochondrial disruption in

WFS1 deficient neurons.

The turnover of neuronal mitochondria is low compared to other cell types so a decrease in

mitochondrial mass secondary to autophagy and mitophagy leads to a sudden and significant

energy deficit in these cells which causes further functional and dynamic damage in the

mitochondria (Cagalinec et al., 2016).

Another finding from Cagalinec et al., 2016 was the significant delay in the development of

WFS1 deficient neurons compared to controls. Brain MRI images of WFS1 deficient mice

revealed severe atrophy of the brain stem which is in line with WS patients that die from

respiratory failure secondary to brain stem degeneration (Hershey et al., 2012).

The exact mechanism of how WFS1 deficiency leads to a delay in neuronal development is not

fully understood yet, but it might involve two Parkinson’s disease proteins (PINK1 & Parkin)

based on the report that the suppression of the PINK1-Parkin pathway corrected the

developmental delay in the WFS1 deficient neurons. It can be hypothesized that the abnormal

transport of mitochondria as well as their disrupted fission-fusion dynamics are behind the
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developmental delay observed. This is due to the resulting shortage of ATP supply which

affects all the ATP-dependent processes in the whole cell and eventually the tissues and organs.

Also, increased autophagy and mitophagy leads to a decrease in total mitochondrial mass which

affects the absolute energy production in these cells. Since neuronal development is energy

taxing, any insult that hinders energy production will delay neuronal growth (Tein et al., 2015;

Cagalinec et al., 2016).

In conclusion, a causal association has been identified between ER stress, disrupted Ca2+

homeostasis, abnormal mitochondrial characteristics and inhibited neuronal growth in primary

cultured WFS1 deficient neurons (Cagalinec et al., 2016). Also, it is now known that there is

an interplay between the ER and mitochondria where ER stress leads to abnormal behavior in

the mitochondria which can explain the mitochondrial phenotype in an ER stress disease like

WS. This evidence provides a backbone for potential therapies and better understanding of

WS, neurodegenerative and neuropsychiatric diseases.
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3.2 Patient details

Twelve patients from 12 unrelated mostly consanguineous families that presented with

WS variations are described in this section. The majority of these patients are from

Turkey (10 out of 12) and presented with typical WS1 and WS2 phenotypes. The

remaining two patients from Sweden and Denmark presented with autosomal dominant

forms of WS1, and their genetic tests were performed by our collaborators (Eiberg et

al., 2006 & Rendtorff et al., 2011). Table 2.13 summarises the major clinical

manifestations of these patients.
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3.2.1 Family 1 - Patients A & B - Family pedigree & clinical profile

Figure 3.12: Family pedigree of patients A & B who have identical presentations
of DM, DI and OA. Consanguinity between the parents is suspected but not
certain.
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Table 3.1: Table showing the clinical information of patient A.

Patient A

Age (years) 27

Country of Origin Turkey

Birth Weight (kg) 3.0

Gestational Age (weeks) 39

Height (cm) 175 -1.05 SD

Weight (kg) 85 -2.2SD

HbA1c 10.7

Fasting Insulin -

Results of OGTT -

Fasting Glucose (mmol/l) 23.3

Cholesterol (mg/dl) 134

Triglycerides (mg/dl) 88

Age of Diabetes Onset (years) 9

Clinical Presentation Hyperglycaemia / Mild ketosis

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Exocrine Insufficiency

(clinical and/or stool elastase)

-

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease No

Lung Abnormalities No

Skeletal Abnormalities No
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Hepatomegaly / Splenomegaly No

Acute / Chronic Hepatitis No

Mental Retardation / Developmental Delay No

Microcephaly No

Seizures No

Deafness No

Blindness (age of presentation in years) Optic Atrophy – 18

Intracranial Abnormalities -

Chronic Renal Failure No

Structural Kidney Abnormalities No

Neutropenia / Anaemia No

Frequent Infections No

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus (age of presentation in
years)

Yes – 20

Hypoparathyroidism No

Skin Abnormalities No

Teeth Discolouration

Short Stature

Cardiac Abnormality/ Murmur

Dysmorphic Features

No

No

No

No
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Table 3.2: Table showing the clinical information of patient B.

Patient B

Age (years) 29

Country of Origin Turkey

Birth Weight (kg) 3.0

Gestational Age (weeks) 39

Height (cm) 143 - 0.86 SD

Weight (kg) 35 - 0.92 SD

HbA1c 12.5

Fasting Insulin (ul/ml) 1.9

Results of OGTT -

Fasting Glucose (mmol/l) 25

Cholesterol (mg/dl) 125

Triglycerides (mg/dl) 68

Age of Diabetes Onset (years) 6.5

Clinical Presentation Hyperglycaemia / Polyuria

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Exocrine Insufficiency

(clinical and/or stool elastase)

-

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease No

Lung Abnormalities No

Skeletal Abnormalities No
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Hepatomegaly / Splenomegaly No

Acute / Chronic Hepatitis No

Mental Retardation / Developmental Delay No

Microcephaly No

Seizures No

Deafness No

Blindness (age of presentation in years) Optic Atrophy – 8

Intracranial Abnormalities -

Chronic Renal Failure No

Structural Kidney Abnormalities No

Neutropenia / Anaemia No

Frequent Infections No

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus (age of presentation

in years)

Yes – 8

Hypoparathyroidism No

Skin Abnormalities No

Teeth Discolouration No

Short Stature No

Cardiac Abnormality / Murmur No

Dysmorphic Features No
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3.2.2 Family 2 - Patient C- Family pedigree & clinical profile

Figure 3.13: Family pedigree of patient C who has presented with DM, DI, OA, D
&cerebral atrophy and comes from a consanguineous Turkish family.
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Table 3.3: Table showing the clinical information of patient C.

Patient C

Age (years) 17

Country of Origin Turkey

Birth Weight (kg) 3.1

Gestational Age (weeks) 39

Height (cm) 139 - 3.1 SD

Weight (kg) 36 - 2.4 SD

HbA1c (%) 8.1

Fasting Insulin -

Results of OGTT -

Fasting Glucose (mmol/l) 8

Cholesterol (mg/dl) 141

Triglycerides (mg/dl) 250

Age of Diabetes Onset (years) 3

Clinical Presentation Hyperglycaemia / Ketoacidosis/
Polyuria

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Exocrine Insufficiency

(clinical and/or stool elastase)

-

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease No

Lung Abnormalities No

Skeletal Abnormalities No
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Hepatomegaly / Splenomegaly No

Acute / Chronic Hepatitis No

Mental Retardation / Developmental Delay No

Microcephaly No

Seizures No

Deafness Yes

Blindness Yes - Optic Atrophy

Intracranial Abnormalities -

Chronic Renal Failure No

Structural Kidney Abnormalities Yes – Reflux

Neutropenia / Anaemia No

Frequent Infections Yes

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus Yes

Hypoparathyroidism No

Skin Abnormalities No

Teeth Discolouration No

Short Stature No

Cardiac Abnormality / Murmur No

Dysmorphic Features No
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3.2.3 Family 3 - Patient D - Family pedigree & clinical profile

Figure 3.14: Family pedigree of patient D who has presented with DM, OA, D & DI
and comes from a consanguineous Turkish family.
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Table 3.4: Table showing the clinical information of patient D.

Patient D

Age (years) 14

Country of Origin Turkey

Birth Weight (kg) 3.0

Gestational Age (weeks) 38

Height (cm) 135 – 1.5 SD

Weight (kg) 29 – 1.4 SD

HbA1c (%) 7.4

Fasting Insulin -

Results of OGTT -

Fasting Glucose (mmol/l) 12

Cholesterol (mg/dl) 173

Triglycerides (mg/dl) 119

Age of Diabetes Onset (years) 6

Clinical Presentation Hyperglycaemia /Polyuria

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Exocrine Insufficiency

(clinical and/or stool elastase)

-

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease No

Lung Abnormalities No

Skeletal Abnormalities No
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Hepatomegaly / Splenomegaly No

Acute / Chronic Hepatitis No

Mental Retardation / Developmental Delay No

Microcephaly No

Seizures No

Deafness No

Blindness (age of presentation in years) Yes - Optic Atrophy at 8 years old

Intracranial Abnormalities No

Chronic Renal Failure No

Structural Kidney Abnormalities Yes – Reflux at 8 years old

Neutropenia / Anaemia No

Frequent Infections No

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus Yes

Hypoparathyroidism No

Skin Abnormalities No

Teeth Discolouration No

Short Stature No

Cardiac Abnormality / Murmur No

Dysmorphic Features No
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3.2.4 Family 4 - Patient E- Family pedigree & clinical profile

Figure 3.15: Family pedigree of patient E who has presented with DM, OA, D & DI,
short stature and celiac disease from a consanguineous Turkish family.
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Table 3.5: Table showing the clinical information of patient E.

Patient E

Age (years) 14

Country of Origin Turkey

Birth Weight (kg) 3.75

Gestational Age (weeks) 39

Height (cm) 131 – 2.24 SD

Weight (kg) 28 – 1.5 SD

HbA1c (%) 9.4

Fasting Insulin -

Results of OGTT -

Fasting Glucose (mmol/l) 12

Cholesterol (mg/dl) 172

Triglycerides (mg/dl) 137

Age of Diabetes Onset (years) 3

Clinical Presentation Hyperglycaemia /Polyuria/ Mild
ketoacidosis

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Exocrine Insufficiency -

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease No

Lung Abnormalities No

Skeletal Abnormalities No
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Hepatomegaly / Splenomegaly No

Mental Retardation / Developmental Delay No

Microcephaly No

Seizures No

Deafness - age of presentation in years Yes – 6

Blindness - age of presentation in years Optic Atrophy - 8

Intracranial Abnormalities No

Chronic Renal Failure No

Structural Kidney Abnormalities Yes – Reflux at 8 years old

Neutropenia / Anaemia No

Frequent Infections No

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus No

Skin Abnormalities No

Short Stature Yes-Stimulation test was planned

Cardiac Abnormality / Murmur No

Dysmorphic Features No

Any other system involvement Celiac disease
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3.2.5 Family 5 - Patient F & G - Family pedigree & clinical profile

Figure 3.16: Family pedigree of patients F & G who presented with DM, OA & DI
and are from a consanguineous Turkish family. Patient F has the additional
presentations of cerebral atrophy, microcephaly, short stature and undescended testes.
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Table 3.6: Table showing the clinical information of patient F.

Patient F

Age (years) 20

Country of Origin Turkey

Birth Weight (kg) 1

Gestational Age (weeks) 32

Height (cm) 142 – 1.5 SD

Weight (kg) 59 – 2.7 SD

HbA1c (%) 9.2

Fasting Insulin -

Results of OGTT -

Fasting Glucose (mmol/l) 26

Cholesterol (mg/dl) 211

Triglycerides (mg/dl) 96

Age of Diabetes Onset (months) 15

Clinical Presentation Severe ketoacidosis

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease No

Lung Abnormalities No

Skeletal Abnormalities No

Hepatomegaly / Splenomegaly No
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Acute / Chronic Hepatitis No

Mental Retardation / Developmental Delay Yes

Microcephaly Yes

Seizures No

Deafness No

Blindness - age of presentation in years Optic Atrophy - 12

Intracranial Abnormalities Yes – cerebral atrophy

Chronic Renal Failure No

Structural Kidney Abnormalities No

Neutropenia / Anaemia No

Frequent Infections No

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus - age of presentation in
years

Yes – 12

Hypoparathyroidism No

Skin Abnormalities No

Teeth Discolouration No

Short Stature No

Cardiac Abnormality / Murmur No

Dysmorphic Features Yes – unilateral undescended testes
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Table 3.7: Table showing the clinical information of patient G.

Patient G

Age (years) 17

Country of Origin Turkey

Birth Weight (kg) 2.5

Gestational Age (weeks) 36

Height (cm) 148.9 -1.5 SD

Weight (kg) 51- 2.3 SD

HbA1c (%) 7.4

Fasting Insulin 5ulU/ml

Results of OGTT -

Fasting Glucose (mmol/l) 19.5

Cholesterol (mg/dl) 208

Triglycerides (mg/dl) 98

Age of Diabetes Onset - years 2

Clinical Presentation Hyperglycaemia /Polyuria

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease No

Lung Abnormalities No

Skeletal Abnormalities No

Hepatomegaly / Splenomegaly No
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Acute / Chronic Hepatitis No

Mental Retardation / Developmental Delay No

Microcephaly No

Seizures No

Deafness No

Blindness- age of presentation in years Optic Atrophy - 10

Intracranial Abnormalities No

Chronic Renal Failure No

Structural urinary tract Abnormalities Yes – bladder wall trabeculation and
bladder diverticulum

Neutropenia / Anaemia No

Frequent Infections No

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus Yes

Hypoparathyroidism No

Skin Abnormalities No

Teeth Discolouration No

Short Stature No

Cardiac Abnormality / Murmur No

Dysmorphic Features No
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3.2.6 Family 6 - Patient H & I - Family pedigree & clinical profile

Figure 3.17: Family pedigree of patients I & H who presented with DM, OA & DI are
are from a consanguineous Turkish family.
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Table 3.8: Table showing the clinical information of patient H.

Patient H

Age (years) 18

Country of Origin Turkey

Birth Weight (kg) 3.5

Gestational Age (weeks) 38

Height (cm) 166 - 1.6 SD

Weight (kg) 66 - 2.9 SD

HbA1c (%) 7

Fasting Insulin 3

Results of OGTT -

Fasting Glucose (mmol/l) 5.7

Cholesterol (mg/dl) 130

Triglycerides (mg/dl) 100

Age of diabetes onset - years 7.5

Clinical Presentation Hyperglycaemia, mild
ketoacidosis, polyuria

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease No

Lung Abnormalities No

Skeletal Abnormalities No

Hepatomegaly / Splenomegaly No
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Acute / Chronic Hepatitis No

Mental Retardation / Developmental
Delay

Yes

Microcephaly Yes

Seizures No

Deafness No

Blindness – age at presentation in years Optic Atrophy- 10

Intracranial Abnormalities No

Chronic Renal Failure No

Structural Kidney Abnormalities No

Neutropenia / Anaemia No

Frequent Infections No

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus - age at presentation
in years

Yes – 12

Hypoparathyroidism No

Skin Abnormalities No

Teeth Discolouration No

Short Stature No

Cardiac Abnormality / Murmur No

Dysmorphic Features No
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Table 3.9: Table showing the clinical information of patient I.

Patient I

Age (years) 23

Country of Origin Turkey

Birth Weight (kg) 3.35

Gestational Age (weeks) 38

Height (cm) 180 - 1.1 SD

Weight (kg) 70 - 0.8 SD

HbA1c (%) 6.1

Fasting Insulin 5.5

Results of OGTT -

Fasting Glucose (mmol/l) 5.7

Cholesterol (mg/dl) 138

Triglycerides (mg/dl) 54

Age of diabetes onset - years 12.5

Clinical Presentation Hyperglycaemia / polyuria

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease No

Lung Abnormalities No

Skeletal Abnormalities No

Hepatomegaly / Splenomegaly No
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Acute / Chronic Hepatitis No

Mental Retardation / Developmental Delay Yes

Microcephaly Yes

Seizures No

Deafness No

Blindness – age at presentation in years Optic Atrophy - 12.5

Intracranial Abnormalities No

Chronic Renal Failure No

Structural Kidney Abnormalities No

Neutropenia / Anaemia No

Frequent Infections No

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus – age at presentation in
years

Yes – at the age of 14

Hypoparathyroidism No

Skin Abnormalities No

Teeth Discolouration No

Short Stature No

Cardiac Abnormality / Murmur No

Dysmorphic Features No
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3.2.7 Family 7 - Patient J - Family pedigree & clinical profile

Figure 3.18: Family pedigree of patient J who presented with DM, OA, D & cerebral
atrophy and comes from a consanguineous Turkish family.
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Table 3.10: Table showing the clinical information of patient J.

Patient J

Age (years) 19

Country of Origin Turkey

Birth Weight (kg) 3.0

Gestational Age (weeks) 39

Height (cm) 157 -1.8SD

Weight (kg) 40 -2.1SD

HbA1c (%) 8

Fasting Insulin -

Results of OGTT -

Fasting Glucose (mmol/l) 8

Cholesterol (mg/dl) 121

Triglycerides (mg/dl) 167

Age of Diabetes Onset - years 12

Clinical Presentation Hyperglycaemia / polyuria

Diabetes Treatment Insulin

Pancreatic Autoantibodies Negative

Pancreatic Size ( hypoplasia or atrophy) No

Congenital Heart Disease Yes – Ventricular septal defect

Lung Abnormalities No

Skeletal Abnormalities No

Hepatomegaly / Splenomegaly No

Acute / Chronic Hepatitis No
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Mental Retardation / Developmental Delay Yes – from 1 year of age

Microcephaly Yes

Seizures Yes

Deafness Yes

Blindness – age at presentation in years Optic Atrophy - 12.5 years

Intracranial Abnormalities Yes – cerebral atrophy

Chronic Renal Failure No

Structural Kidney Abnormalities No

Neutropenia / Anaemia No

Frequent Infections No

Hypothyroidism No

Growth Hormone Deficiency No

Cortisol Deficiency No

Diabetes Insipidus No

Hypoparathyroidism No

Skin Abnormalities No

Teeth Discolouration No

Short Stature No

Cardiac Abnormality / Murmur Yes

Dysmorphic Features No
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3.2.8 Family 8 - Patient K - Family pedigree & clinical profile

Figure 3.19: Family pedigree of patient K who presented with OA, HI and impaired
glucose regulation. This patient has a family history of OA and HI as seen in the
pedigree.
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Table 3.11: Table showing the clinical information of patient K.

Patient K

Age (years) 44

Country of Origin Denmark

Visual Impairment

Age of onset (years) 9

Age at last examination (years) 26

Optic atrophy Mild

Optic discs Pale

Visual acuity (OD) 0.3 – 6.50 sph

Visual acuity (OS) 0.3 – 5.00 sph

Goldman perimetry Normal

Hearing Impairment

Age of onset (years) 4

Degree of HI Moderate

Pure tone threshold (PTA) (dB), right/
left at latest examination (age at

examination, years)

68.8/62.5 (27 years)

Audiometric configuration, right/left at
first examination

U-shaped / U-shaped

PTA progression (dB), right/left (period
of observation)

21.3 / 16.3 (19 years)

Audiometric configuration, right/left at
latest observation

Flat/ Flat

CT scan (temporal bone) Normal

Glucose Regulation

Glucose tolerance Normal (32 years)

Fasting P-glucose (mmol/l)* 5.1

2h - P – glucose (mmol/l) 5.3

Insulinogenic index 2.1 (compared to a normal mean
of 25.0)

Psychiatric Normal
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3.2.9 Family 9 - Patient L - Family pedigree & clinical profile

Figure 3.20: Family pedigree of patient L who passed away at the age of 63 and had
OA and hearing loss. This patient had a family history of OA and HI as seen in the
pedigree.



Chapter 3: Patient Details

184

Table 3.12: Table showing the clinical information of patient L.

Patient L

Age (years) Deceased at 63

Country of Origin Sweden

Visual Impairment

Age of onset (years) 9

Optic atrophy Mild

Optic discs Pale

Visual acuity 20/40 (R), 20/40 (L)

Hearing Impairment

Age of onset (years) Early childhood

Degree of HI Severe, progressive

Glucose regulation Normal

Psychiatric Depression, hallucinations
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Table 3.13: Summary of the clinical phenotypes of the 12 patients with WS variations.

Patients DM onset
(years)

D DI OA/ any visual
impairment

A 9 N Y Y

B 6.5 N Y Y

C 3 Y Y Y

D 6 N Y Y

E 3 Y N Y

F 15 N Y Y

G 2 N Y Y

H 7.5 N Y Y

I 12.5 N Y Y

J 12 Y N Y

K - Y N Y

L - Y N Y

Total (%) 83.3 % 41.6% 66.6% 100%
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3.3 Results

3.3.1 Patients A & B

3.3.1.1 Homozygosity mapping

Figure 3.21: Bed file showing the shared copy number variations (CNV) and the loss of
homozygosity (LOH) between patients A & B. The assumption initially made was that
both siblings have inherited the same recessive disease.

Table 3.14: Table showing the the size of the shared LOHs between patients A &B on
chromosome 4.



Chapter 3: Results

187

Figure 3.22: Beta allele frequency plot showing the shared LOH (1) and LOH (2) on 4q
and 4p, respectively.

Table 3.15: Table showing the list of genes in LOH (1) and LOH (2). WFS1 was located
in the smaller region of homozygosity (LOH 1) and was considered as a good candidate
gene for sequencing.
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3.3.1.2 Gel Electrophoresis - WFS1 primers

3.3.1.2.1 Patient A

Figure 3.23: Polymerase Chain Reaction (PCR) gel showing the 18 WFS1 amplicons

(appendix) at an amplification temperature of 55 °C. Amplicons 3, 4, 6, 7, 11, 14, 16, 17

& 18 were not amplified.

Figure 3.24: Optimisation of amplicons 3, 4, 6, 7, 11 & 14 by a temperature gradient
(53,58,60,62 °C).

Figure 3.25: Optimisation of primers for amplicons 16, 17 & 18 by temperature gradient
(53,58,60,62 °C). Amplicons 16 & 18 failed to amplify.
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Figure 3.26: PCR gel showing the 18 WFS1 amplicons at an amplification temperature
of 55 °C. Amplicons 4, 12 & 16 were not amplified and the bands are not visible.

3.3.1.2.2 Patient B

Figure 3.27: PCR gel showing the 18 WFS1 amplicons at an amplification temperature
of 55 °C. Amplicons 4, 12 & 16 were not amplified and the bands are not visible.

Figure 3.28: Optimisation of primers for amplicons 4 & 12 by temperature gradient
(52,54,57,59,61°C).
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Figure 3.29: Optimisation of amplicon 16 by temperature gradient (52,54,57,59,64°C).

3.3.1.3 Sanger Sequencing

Figure 3.30: Chromatogram showing a homozygous missense protein changing mutation
in exon 8, c.1885C >T, p.(Arg629Trp), in patients A & B. This mutation changes an
Arginine amino acid in Wolframin to Tryptophan. This change has been reported once
before in two Turkish patients with a Wolfram phenotype by Kadayifci et al., (2001).
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3.3.1.4 Western blotting

Figure 3.31: Western Blot showing the WFS1 protein bands at 100kda and the GAPDH
bands at 35 kda. Decreased Wolframin levels can be seen in patients A and B compared
to the controls regardless of the increase in the initial protein loading for patient A
especially and patient B. Despite normalising the protein levels at 20ug, significant
variation was still seen in the loading. This is a common struggle that is experienced when
trying to normalise different primary cell lines due to their inherent variability and due to
the fact that protein can clump making quantification and loading challenging inaccurate.

Figure 3.32: The Western Blot for patients A &B was repeated after optimising the
protein quantification which can be seen by the approximate equal loading between the
samples. Decreased levels of Wolframin (WFS1) can be seen in the patients compared to
the controls. In the second loading for patient B (counting from left to right), there is a
slight increase in the loaded protein as seen by the darker GAPDH band and this has
caused the visualisation of a more intense WFS1 band. This increase in WFS1 can be
attributed to the increase in loading rather than the protein expression itself, as decreased
protein levels in the patients’ fibroblasts were seen in Blot (1) and the in the first set on
this blot (counting from left to right).
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3.3.2 Patients C & D

3.3.2.1 Homozygosity mapping

In this section, the homozygosity mapping and western blotting data for patients C & D

are presented together since it was assumed that both patients had the same underlying

genetic disease.

Figure 3.33: Bed file showing the shared CNV and LOHs of patients C & D since it
was hypothesized that both patients might have the same recessive disease.

Table 3.16: Table showing the sizes of the 6 shared LOH between patient C & D. The
biggest shared homozygosity region is on chromosome 19 with a size of 6.678674 million
base pairs.
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Table 3.17: Table showing the genes in the six LOHs. WFS1 was found in LOH 4 and since the patients’ symptoms fit the WS phenotype,
WFS1 was considered a good candidate gene and was sequenced.
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Figure 3.34: Beta allele frequency plot showing the patients’ LOH (4) on chromosome
4p where WFS1 is located.

3.3.2.2 Gel electrophoresis

3.3.2.2.1 Patient C

Figure 3.35: 2% agarose gel showing the amplified bands for the 18 WFS1 amplicons

under an amplification temperature of 55 C. Amplicons 12 and 14 were not amplified
and the amplifying conditions were subsequently optimised.
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Figure 3.36: 2% agarose gel showing the bands for amplicons 12 and 14 amplified at a

temperature gradient (52C, 58C, 60C, 62C, 64C). The primers amplified at 58C

were selected for sequencing.

3.3.2.2.2 Patient D

Figure 3.37: 2 % agarose gel showing the bands for the 18 WFS1 primers at an
amplification temperature of 55 °C. All these primers were used for sequencing at this
annealing temperature.
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3.3.2.3 Sanger sequencing

3.3.2.3.1 Patient C

Figure 3.38: Chromatogram showing a homozygous three base pair deletion in exon 8,
C.1242_1244 delCGT, leading to the removal of a Valine amino acid (del415Val). This
frameshift mutation has been reported previously by Hardy et al., (1999).

3.3.2.3.2 Patient D

Figure 3.39: Chromatogram showing a homozygous three base pair deletion in exon 8,
C.1716_1718delTTC, leading to the removal of a Phenylalanine amino acid (del516Phe).
This frameshift mutation has been reported previously by Colosimo et al., (2003).
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3.3.2.4 Western blotting

Figure 3.40: Western Blot showing the WFS1 protein bands at 100kda and the GAPDH
bands at 35 kda. Absent Wolframin can be noticed in patient C and D compared to the
controls regardless of the increase in the protein loading for patient C.

Figure 3.41: A second optimised Western Blot clearly showing absent Wolframin in
patients C and D compared to the control.
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3.3.3 Patient E

3.3.3.1 Homozygosity mapping

Table 3.18: Table showing the sizes of the 18 LOHs in patient E. The biggest one is
LOH (13) with 9.449925 million base pairs.
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Table 3.19: The list of genes in the 18 LOHs; WFS1 was identified in LOH 5 and was considered a good candidate gene.
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Table 3.19.1: The list of genes in the 18 LOHs (cont’d).
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Figure 3.42: Beta allele frequency plot showing LOH 5 of patient E which is absent in
the rest of his family. The LOH 5 is on 4p which is the cytogenetic location of WFS1. It
is hypothesised that the patient is likely to have a homozygous change in WFS1 so this
gene was sequenced next.
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3.3.3.2 Sanger sequencing

Figure 3.43: Chromatogram showing a novel frameshift insertion c.2826_2827insA, p.
Phe886fs*54, in patient E that prolongs Wolframin by 54 amino acids.

3.3.3.3 Western blotting

Figure 3.44: A Western Blot showing absent Wolframin in patient E compared to the
controls.
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3.3.4 Patients F & G

For patients F, G, H & I, the western blotting results are shown in section 3.3.5.4.

3.3.4.1 Whole Exome Sequencing

Figure 3.45.a: Ingenuity Variant Analysis (IVA) ‘confidence’ filters applied in the
analysis of patients F &G.

Figure 3.45.b: IVA ‘common variants’ filter applied in the analysis of patients F &G.



Chapter 3: Results

204

Figure 3.45.c: IVA ‘predicted deleterious’ filter applied in the analysis of patients F
&G.

Figure 3.45.d: IVA ‘genetic analysis’ filter applied in the analysis of patients F & G.
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Figure 3.45.e: IVA ‘biological context’ filter applied in the analysis of patients F&G.
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Figure 3.46: Screenshot from IVA software showing the list of filtered variants. A homozygous frame- shift deletion in WFS1 was identified
in patients F and G making WFS1 a strong candidate gene. The truncating deletion c. 1230_1233 delCTCT is located in exon 8 and is
heterozygous in the patients’ parents (controls).
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3.3.4.2 Gel electrophoresis

Figure 3.47: 2% agarose gel showing the amplified bands of primer set 14 which
covers the genomic location of the frame-shift deletion c. 1230_1233 del CTCT.

3.3.4.3 Sanger sequencing

Figure 3.48: Chromatogram confirming the homozygous deletion
c.1230_1233delCTCT, Val412Serfs*29, in patients F and G.
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3.3.5 Patients H & I

3.3.5.1 Whole Exome Sequencing

Figure 3.49.a: IVA ‘confidence’ filter applied in the analysis of patients H & I.

Figure 3.49.b: IVA ‘common variants’ filter applied in the analysis of patients H & I.
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Figure 3.49.c: IVA ‘predicted deleterious’ filter applied in the analysis of patients H &
I.

Figure 3.49.d: IVA ‘genetic analysis’ filter applied in the analysis of patients H & I.



Chapter 3: Results

210

Figure 3.49.e: IVA ‘biological context’ filter applied in the analysis of patients H & I.
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Figure 3.50: List of filtered variants from IVA. A homozygous mutation in WFS1 was identified in patients H and I making WFS1 as a
likely disease causing strong candidate gene. The missense mutation c.376G>A, p.(Ala126Thr) is heterozygous in the patients’ parents
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3.3.5.2 Gel electrophoresis

Figure 3.51: 2% agarose gel showing the bands for the primer set 7 of WFS1 which
covers the genomic location of the missense change c.376G>A, p.(Ala126Thr).

3.3.5.3 Sanger sequencing

Figure 3.52: Chromatogram confirming the homozygous missense change, c.376G>A,
p.Ala126Thr, in patients H & I. The patients’ parents and sister are carriers for this
mutation and are healthy.
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Section 3.3.5.4: Western blotting

Figure 3.53: Western Blot showing absent Wolframin in patients F & G and decreased
protein levels in patients H & I.
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3.3.6 Patient J

3.3.6.1 Homozygosity mapping

Table 3.20: Table showing the sizes of the 25 LOHs in patient J.
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Table 3.21: The list of genes in the 25 LOHs. CISD2 was located in LOH 11 and it was the best candidate gene based on the patient’s
phenotype so it was selected for sequencing.
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3.3.6.2 Gel electrophoresis

Figure 3.54: 2% agarose gel showing two amplified bands for exons 1 and 2 of CISD2
at 55 C. Exon 3 could not be amplified under any temperature and with the use of
amplification enhancers and redesigned primers. Exon 3 was normally amplified for
controls and the patient’s parents.

Section 3.3.6.3: Western blotting

Figure 3.55: Western blot showing absent levels of CISD2 in patient J compared to the
control. Equal loading was achieved as seen by the Calnexin bands.
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3.3.7 Patients K & L

For patients K & L, Eiberg et al (2007) and Rendtorff et al (2011) respectively

performed the genetic studies and reported autosomal dominant WS in both patients. I

received the patients’ fibroblasts from Professor Lisbeth Tranebjaerg which I cultured

and used for protein expression studies.

3.3.7.1 Sanger sequencing

Figure 3.56: Chromatogram showing a novel heterozygous mutation c.2590 G>A,
p.(Glu864Lys), in exon 8 of WFS1 in four affected family members including patient K.
This was the first report of an autosomal dominant presentation of optic atrophy and
hearing loss associated with a WFS1 mutation (Eiberg et al., 2007).
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Figure 3.57: Chromatogram showing the heterozygous mutation c.2051 C > T,
p.(Ala684Val), in WFS1 in patient L. This patient is from the first family that was
described with isolated autosomal dominant optic atrophy and sensorineural hearing
loss (Samuelson et al.,1940); Rendtorff et al., 2011).

3.3.7.2 Western blotting
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Figure 3.58: Western blots showing decreased levels of WFS1 in patients K and L
compared to the control fibroblasts.



Chapter 3: Discussion

220

3.4 Discussion

3.4.1 Allelic variations and genetic heterogeneity of Wolfram Syndrome in a cohort of

12 patients

The results for the twelve patients with different variations of WS highlight the

phenotypic spectrum of this disease and its wide genetic heterogeneity.

3.4.1.1 Wolfram Syndrome type 1

Most of the patients in this chapter are a result of a consanguineous or a suspected

consanguineous marriage and the first assumption made was that the syndromic

phenotypes are caused by a recessive inheritance pattern. To test this hypothesis,

homozygosity mapping was performed at UCL Genomics and Whole Exome Sequencing

was done at the UCL Institute of Neurology.

3.4.1.1.1 Family 1

Patients A and B were assumed to have the same recessive disease as they both presented

with DM, OA and DI and both of their parents were healthy. Parental consanguinity was

suspected but not confirmed in this Turkish family.

The size of their shared LOHs was estimated by subtracting the start point from the end

point which resulted in LOHs (1&2) with 1.077963 and 2.972213 million base pairs,

respectively (table 3.3.1). Blasting the LOH regions on Ensembl resulted in 21 genes in

total including WFS1 which is localized to LOH (1) on the short arm of chromosome 4

as seen on the beta allele frequency plot (Figure 3.3.2). Consequently, WFS1 became a

strong candidate gene as it could potentially explain the phenotype of the two siblings.
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18 primer sets were used to amplify the 8 exons of WFS1 and they were optimized using

a temperature gradient and enhancing agents (Section 3.3.1.2). Primer sets 1, 2, 5, 8, 9,

10, 12, 13 and 15 were amplified at 55 C and were used for sequencing. Primer sets 3,

4, 6, 7, 11 & 14 were optimized by a temperature gradient and were used at 62 C, 60 C,

62 C, 60C, and 58 C respectively.

Sanger sequencing was done for the 8 exons of WFS1 and a homozygous protein changing

missense mutation c.1885 C>T, p. Arg629Trp, was found in exon 8. This C to T change

causes a change in the amino acid sequence of Wolframin by replacing Arginine by

Tryptophan. This change has been reported once before in two male patients that

presented with DM, OA, DI, urological and neurological manifestations (Kadayifci et al.,

2001). The patients’ sister in Kadayifci’s et al., (2001) case study is a carrier for this

mutation and suffers from sensorineural deafness. Also this family has a history of

psychiatric illness as the patients’ grandfather has reportedly committed suicide

(Kadayifci et al., 2001). The patients’ parents in this study could not be checked for

heterozygosity as DNA samples could not be obtained.

3.4.1.1.2 Families 2 & 3

Similarly, for patients C and D, recessive inheritance was initially suspected as these

patients are from consanguineous families and they both have healthy parents. The

assumption was that the two patients might have the same disease as they both share three

symptoms (DM, OA & DI) out of five where patient C has the additional symptoms of

deafness and cerebral atrophy. These patients have six shared LOHs between them, the

biggest being on chromosome 19 with 850 genes in total (tables 3.3.3 & 3.3.4). Of those

850 genes in the shared LOHs, WFS1 was identified in LOH (4) which can be seen on
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the short arm of chromosome 4 (figure 3.3.14). WFS1 was then considered a strong

candidate gene as it fits the phenotypic presentation of the patients and was therefore

sequenced.

A three base pair deletion in WFS1’s exon 8, c.1242_1244delCGT, was identified in

patient C (figure 3.3.18). This deletion removes a Valine amino acid (del415Val) and has

been reported once before by Hardy et al., (1999) in a non consanguineous family with

three members affected with DM and OA.

Another three base pair deletion was identified in WFS1’s exon 8, c.1716_1718delTTC,

in patient D (figure 3.3.19) which removes a Phenylalanine amino acid (del516Phe) from

Wolframin. This deletion has been previously reported once by Colosimo et al., (2003)

in a female with DM, OA and D.

3.4.1.1.3 Family 4

Patient E presented with a similar phenotype to patients A – D in addition to celiac

disease and short stature. Homozygosity mapping analysis identified WFS1 in LOH (5)

(table 3.3.6) which was unique to the patient and was not found in the parents or the

siblings (figure 3.3.22). WFS1 became a strong candidate gene as it fits the patient’s

phenotype and was subsequently sequenced after optimizing its primers (gels). A novel

frameshift insertion c.2826_2827insA was found in exon 8 which prolonged Wolframin

by 54 amino acids.
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3.4.1.1.4 Families 5 & 6

WES was performed at the UCL Institute of Neurology for families 5 and 6, where there

was a total of 4 patients presenting with DM, OA and DI. Patient F from family 5 has the

additional symptoms of cerebral atrophy, microcephaly, short stature and undescended

testes. Variant analysis was done by Ingenuity Variant Analysis software, the confidence

filters were set to only include variants with a call quality of at least 10, read depth of at

least 10, and a genotype quality of at least 30 which lead to the filtering of 111524 variants

out of 146592 in family 5 and 112631 variants out of 145116 in family 6 (figure 3.3.25

& 3.3.33). As I was looking for rare variants, the ‘Common Variants’ filter was set to

only include the variants with a frequency less than 1% in the 1000 Genomes Project,

Exac database and NHLBI ESP exomes which left 61450 variants in family 5 and 63272

variants in family 6 (figure 3.3.26 & 3.3.34). As for the ‘Predicted Deleterious’ filter,

variants that were only predicted to be pathogenic, likely pathogenic and have uncertain

significance were kept. Also, variants associated with frameshhifts, in-frame indels,

start/stop codon changes, are missense changes or cause splice site changes were included

leaving 5059 variants in family 5 and 5002 in family 6 (figures 3.3.27 & 3.3.35). Since

it was assumed that the patients’ phenotypes have a recessive inheritance pattern, the

‘Genetic Analysis’ settings were set for recessive variants (figures 3.3.28 &3.3.36).

Only homozygous and compound heterozygouys variants were specified for the patients

and homozygous variants were excluded in at least one of the parents. This filtering left

32 out of 146592 variants in family 5 and 49 out of 145116 variants in family 6 (figures

3.3.28 &3.3.36). The ‘Biological Context’ filter was set in both families to keep the

variants associated with DM, OA, DI or cerebral atrophy which gave 3 variants for family

5 and 5 variants for family 6 (figures 3.3.29 & 3.3.37). However, data interpretation was
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done after the ‘Genetic Analysis’ filter was applied in order to decrease bias and get a

more comprehensive list of gene variants since the variants filtered from the ‘Biological

Context’ are only associated with established phenotypes in the literature.

A homozygous frameshift variant c. 1230_1233delCTCT, p. Val412Serfs*29, in WFS1

was identified in the patients of family 5 (figure 3.3.30). The control samples are the

patients’ parents and they were heterozygous for the frameshift variant. This truncating

mutation has been previously described in two Italian patients (Tessa et al, 2001) and one

Caucasian patient (Giuliano et al.,2005). The two patients from Tessa’s et al (2001) study

had DM, D, OA and DI which are present in patients F & G. Also, one of the Italian

patients was reported to have structural renal abnormalities which match the renal

problems in patient G. As for the Caucasian patient harboring the same mutation, he had

a similar phenotype to patient F & G (DM, OA, DI, D) in addition to a neurogenic bladder

and hypogonadism which are other common features of WS. The mutation is located in

exon 8 of WFS1 and leads to the addition of a premature stop codon (UGA) which

severely reduces the size of Wolframin by 400 amino acids and removes its entire intra-

cytoplasmic C-terminus. Primer set 14 was used to amplify the genomic region of the

mutation and amplification temperature 55  C was selected for Sanger sequencing which

confirmed the WES results (figure 3.3.32).

A homozygous missense protein changing mutation, c.376G>A, was identified in patients

H & I which is heterozygous in the parents (figure 3.3.38). The mutation changes the

amino acid Alanine to Threonine, p.(Ala126Thr), altering the structural configuration of

Wolframin. This mutation has been previously reported in its heterozygous form in a

Spanish patient with a similar phenotype to patient H & I (Gomez Zaera et
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al.,1999). This Spanish patient had multiple mtDNA point mutations in addition to the

missense WFS1 mutation, a notion which was not investigated in this study. The

phenotype of Gomez’s et al (1999) patient is hypothesized to be a result of a combination

of the mitochondrial and nuclear mutations. Primer set 7 was used to amplify the genomic

region of the missense mutation and amplification temperature 60 C was selected for

Sanger sequencing (figure 3.3.39) which confirmed the mutation (figure 3.3.40).

3.4.1.2 Wolfram Syndrome type 2

3.4.1.2.1 Family seven

Homozygosity mapping analysis was done for patient J under the same assumption of

recessive inheritance. Amongst the blasted genes in the patients’ 25 LOHs (figure 3.3.42

& table 3.3.8), the WS2 gene CISD2 was the strongest candidate to explain the phenotype

of patient J and was located in LOH (11). Patient J presented with DM, OA, D,

microcephaly with the absence of DI which was initially thought to be the differentiating

factor between WS1 and WS2. Primers were designed for the three exons of CISD2 and

only exons 1 and 2 in patient J could be amplified despite several primer optimizations

and redesigns for exon three. It should be noted that exon three was successfully amplified

in the patient’s parents and controls and could be normally sequenced. The next step was

to use the WES approach to check for any deletions in exon 3 which could explain the

inability to amplify this region.

Mozillo et al., (2014) have previously identified a homozygous intragenic deletion in

exon 2 of CISD2 in one patient after being unable to amplify this exon which is

comparable to the condition of exon 3 in patient J.
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Unfortunately, exon 3 could not be covered well as it is a region of segmental duplication

(figure 3.4.1). It shares homology (>1kb sequence) with areas of at least 4 different genes

making its mapping and alignment almost impossible. The next step in the near future is

to attempt to map the boundaries of the suspected deletion using the cyto – SNP data.

Figure 3.59: BAM file for patient J showing the pile up and coverage for exons 1 and 2
that are absent in exon 3 of CISD2. Also, shared homology can be seen on the RefSeq bar
where 3 other genes have aligned with exon 3 (SLC9B1 is the only gene shown in the
figure). This was observed with all the samples that were exome sequenced for this study.

3.4.1.3 Autosomal dominant WS

3.4.1.3.1 Families 8 & 9

In the first report that linked autosomal dominant optic atrophy and hearing loss to WFS1,

Eiberg et al., (2006) described a novel heterozygous mutation in exon 8 of WFS1 (c.2590

G>A, p.(Glu864Lys) in patient K and three other affected individuals from the same

family. Similarly, Rendtorff et al., (2011) described a heterozygous WFS1 mutation

c.2051C>T p.(Ala684Val) in patient L which comes from the first family with isolated

autosomal dominant optic atrophy and sensorineural hearing loss described by Samuelson

et al., (1940). Rendtoff et al., (2011) identified this mutation in six other families with

ADOA and SNHL suggesting that p. (Ala684Val) might be a mutational hotspot and a

common cause of this autosomal dominant phenotype. Up until 2009, mutations in OPA1
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were the only reported causes of isolated ADOA and SNHL. The clinical characteristics

of these patients with OPA1 mutations included a broad age range of hearing loss onset

(6 -30 years) (Amati – Bonneau et al., 2005). However, the patients with dominant WFS1

are usually congenitally deaf or develop deafness in early childhood.

The allelic variations and associated phenotypes of these 9 families in this chapter

highlight the great difficulties in understanding and predicting the consequences of

genetic changes in WFS1. The fact that some WFS1 carriers do not have any form of

hearing impairment and/ or do not have any history of mental illness makes it very

challenging to draw any final conclusions. In depth metabolic evaluations should be

performed in WFS1 carriers to better understand the autosomal dominant form of this

disease. Also, as suggested by Rendtorff et al (2011) and Valero et al (2008), patients

presenting with diabetes and deafness should be screened for WFS1 changes especially

when mtDNA and OPA1 mutations have been ruled out.
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Table 3.22: The list of the mutations identified in 9 patients and their respective prevalence (%) and pathogenicity prediction results which
are consistently damaging in almost all of the probands. Conservation of the affected amino acids was checked using Clustal Omega in
humans, orangutan, chimpanzee, frog and chicken.

Patients A & B C D E F & G H&I

Position 4: 6301680 4:6301037 4:6303062 4:6302453 4:6302752
Gene Region Exonic Exonic Exonic Exonic Exonic Exonic

Transcript
Variant

c.1885 C>T c.1242_1244delCGT c.1716_1718delTTC c.2826_2827insA c.1230_1233delCTCT c.376G>A

Protein Variant p.Arg629Trp p.del415Val p.del516Phe p.Phe886fs*54 p.Val412Serfs*29 p.Ala126Thr

Conservation      

Translation
Impact

Missense Deletion Deletion Frameshift insertion Frameshift deletion Missense

Frequency
1000 Genomes

(%)
0.002 - Het 0.002 - Het 0.0012 - Het 0 0.0013 - Het 0.0026 - Het

ExAc (%) 0.008 - Het 0.0082 - Het 0.00852- Het 0 0.0023 - Het 0

Pathogenicity Prediction

Mutation Taster Disease causing Disease causing Disease causing Disease causing Disease causing Disease causing
SIFT Tolerated Deleterious Deleterious Damaging Deleterious Damaging

PolyPhen-2 Damaging Damaging Damaging Damaging Benign Probably
damaging
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3.4.2 Protein expression analysis of the identified WFS1 mutations & suspected CISD2

deletion

Primary cell lines were established from the patients’ skin biopsies except for patients K

& L, for whom I kindly received frozen fibroblasts from Professor Lisbeth Tranebjaerg.

Western Blotting was performed on lysed fibroblasts which were cultured under standard

primary cell culture conditions (Section 2.7). Control fibroblasts were obtained from the

Camlia Botnar Laboratories at UCL and were cultured and lysed after being matched with

the patients’ fibroblasts passage number. After protein quantification was done, the

lysates were normalised a 1ug/1ul for all the patients’ and control fibroblasts (Section

2.8.2).

3.4.2.1 Frameshift and stop mutations

Nonsense and frameshift mutations resulted in the complete absence of Wolframin in the

patients C, D, E, F & G which is consistent with the findings of Hofman et al., (2003). It

appears that the WS phenotype in these patients is caused by a dosage effect rather than

a functional defect of Wolframin likely due to the rapid degradation of the protein by the

proteosome. The combined results from this study and from Hofman’s et al., (2003)

reveal that frameshift and stop mutations in WFS1 lead to the complete absence of protein

rather than the production of a truncated product which explains the loss of function of

Wolframin in these patients.

3.4.2.2 Missense homozygous mutations

As for the homozygous missense mutations in patients A, B, H & I, Western blotting

showed decreased levels of Wolframin which is consistent with the results of Hofman et
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al (2003 & 2006). Similarly to the frameshift and stop mutations, the missense mutations

lead to the cellular depletion of Wolframin. It has been previously established in other

transmembrane proteins that single amino acid changes, substitutions or even small

deletion can lead to structural abnormalities that lead to the enhanced degradation of these

mutant proteins.

The stability of the WFS1 transcripts in mutant fibroblasts was assessed by Hoffman et

al., (2006) and was shown to be stable in frameshift, stop and missense mutations.

3.4.2.3 Missense heterozygous mutations

Western blotting performed on the fibroblasts of the patients from Eiberg’s et al., (2006)

and Rendtorff’s et al., (2011) studies unexpectedly showed decreased levels of Wolframin

compared to the controls. Pulse-chase experiments by Hoffman et al., (2003) showed a

significantly reduced half time of Wolframin in cells harboring a compound heterozygous

missense mutation (p.(Arg629Trp) in WFS1. This suggests that protein instability is

probably due to structural changes induced by the mutation and is the reason behind the

decreased levels of Wolframin. It could be speculated that this is similar to what is

observed in patients K & L.

These results provide compelling evidence for a deleterious effect of the mutations in

patients K & L but do not provide a clear association between between Wolframin

expression and disease severity. Patients K & L have fewer symptoms than patients A &

B who showed similar protein expression patterns. This data indeed shows that the

c.2590G>A and c.2051C>T mutations in families 8 and 9, respectively, are disease
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causing but it does not provide proof that these mutations can cause a dominant

phenotype.

Rendtorff et al., (2011) speculated that the p.(Ala684Val) mutation leads to misfolded

Wolframin which is partly degraded and the remainder of this protein will act as a

dominant negative mutant leading to the autosomal dominant disease. In an attempt to

understand the impact of the A684V mutation, Rendtorff et al., (2011) transfected HEK

cells with plasmids expressing wild type and mutant Wolframin which were then

analyzed for protein expression that showed decreased levels in the mutants.

The protein expression results of patient K & L are consistent with the analyses of the

transfected HEK cells and provide the first report of protein expression analyses of

dominant WS done on patient cell lines.

3.4.2.4 Protein expression analysis of CISD2

As mentioned in earlier sections, exon 3 could neither be amplified by PCR nor was

covered well by WES. To test the assumption that exon 3 is fully or partially deleted,

Western Blotting was performed on the fibroblasts of patient J and absent levels of ERIS

were observed. This shows that the likelihood of an intragenic deletion in exon 3 is highly

likely; an intragenic deletion of exon 2 in CISD2 has been previously reported by Mozillo

et al., (2014). Future planned work includes the sequencing of the patients’ cDNA

followed by a SNP-array analysis to further confirm the deletion and map its boundaries.

This study provides the first report of ERIS protein expression analysis in patient cells.
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3.5 Conclusion

This study examined the two allelic variations and genetic heterogeneity of WS in a

cohort of 12 patients and provided novel contributions to the WS literature regarding the

protein expression of Wolframin and ERIS in autosomal recessive and dominant WS1 as

well as autosomal recessive WS2, respectively. This is the first study to include mutation

and protein analyses of all three variations of WS.

The pathogenicity of the novel and rare mutations identified was examined by protein

expression studies whose results suggested a dose dependent disease mechanism. The

mutations in WFS1 and CISD2 seem to be causing a loss of normal cellular function by

depleting and degrading Wolframin and ERIS.

The protein expression studies for the frameshift and stop mutations strengthened the

findings of Hoffman et al., (2003 & 2006) by providing data from 5 patients compared to

the three patients in their combined studies.

Moreover, this study provides the first account of protein analysis of autosomal dominant

WS using patient cell lines and it strengthens the results of Rendtorff et al., (2011) in the

transfected HEK cells. Furthermore, this study provides the first account for a suspected

intragenic deletion of exon 3 in CISD2, where an intragenic deletion of exon 2 has been

previously reported only once (Mozillo et al., 2014). The protein expression study of

CISD2 in patient J represents the first account of Western Blotting performed on patient

cells with WS2 due to the rarity of this syndrome.
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These findings also suggest that mutations in WFS1 and CISD2 are associated with a wide

spectrum of phenotypes based on the structural and functional implications of the causal

mutations, reinforcing the notion of heterogeneity in WS. Nonetheless, it is still not

clearly understood how these mutations can cause clinically distinct phenotypes and there

is still no clear phenotype-genotype relationship (summarized in table 3.22). It could be

suggested that reviewing the role and frequency of mtDNA mutations in large WS cohorts

could help improve the understanding of the functional consequences of these mutations.

There have been a few reports of mtDNA deletions and mutations in WS patients (Gomez

Zaera et al., 1999) but these changes are not always explored in WS studies including this

one due to the contradictory literature.

As a few researchers previously mentioned (Rendtorff et al., 2011; Valero et al., 2008),

the WS genes should be screened whenever DM presents with OA and/ or D, or even

when the two latter symptoms are isolated and appear without DM. Also, obtaining and

reporting detailed clinical examinations of the WS patients can bring us one step closer

into establishing a clearer genotype- phenotype relationship of this disease.
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Table 3.23: Table showing the lack of a clear genotype-phenotype correlation in the allelic variations of WS1 and WS2 (G-P: Genotype-

phenotype correlatio

Patients DM D DI OA N R Mutation Exon Protein
levels

G-P

A  X   X X c.1885C>T 8 Decreased

X

B  X   X X

C     X  c.1242_1244delCGT 8 Absent

D  X   X  c.1716_1718delTTC 8 Absent

E   X  X  c. 2826_2827insA 8 Absent

F  X    X c.1230_1233delCTCT 8 Absent

G  X   X 

H  X    X c.376G>A 6 Decreased

I  X    X

J   X   X Exon 3 - deleted 3 – CISD2 Absent

K   X  X X c.2590G>A 8 Decreased

L   X  X X c.2051C>T 4 Decreased
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Chapter Four: Genetic

Heterogeneity of the Pigmentary

Hypertrichosis Insulin Dependent

Diabetes Mellitus Syndrome
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Aims

This chapter aims at investigating the pathogenicity of a novel 3’UTR variant

discovered in SLC29A3 using a candidate gene approach. Since this variant was found

in the untranslated region of the genome, the aim was to show whether this change leads

to a functional decrease in the hENT3 protein levels in addition to a reduction in overall

gene expression.
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4.1 Introduction

4.1.1 Overview of Pigmentary Hypertrichosis Insulin Dependent Diabetes (PHID)

syndrome

Pigmentary hypertrichotic dermatosis with insulin dependent diabetes (PHID) syndrome

is a rare autosomal recessive condition of severe multi-systemic inflammation that was

described by Prendiville et al., (2007) and Hussain et al., (2009) in 6 patients combined.

It is thought to be an allelic variant of the H syndrome which is a group of diseases

characterised by cutaneous hyperpigmentation, hearing impairment, heart abnormalities,

hypertrichosis, hepatomegaly, hypogonadism and histiocytosis (Molho et al., 2008;

Cliffe et al., 2009).

Additional features of the H syndrome include short stature, hallux vagus and fixed flexion

contractions of the proximal interphalangeal and toe joints, lymphadenopathy and short

stature (Morgan et al., 2010; Mruthyunjaya et al., 2016).

The hallmark feature of this cluster of diseases is the cutaneous hyperpigmented,

hypertrichotic and indurated patches that appear between the first and second decade of

life (Mruthyunjaya et al., 2016). These pigmented plaques are histopathologically

characterised by inflammation, excessive histiocytes, acanthosis in the basal layer and by

the presence of excessive plasma cells in the dermis and subcutis (Molho et al., 2008;

Senniappan et al., 2013).



Chapter 4: Introduction

238

Figure 4.1: Skin histology results of 3 patients with PHID syndrome. (A) Excessive
lymphocytes and plasma cells in the dermis and subcutis. (B) Collagen groups are
separated by excessive pale stained interstitial material. (C) Deposition of mucin in the
interstitum. (Prendiville et al., 2007).
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The H syndrome disease group includes the familial forms of syndromic histiocytosis such

as Sinus histiocytosis with massive lymphadenopathy (SHML) also known as Rosai –

Dorfman syndrome and Faisalabad histiocytosis (FHLH) (Morgan et al., 2010).

The overlapping features of the PHID and H syndromes include the hyperpigmented

lesions and plaques particularly on the inner thighs, shins, genitals and abdomen, general

hypertrichosis, perivascular lymphohistiocytosis and mild to moderate lymphadenopathy.

On the other hand, prominent clinodactyly, sensorineural hearing loss and life threatening

enlargement of the lymph nodes are features specific only to the H syndrome (Morgan et

al., 2010).

The frequency of DM development in the PHID patients is 83% where the clinical

presentation is predominantly autoantibody negative and insulin requiring. Typically,

DM occurs in late childhood or early puberty and usually presents with diabetic

ketoacidosis (Cliffe et al., 2009). Circulating insulin is absent in these patients and could

not be induced by glucose administration attempts, confirming the abnormal production

or secretion of insulin in PHID rather than insulin resistance (Molho et al., 2008).

Moreover, severe exocrine pancreas insufficiency was reported in two affected siblings

(Hussain et al., 2009). From what is known about the PHID syndrome, it appears that DM

and pancreatic insufficiency are features that are restricted to this disease and not the rest

of the H syndrome diseases (Morgan et al., 2010).
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Figure 4.2: Characteristic hyperpigmented and hypertrichotic skin lesions in 3 patients
with PHID (A & B: Molho – Pessach et al., 2014; C: Mruthyunjaya et al., 2016).



Chapter 4: Introduction

241

Table 4.1: Characteristic clinical presentations of the H and PHID syndromes.

Clinical features H syndrome PHID syndrome

Skin Hyperpigmented and hypertrichotic skin lesions

Heart Atrial septic defects,

pulmonary stenosis, patent

ductus arteriosus

Cardiomyopathy

Ear Sensorineural deafness No deafness

Abdomen Hepatosplenomegaly

Pancreas No DM DM in the majority of

cases (>80%) & severe

pancreatic exocrine

deficiency

Eyes Exophthalmus with normal

thyroid function

-

Growth Short stature

Endocrine Hypogonadism Delayed puberty

Hands Camptodactyly and flexion

contractures

-

Feet Hallux valgus and fixed

flexion contractures of toe

joints

-

Haematological

features

Histiocytosis

Lymph nodes Lymphadenopathy
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4.1.2 Differential diagnoses

4.1.2.1 Lipodystrophy syndromes (LS)

LS could be associated with DM secondary to insulin resistance, hyperpigmentation and

organomegaly (Hussain et al., 2009). Insulin resistance is not usually reported in PHID

patients and is enough to rule LS in these individuals (section 1.4.8.8).

4.1.2.2 Polyneuropathy, organomegaly, endocrinopathy, monoclonal gammopathy and

skin changes (POEMS)

Also known as Crow- Fukase syndrome, POEMS is characterised by peripheral

neuropathy, plasma proliferative disorder, bone lesions, organomegaly or

lymphadenopathy, endocrinopathy, skin changes and peripheral edema or effusions

(Dispenzieri et el., 2003). PHID patients generally do not have any signs of peripheral

neuropathy, bony lesions or gammopathies.

This rare multisystem disorder typically occurs in the middle aged or elderly population

and does not usually occur in the same family (Dispenzieri et al., 2003; Hussain et al.,

2009). However, Marina and Broshtilova., (2006) described a case of a 17-year-old male

with an incomplete presentation of POEMS that consisted of malabsorption, skin

changes, failure to thrive, hypogonadism and a history of DM. This atypical presentation

of POEMS can be attributed to the early age of presentation and highlights the importance

of considering POEMS when faced with an H syndrome phenotype.

4.1.2.3 Autoimmune lymphoproliferative syndrome (ALPS)

ALPS is an autosomal dominant disorder characterised by immune dysregulation

secondary to defective lymphocyte apoptosis and is associated with hepatosplenomegaly,
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lymphadenopathy, skin abnormalities (eg: urticaria and panniculitis), immunological and

haematological dysregulation characterised by the build-up of double negative T cells in

the peripheral blood (Shah et al., 2014). The PHID cases reported to date do not have an

immunological profile consistent with an ALPS diagnosis and the inheritance pattern in

the SLC29A3 spectrum disorders is autosomal recessive rather than autosomal dominant

(Hussain et al., 2009
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Section 4.1.3 Prevalence & genetic heterogeneity

The H syndrome or histiocytosis- lymphadenopathy plus syndrome is a cluster of very

rare diseases with approximately less than 100 cases reported worldwide (HGMD, 2017).

The prevalence of PHID syndrome alone is suspected to be much less as there are only a

few cases reported so far.

The accurate prevalence report for the PHID syndrome is especially challenging at this

point due to the broad heterogeneity of the SLC29A3 spectrum disorders and the loosely

defined boundaries between the subtypes of this disease spectrum. Some argue that there

is no discrete difference between the SLC29A3 allelic variations as few patients with DM

accompanied by deafness have been reported, making the correct estimation of the PHID

imprecise (Mruthyunjaya et al., 2016).

The clinical overlap of the PHID and H syndrome is a clear example of genetic

heterogeneity which is an interpretative challenge in genetics that is still not fully

understood. In some clear cases, the phenotypic differences can be attributed to the

difference in mutational categories whereby in-frame, out-of-frame, whole gene or multi

exon deletions and point mutations can lead to drastically different clinical presentations

(Morgan et al., 2010).

Also, another clear and understandable contributor to heterogeneity is the mutational

effect on different protein domains. However, in some rare cases, the same mutation leads

to completely different clinical phenotypes such as the case of Pfeiffer and Crouzon

syndromes which can be caused by identical mutations in the FGFR2 gene (Cliffe et al.,

2009). This suggests the possibility of an interplay between an individual’s genetic
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background, environmental influences and/or functional redundancy which can explain

the phenotypic variation.

At present, the reason behind the phenotypic variability in the PHID and H syndromes

remains unclear and these diseases can be considered as manifestations of an SLC29A3

spectrum disorder. It can be speculated that in these related syndromes there might be an

interplay of genetic background with environmental risk factors that are specific for the

development of the distinguishing features of these diseases (ie: DM for PHID and

deafness for H syndrome) (Cliffe et al., 2009; Morgan et al., 2010)

For instance, the Gly437Arg mutation has been reported in 3 separate individuals with

the different SLC29A3 spectrum variations of the actual H syndrome (Mohlo-Pessach et

al., 2014), PHID (Cliffe et al., 2009) and SHML (Kismet el al., 2005).

However, as in the case of various other allelic disorders, the genetic and environmental

conditions of additional cases must be carefully analysed and assessed which is incredibly

challenging due to the rarity of these diseases, particularly PHID.

Also, additional cases are needed to improve our understanding of the inter and intra

familial phenotype variability of the SLC29A3 spectrum disorders and to determine

whether these diseases should be defined as clinically distinct but related syndromes or

as one single disease with allelic variable expression.
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Table 4.2: List of patients with the distinct phenotype of PHID syndrome, where DM
occurs in the absence of sensorineural deafness. It should be noted that the sister of
patient # 7 and her nephew have a similar presentation with additional sensorineural
deafness. This patient and her sister have the same compound heterozygous mutations
p. G437R and p. G427S in SLC29A3. This depicts a classic example of intra- familial
variability and the associated categorisation challenges of allelic disorders (Spiegel et
al., 2010).

Patient #/ Gender Age of

presentation

Ethnicity Study

1 - Male 14 years East Indian Prendiville et al.,

(2007)2 - Male 11 years Lebanese -

Australian

3 - Male 11 years Lebanese -

Australian

4 - Male 12 years American

5 - Female 9 months Pakistani Hussain et al.,

(2009)6 - Female 12 years Pakistani

7 - Female 28 years Arab Spiegel et al., (2010)
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4.1.4 Genetics - SLC29A3 & ENT3

It has been established by Molho – Pessach et al., (2014) and Cliffe et al., (2009) that the

PHID and H syndromes respectively, are caused by mutations in the SLC29A3 gene

(10q22.1) that contains 6 protein coding exons, demonstrating that these diseases belong

to a spectrum of a single disease. Although the gene for Faisalabad histiocytosis was

initially mapped to the cytogenetic location 11q25 (Moynihan et al., 1998),

reinvestigations by high density SNP arrays identified a novel locus at 10q22.1 (Morgan

et al., 2010).

Figure 4.3: Cytogenetic location of SLC29A3 at 10q22.1.

The SLC29A3 gene encodes for the human equilibrative nucleoside transporter 3

(hENT3) which is part of a large conserved family of solute carrier transporters known

as the ENT or SLC29 family (Baldwin et al., 1999). The ENT family members have a

shared structure of 11 transmembrane (TM) alpha helices with an extracellular C terminus

and a cytoplasmic N terminus (distinctive to ENT3) with a sizable cytoplasmic loop that

joins TM 6 and TM 7 (Hyde et al., 2001).
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Figure 4.4: Hypothetical structure of ENT3 using the SVMTM software (Cliffe et al.,

2009) with the most common mutations in SLC29A3.

In mammalian cells, nucleoside transport is achieved by two transport families: the

SLC28 and SLC29 protein families. The former is specific to particular cell types where

it mediates active, sodium dependent movement. The latter, also known as equilibrative

nucleoside transport (ENT) family, is responsible for the passive nucleoside transport in

various tissues. All the hENT transporters (1-3) except for hENT4 are involved in the

transport of nucleosides and nucleoside analogues (Baldwin et al., 1999).

Transporters of nucleosides and nucleobases have a crucial cellular function since they

play an integral role in nucleotide synthesis by mediating the uptake of nucleotide

precursors by salvage pathways in various tissues (Baldwin et al., 2004) of organisms

from different taxa including mammals, tunicates, teleost fish, insects, slime molds and

round worms (Acimovic et al., 2002).

hENT3 is a sub-cellularly localised 475 amino acid protein that transports hydrophilic

nucleosides, nucleobases and hydrophilic anticancer and antiviral nucleoside drugs

(Morgan et al., 2010).
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Unlike the other members of the ENT family that are membrane bound, ENT3 is partially

localised to the late endosomes/ lysosomes where it acts as a PH dependent subcellular

transporter. There has also been reports that ENT3 is localised to the mitochondria where

it acts as a mitochondrial transporter with an endosomal/ lysosomal targeting motif

(Baldwin et al., 2004; Govindarjan et al., 2009).

4.1.5 Expression of SLC29A3

SLC29A3 is ubiquitously expressed in most of the major systems. The organs that are

affected in the SLC29A3 spectrum disorders such as the ears, testes and the skin have high

expression levels of SLC29A3. However, the phenotype of these disorders is thought to

be more restricted than what was initially predicted due to the fact that some tissues with

high expression levels are clinically unaffected (Morgan et al., 2010).

Morgan et al., (2010) reported extensive expression of SLC29A3 at embryonic day 14.5

in a mouse embryogenesis study and they reported significant levels in the inner ears,

eyes, central nervous system (CNS) and epithelial tissues.



Chapter 4: introduction

250

Figure 4.5: Ubiquitous expression of SLC29A3 in various organs (Gene cards, 2017).
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4.1.6 Pathophysiology of the SLC29A3 spectrum disorders

4.1.6.1 hENT3 dysregulation

Maintaining the nucleoside homeostasis is integral to the preservation of cellular integrity

as they are essential for various cellular processes, especially the nucleoside salvage

pathway. Also the nucleoside pool is crucial to the production of adenosine and

guanosine triphosphates which are the foundation of cellular energy and signal

transduction in the mitochondria (Cliffe et al., 2009; Baldwin et al., 2004).

In an attempt to understand the role of ENT3 in the insulin signalling pathway, Cliffe et

al., (2009) demonstrated that the knockdown of the Drosophilla SLC29A3 ortholog

(dENT1) is semi – viable to lethal depending on the amount of ubiquitous loss. The

knockouts died at different developmental stages revealing that SLC29A3 is crucial for

maintaining metabolic functions at different phases of development rather than being

crucial for a single specific process.

The expression knockdown of dENT1resulted in an abnormal wing phenotype (up-

curved) that was oppositely observed (down-bent) upon the activation of insulin signal

regulators. It was concluded that the insulin receptors (dP13K and dAKT) expression was

able to rescue the abnormal phenotype secondary to the dENT1 knockout, supporting the

theory that SLC29A3 is associated with the insulin signalling pathway components (Cliffe

et al., 2009).

Moreover in the same study, Cliffe et al., (2009) showed a selectively abnormal bristle

development phenotype in the dENT1 knockout Drosophilla which resembles the

hypertrichosis phenotype in PHID. In brief, this important study linked dysregulated
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SLC29A3 expression to the PHID syndrome, confirming that this disease belongs to the

H syndrome or SLC29A3 spectrum disorders.

Figure 4.6: Features of the dENT1 knockout Drosophillae. (A) Flies die at pupal (young)
stage, (B) flies die at the pharate (adult) stage, (C) wild- type wing phenotype, (D) up –
curled wing phenotype, (E) strongly up-curled phenotype due to the co-expression of a
dominant negative form of dP13K, (F) wild – type bristle phenotype in the scutellar (Sc)
region, (G) Abnormally short bristles in dENT1 knockouts, (H) Excessive bristles in
dENT1 knockouts (Cliffe et al., 2009).
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In summary, the pathophysiology of the SLC29A3 spectrum disorders lies in the

defective function of ENT3 and its associated processes, particularly its role in cellular

metabolism. Kang et al., (2010) showed that SLC29A3 mutations reduce the function of

ENT3 by generating mutant SLC29A3 constructs by site directed mutagenesis in a

Xenopus oocyte model. In the mutated oocytes, the adenosine transport was particularly

reduced with an overall impairment of the intrinsic transport processes.

Cliffe et al., (2009) showed a reduction in mRNA and protein levels in the fibroblasts of

a patient with a T449R mutation in SLC29A3. Shortly after that, Kang et al., (2010)

attempted to understand the effect of three other closely positioned mutations in the last

cytoplasmitc domain of ENT3. They predicted that these mutations would cause a

turnover increase after they reported that the degradation of ENT3 is mainly done through

the lysosomal rather than the proteosomal pathway. Where turnover was slightly

increased, Kang et al., (2010) concluded that the reduction in mRNA levels rather than

protein stability is responsible for the reduction in transport function. Other mutants

resulted in an accelerated turnover compared to the wild types, so it was concluded that

decreased protein stability is also a contributor to the development of the SLC29A3

diseases.

Consistently, Cliffe et al., (2009) showed by fluorescent microscopy that the combination

of decreased protein levels, the likely impaired protein functionality and the accumulation

of ENT3 in the late endosomes/lysosomes are responsible for the disease development.
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4.2 Patient details

4.2.1 Family 10 - Patients M & N

4.2.1.1 Family pedigree & clinical profiles

Figure 4.7: Family pedigree of patients M & N.
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Table 4.3: Clinical Information on Patient M.

Patient M

Age (years) 20

Country of Origin Turkey

Gestational Age (weeks) 39

Birth Weight (g) 2000 g

Height (at admission-11 years) (cm) 113.0

Weight (at admission-11 years) (kg) 23.4

Height on last examination (cm) 153.0 cm

Weight on last examination (kg) 49.1

HbA1c (%) 7.5 %

C-peptide (at diagnosis) (ng/ml) 0.01

Age of DM Onset (years) 9

Clinical Presentation Chronic diarrhea and hypertrichosis

DM Treatment Insulin

Pancreatic Autoantibodies ICA, IAA, Anti GAD negative

Inflammatory markers (ESR & CRP) Normal (at presentation)

Developmental Delay Severe growth failure

Pancreatic Size Normal

Skin Abnormalities Hyperpigmentation & Hypertrichosis

GI Abnormalities Chronic diarrhea

Hepatosplenomegaly Yes (4 cm palpable)

Lymphadenopathy No

Cardiac Abnormalities/ MRI No
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Intracranial Abnormalities / MRI Normal

Hearing Loss No

Hypogonadism No

Camptodactyly Yes

Exophthalmus No

Hallux Valgus Yes

Hystiocytosis No

Table 4.4: Clinical Information on Patient N.

Patient N

Age (years) 15

Country of Origin Turkey

Gestational Age (weeks) 38

Birth Weight (cm) 3250 g

Height (at admission- 6 years) (cm) 94.3 cm

Weight (at admission- 6 years) (kg) 16.9 kg

HbA1c (at diagnosis) (%) 9.2 %

C peptide(at diagnosis) (ng/ml) 0.01

Fasting Glucose (mmol/l)(at diagnosis) 7.9

Age of DM Onset (years) 6

Clinical Presentation Chronic diarrhea, hypertrichosis

DM Treatment Insulin

Pancreatic Autoantibodies Negative
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Inflammatory markers (ESR & CRP) Normal

Developmental Delay Yes

Pancreatic Size Hypoplasia

Skin Abnormalities Hyperpigmentation & Hypertrichosis

Pancreatic Abnormalities Exocrine pancreatic insufficiency

Hepatosplenomegaly Yes

Lymphadenopathy No

Cardiac Abnormalities/ MRI No

Intracranial Abnormalities / MRI No

Hearing Loss No

Hypogonadism Pubertal delay (age 14 years: testes 5/5

ml)
Camptodactyly Yes

Exophthalmus No

Hallux Valgus Yes

Hystiocytosis No
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4.2.1.2 Patients’ photos

Figure 4.8: Images of patient M: (A) Hyperpigmentation and hypertrichosis in the legs;
(B) Pronounced hypertrichosis with mild hallux valgus; (C) Camptodactyly.

Figure 4.9: Images of patient N: (A) Hyperpigmentation and hypertrichosis in the legs;
(B) Camptodactyly; (C) Hypertrichosis on the hands.
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4.3 Results

4.3.1 Sanger Sequencing

SLC29A3 was Sanger sequenced in a candidate gene approach as the patients’ phenotype

was consistent with the clinical symptoms of PHID syndrome described in the literature.

Figure 4.10: Chromatogram showing a novel 3’UTR homozygous missense variant,
c.1893G>A, in SLC29A3 in patients M & N. The patients’ parents are both heterozygous
(c.1893 G/A) for the change and their sister has the wild type allele.
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4.3.2 qRT- PCR -RNA expression studies

As the variant was found in the 3’UTR, the pathogenicity of this change required further

investigations. The patients’ skin biopsies were cultured using standard cell culture

techniques (please refer to the methods section). Seven control cell lines were cultured

under similar conditions and were controlled for passage number; two cell lines were

obtained from the Enzyme Lab in Camelia Botnar and five were obtained from Professors

Gudrun Moore and Phil Stanier’s lab.

RNA was extracted from the cell lysates using the RNeasy Mini Kit (Qiagen, # 74104)

and used for the qRT-PCR experiment (please refer to the methods section).

Three sets of primers were designed for SLC29A3 (please refer to the appendix) and their

efficiency was checked by comparing them to a standard curve.
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Figure 4.11: Graph showing the standard curves for each of the three primer sets and the
endogenous control RL19. Set three was the most efficient (104.8%) followed by set 2
(132.3%) and set 1 (156.4%) which was discarded.
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Figure 4.12: Graph showing the average of 4 runs done for the controls and the patients. The SLC29A3 expression is seen to be lower than
that of the controls which were all controlled for passage numbers and RNA extraction techniques.
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Figure 4.13: The average SLC29A3
expression in the controls and the patients
which is approximately reduced by ~ 50%.
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4.3.3 Western Blots

The patients’ and controls’ fibroblasts were lysed and the hENT3 protein levels were analysed by western blotting.

Figure 4.14: Western Blots showing the ENT3 protein levels in patients M & N and the controls. Decreased protein levels in the patients’
fibroblasts can be seen in blots 2 & 3 compared to the controls. In Blot 1, a different protein transfer machine was used and the ENT3
levels were not notably decreased in the patients. This is probably due to the inefficient transfer of protein which was corrected for in the
newer machine.



Chapter 4: Results

265

Figure 4.15: Densitometry results of the ENT3 Western Blots showing decreased protein levels in the patients compared to the controls.
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4.3.4 Whole Exome Sequencing

Whole exome sequencing was performed at the UCL Institute of Neurology using the

Illumina HiSeq 2000 platform and the analysis was done by Ingenuity Variant Analysis

software. The SLC29A3 variants were checked first and consistent with the Sanger

sequencing performed, no mutations were identified in the protein coding part of this

gene.

Consequently, filters similar to the ones applied in the WS chapter were applied to narrow

down the list of genes and variants. The filtered genes were neither considered to be

“good” candidates for the presenting phenotype nor potential “novel genes”.
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4.4 Discussion

A candidate gene approach was initially taken when these patients’ samples were sent to

us from Turkey for genetic investigation. Since the hyperpigmentation and hypertrichosis

accompanied by DM are the distinctive features of the PHID syndrome, primers were

designed for the SLC29A3 exons (please refer to the appendix) which were then optimised

and Sanger sequenced. No mutations were found in any of the 6 protein coding exons.

Instead a novel 3’UTR variant, c.1893 G>A, was identified in the two siblings. This

finding was not disregarded as there has been various reports about the involvement of

the 3’UTR in disease development (section 4.4.1).

Subsequently, two primary cell lines were established from these patients’ skin biopsies

and functional experiments were planned to investigate whether this change is indeed

causing the patients’ distinctive phenotype.

SLC29A3 expression was assessed by comparing the RNA levels of the patients to seven

controls that were matched for passage numbers and RNA extraction methods. Two

primer sets were used for each run that was repeated four times, after which an average

expression was obtained. In every run, the expression levels in the patients’ fibroblasts

were consistently lower than the controls. In the histogram showing the average

expression of the controls and the patients, it can be seen that the SLC29A3 levels in the

patients are ~50% lower than that of the controls. Since only two patients were available,

statistical comparisons could not be done between the two groups (controls vs patients).

From the RT-PCR data, it can be concluded that the c.1893 mutation does lead to a

decrease in SLC29A3 expression by altering the stability of the hENT3 mRNA. This is

consistent with the findings of Cliffe et al., (2009) who showed that the hENT3 mRNA
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levels in fibroblasts with a protein changing mutation (T449R) were reduced to 34%

compared to eight control cell lines.

Additionally, the hENT3 levels were examined by Western Blotting the fibroblasts of the

patients and controls. Blot 1 does not clearly show a decrease in the patients’ hENT3

levels as the patients’ levels are comparable to some of the controls. This might be due to

the inefficient protein transfer as the transferring cassettes used at the time were not

working optimally. In fact, the faint and variable protein bands seen across the control

samples despite numerous optimisations support the hypotheses of inefficient transfer in

blot 1. However, averaging the control protein levels in this blot for the purpose of

densitometry studies is inaccurate as it is comparing 7 control samples to two mutant

samples. When using the new transferring machine, two controls were used with the two

patients’ cell lines to allow for more accurate densitometry analyses since statistical

comparisons were impossible due to the limited number of mutant cell lines. This

provides an example of the importance of cautiously interpreting densitometry results

when the sample numbers are limited. A different protein transfer machine was used for

blots 2 & 3 and a decrease in hENT3 protein levels was clearly seen in the patients

compared to the controls.

This cumulative functional data supports the notion that the c.1893 3’UTR variant

identified in the patients’ is likely to be disease causing as it affects the mRNA stability

and expression levels of SLC29A3, which in turn lead to a decrease in hENT3 protein

levels.
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To take this a step further, immunocytochemistry was initiated to check for an altered

hENT3 distribution in the patients’ fibroblasts compared to the controls. Due to time and

funding constraints, this experiment was not finalised and was stopped before the final

antibody optimisations were done.

Since a candidate gene approach to sequencing can be biased, whole exome sequencing

was performed as well. This was to check for any missed mutations in the coding regions

of SLC29A3 and to check for any other candidate gene (s). This endeavour did not

generate any additional information as no protein changing mutations in SLC29A3 were

identified and no other “good” candidate gene was found.

4.4.1 The role of the untranslated regions (UTR) in disease development

In light of the results that are going to be shortly described, an overview of the pathologies

associated with 3’UTR variants are going to be described.

There is a growing body of literature on the role of the 3’ and 5’ UTRs in disease

development. It has been established that translational regulation of gene expression is

equally crucial to the cellular functions as transcriptional regulation; and the disruption

of either of the processes can result in pathology (Cazzola and Skods, 2000; Chatterjee

and Pal, 2009).

Translational regulation and ability is based on the prolonged interaction between the

different structures and components of the 3’ and 5’ UTRs. These factors include the 5’-

cap, upstream open reading frames (uORFs), secondary structures, various upstream
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AUGs, internal ribosome entry sites (IRESs) and polyadenylation signals such as the iron-

responsive elements (IREs) which create networks with act trans- acting components

(Chaterjee and Pal, 2009).

Figure 4.16: The typical tripartite structure of a eukaryotic mRNA consisting of a
5’untranslated region (5’UTR), the coding region where the amino acids are generated
and the 3’ UTR.
Transcriptional regulation is mediated by an interplay of transcription factors, an RNA

polymerase and a group of cis acting DNA components such as enhancers, promoters,

silencers and locus control elements. These structures are arranged in a modular pattern

where they regulate the generation of pre –mRNA which then go through a cascade of

processing events to become mature mRNA. Initially the introns are removed, then a m7G

(7-methyl-guanylate) cap is placed at the 5’ end of the first exon followed by the addition

of the poly(A) tail which is consists of 100-250 adenine residues at the 3’ end of the rear

exon which is a product of the primary transcript cleavage (Mignone et al., 2002).

One of the main roles of the UTRs is post transcriptional regulation of gene expression

which is done by several processes. These include ensuring the efficient transport of

mRNAs out of the nucleus and modulating their subsequent subcellular localization and

stability (Jansen et al., 2001; Bashirullah et al., 2001). The crucial role of the UTRs in

gene expression regulation is highlighted by the fact that mutations in this region have

been linked to various pathologies (Conne et al., 2000).
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4.4.1.1 Structural features of untranslated regions

The average length of the 5’UTR is almost invariable across species and ranges between

100 and 200 nucleotides. It has been shown in a mammalian in vitro model that even one

nucleotide in the 5’UTR is enough to initiate translation (Hughes et al., 1997). As for the

3’UTR, it is highly variable in the mammalian genome with a wide length range of 60 to

4000 nucleotides that averages around 800 nucleotides in humans and other vertebrates.

The length of the 3’UTR is an important feature since it is inversely related to the level

of gene expression due to the presence of micro RNAs on longer 3’UTR that have the

ability to inhibit translation (Mignone et al., 2002; Conne et al., 2000).

In addition to the difference in their length, the UTRs have variable nucleotide

compositions as well where the mean G+C% in the 5’UTR of warm blooded vertebrates

is approximately 60% compared to 45% for the 3’UTR (Mignone et al., 2002). An inverse

correlation has been identified between the G+C content of the UTRs and their respective

lengths, where UTRs that have a lower GC composition tend to be longer with lower gene

expression levels compared to GC rich genomic regions (Pesole et al., 2001). A similar

inverse correlation has been described for coding regions and their introns (Duret et al.,

1995).

Moreover, the genomic region of the 5’UTR has a higher frequency of introns compared

to the 3’UTR, even though the latter is significantly longer (Mignone et al., 2002).

Lastly, the eukaryotic mRNAs have specific types of repeats in their UTRs such Alu

elements that are part of the short interspersed elements (SINEs) family, long interspersed
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elements (LINEs), mini and microsatellites. These repeats are present in higher

frequencies in the human 3’UTR compared to the 5’UTR (36% vs 12%) and this ratio is

variable amongst other mammalian species (Mignone et al., 2002).

4.4.1.2 The role of 3’UTR in pathologies

The fact that the 3’UTR is not limited by any structural constraints (ie: less introns) like

the 5’UTR makes it a hotspot for pathologies as described by Conne et al., (2000).

Variations in the 3’UTR can lead to pathologies by affecting the expression of the one

gene in which the 3’UTR mutation is residing or by by affecting the expression of several

genes. The latter can be achieved by inflicting changes in one or more trans-acting factor

affecting the fate of multiple mRNA molecules. Consequently, the 3’UTR transcribed

from the mRNA molecule affected by the mutation can exert a dominant negative effect

by hindering the trans-acting regulatory proteins and/ or transport (Mignone et al., 2002;

Conne et al., 2000). A few examples of 3’UTR related pathologies are described below

among many others:

4.4.1.2.1 Myotonic dystrophy (MD)

MD was briefly described in the main introduction and is an autosomal dominant multi

system syndrome characterised by mental retardation, endocrine dysfunction, respiratory

distress and hypotonia. MD is caused by the increased number of CUG repeats in the

3’UTR of DMPK (cAMP dependent protein kinase gene) (Mignone et al., 2002).
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Figure 4.17: The role of the 3’UTR CUG repeats in he pathogenesis of MD. The
expanded CUG repeats in DMPK’s 3’UTR lead to the over generation of RNA- binding
sites for specific RNA- binding proteins which result in the sequestering of these proteins
by the expanded repeats. Consequently, this leads to the abnormal expression of CUGBP1
which is one of the RNA CUG binding proteins that is induced. This results in the altered
splicing and translation of CTG containing mRNAs which in turn disrupts their integrity
and induces abnormalities in various organs such as the brain, testes and the heart.
Adapted from Mignone et al., (2002).

4.4.1.2.2 Amyotrophic lateral sclerosis (ALS)

ALS is a severe late-onset neurodegenerative disorder characterised by motor neuron

degeneration that eventually leads to paralysis (Modigliani et al., 2004). Mutations in

FUS, also known as TLS, have been identified in a group of patients with sporadic and

familial ALS. The majority of these mutations occur in the glycine-rich regions of the

FUS gene and the C-terminal of the protein (Sabatelli et al., 2013). Mutations in the

3’UTR of FUS have been reported in a subset of ALS patients and Sabatelli et al., (2013)

attempted to uncover the pathophysiology behind these variants (Modigliani et al., 2004;

Sabatelli et al., 2013). Marked overexpression of FUS in the cytoplasm and nuclei of the

patients’ fibroblasts harbouring the 3’UTR mutations suggest translation deregulation in
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these patients. These findings imply that these variants are most likely affecting mRNA

stability resulting in translation up regulation (Sabatelli et al., 2013) which is consistent

with the notion that the 3’UTR is integral to the post-transcription control of gene

expression (Mignone et al., 2002; Conne et al., 2000).

Figure 4.18: The overexpression of FUS in mutant fibroblasts. (A) Immunoblotting
results from the patients’ fibroblasts and controls where the former group is showing
increased levels of FUS. (B) Similarly to the western blotting results, the RT-PCR results
show an elevated expression of FUS in mutants compared to the patients (Sabatelli et al.,
2003).

4.4.1.2.3 Congenital heart disease (CHD)

CHD is the leading cause of death from genetic malformations in the neonatal period,

affecting between 75 and 95 individuals per 10,000 live births. Mutations in the coding

regions of GATA4 have been identified in a small subset of individuals with familial CHD
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and specifically atrial septal defects (Garg et al., 2003; Reamon-Buettner et al., 2007).

GATA4 is a highly conserved transcription factor essential for maintaining the integrity

and development of the mammalian cardiovascular system (Reamon-Buettner et al.,

2007).

Reamon – Buettner et al., (2007) identified germline and somatic mutations predicted to

affect RNA folding in the 3’UTR of GATA4 by directly sequencing 68 formalin-fixed

hearts with cardiac malformations and a group of 100 healthy controls.

Consistently, Pulignani et al., (2016) confirmed the association between the 3’UTR

GATA4 variants and the increased risk of developing CHD in 146 Caucasian patients.

However, the understanding the molecular mechanism behind this mechanism is yet to

be elucidated (Pulignani et al., 2016).

Jointly, these examples highlight the importance of the 3’UTR in disease development

and support the notion of 3’UTR screening in rare diseases.
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Figure: Conditions associated with 5’UTR variants.

Figure 4.19: Conditions associated with 3’UTR variants. Adapted from Chatterjee et al., 2015).
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4.5 Conclusion

There is a growing body of evidence about the role of the UTRs in disease development

due to their essential role in post transcriptional regulation of gene expression among

other functions.

This study provides the first report that links a 3’UTR variant to the PHID syndrome

specifically and to the rare syndromes of DM in general. This finding highlights the

importance of checking for variants in the 3’UTR that is most often ignored. In the

majority of the cases, only the coding genomic regions are screened for the known genetic

diseases which can be easily missed. If the UTRs were routinely screened and understood,

the number of diagnoses of certain rare diseases might increase. For instance, the PHID

syndrome has only been reported a handful of times in the literature and that may be due

to the combination of this syndrome’s rarity and to the missed genetic diagnoses. Perhaps

these numbers will increase if the SLC29A3 3’UTR was routinely screened.

Similarly to the 3’UTR hotspots in GAT4 leading to CHD, it is possible that the c.1893

G>A mutation is one of the SLC29A3 3’UTR hotspots that lead to the PHID syndrome

specifically or to the various SLC29A3 spectrum diseases. This can only be confirmed

by screening for this variant in patients that are suspected to have any SLC29A3 spectrum

disorder in general and PHID specifically. Even for the individuals with an identified

SLC29A3 mutation in a protein coding region, 3’UTR variants should also be checked to

identify whether the 3’UTR does really play a role in the development of this disease

spectrum and since a disease is rarely caused by one single isolated mutation without an

interplay of molecular and genetic mechanisms.
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The exact role of the 3’UTR in disease development is still not very clear and findings

like these can help broaden the spectrum of conditions associated with 3’UTR variants,

which in turn will encourage further research into the role of the 3’UTR in disease

pathophysiology.

This finding also highlights the fact that there is still a big gap in understanding what

specifically happens between the the genome and the proteome, which is a very intriguing

research avenue.

To more confidently say that the identified 3’UTR variant in this chapter is indeed disease

causing, targeted gene editing techniques can be used such as the CRISPR/Cas9 system.

If similar results were obtained after the introduction of this targeted change to the 3’UTR

of SLC29A3, then this mutation will certainly be considered as disease causing. However,

these complex techniques are very time and money consuming and this experiment could

not be done over the course of this PhD.

Additionally, further investigations of the family would be helpful. Particularly, the

patients’ uncle has been reported to have a similar phenotype to patients M & N.

However, detailed clinical information and DNA samples could not be obtained. Future

work could involve linkage analysis as a tool to strengthen causality.

In summary, this chapter provided evidence to support the pathogenicity of a novel

3’UTR mutation identified in the SLC29A3 gene in two Turkish patients with a PHID

phenotype. This is the first report of a 3’UTR mutation in the SLC29A3 spectrum
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disorders which opens the possibility of checking the 3’UTR before ruling out this

diagnosis. The pathogenicity of this mutation was assessed by mRNA and protein

expression levels which both showed altered expression levels in the mutant cell lines,

which is consistent with the findings of protein changing mutations in SLC29A3 (Cliffe

et al., 2009).
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Chapter five: Identifying a Novel

Missense Mutation in PRKAB1 in One

Family with a Potentially Novel

Syndrome of Severe Obesity,

Diabetes Mellitus and Speech

Abnormalities
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Aims

The aim of this chapter is to identify the genetic cause behind a distinct phenotype of

severe obesity, DM and speech abnormalities in two siblings from a Caucasian

suspected consanguineous family. A candidate gene approach was initially used to rule

out mutations in KSR2 and SH2B1 (part of an MSc project) which was then followed by

WES that lead to the discovery of a novel homozygous mutation in PRKAB1.

Functional experiments followed this discovery to examine whether this mutation

affects the AMPK protein levels, highlighting the first potential syndrome in humans

linked to PRKAB1.
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5.1 Introduction

5.1.1 Historical Background of AMPK

AMP – activated protein kinase (AMPK) is an  heterotrimer serine/threonine protein

kinase which functions as a crucial energy sensor in mammalian cells (Steinberg et al.,

2009). This enzyme is made up of an catalytic subunit and regulatory subunits that

were first sequenced in 1994 (Carling et al., 1994; Davies et al., 1994; Mitchelhill et al.,

1994). Long before it was sequenced, AMPK has been linked in independent studies to

acetyl- CoA carboxylase (Carlson et al., 1999) and HMG – CoA reductase (Beg et al.,

1973) which are regulatory enzymes essential for the synthesis of fatty acids and

cholesterol, respectively (Steinberg et al., 2009). At the time when AMPK was first linked

to metabolic processes, the importance of the enzyme-catalyzed-protein-phosphorylation

mechanisms was developing in the studies of metabolic pathways with special focus on

glycogen phosphorylase & synthase and pyruvate dehydrogenase and kinase (Krebs et

al., 1979).

It was known from the early studies that the activity of both the acetyl-CoA carboxylase

(ACC) and HMG-CoA reductase (HMGR) enzymes was mediated by nucleotides

(Steinberg et al., 2009). It was initially reported that the HMGR kinase was regulated by

cAMP (Beg et al., 1973), which was then changed to ADP (Brown et al., 1975) and was

eventually shown to be significantly activated by AMP (Ferrer et al., 1985). Similarly,

the ACC kinase was reported to be activated by AMP and inhibited by ATP. This AMP

activation of the kinase catalyzed reactions was referred to as regulation by “adenylate

energy charge” (Yeh et al.,1980). This refers to the notion that the kinase activities are
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controlled allosterically by the correct ratios of [ATP]/[ADP][AMP] (Steinberg et al.,

2009). Daniel Atkinson had initially proposed “the adenylate charge hypothesis” that

entailed the metabolic enzyme activities are sensitively regulated by the ratio of adenine

nucleotides (Atkinson et al., 1970; Steinberg et al., 2009).

Munday et al., (1988) proposed the name of AMP-activated protein kinase when they

showed that ACC kinase-3 was primarily responsible for the significant decreases in Vmax

(Munday et al., 1988). Subsequently in 1989, the AMPK name was officially adopted

when the ACC and HMGR kinases were identified as one single enzyme by co-

purification through identical steps from rat livers (Carling et al., 1989). AMPK can be

considered as the ideal example of the “adenylate charge hypothesis” in action because it

is activated in conditions of decreased energy where it inhibits anabolic processes and

promotes catabolic reactions (Steinberg et al., 2009). For example, under reduced ATP

levels, AMPK inhibits anabolic processes such as cholesterol, triglyceride, fatty acid and

protein synthesis and activates ATP producing catabolic processes such as fatty acid

oxidation and glycolysis. In addition to regulating cellular energy levels, AMPK regulates

energy metabolism at the organism level by promoting food intake through hormonal

mechanisms (discussed in detail in further sections) (Steinberg et al., 2009).

5.1.2 The AMPK family

Various AMPK mammalian isoforms have been identified with two Stapleton et

al.,, two  (Thornton et al., 1998) and three subunits (Cheung et al., 2000). The

corresponding encoding genes are named PRKA followed by subunit identifier A1, A2,

B1, B2, G1, G2 or G3 (eg. PRKAB1) and are distributed across 5 chromosomes

(Steinberg et al., 2009).
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Table 5.1: The different cytogenetic locations of the 7 AMPK subunit genes.

Subunit Cytogenetic location

AMPK  5p12

AMPK  1q31

AMPK   12q24.23

AMPK   1q21.1

AMPK  12q12-14

AMPK  7q35-36

AMPK  2q35

The subunits are comparable with 550 residues each, conserved terminal NH2
-

domains and COOH-terminal divergent tails (Steinberg et al., 2009). The AMPK catalytic

domains are closely related to the CaMK kinase (calcium/calmodullin dependent protein

kinases) and the MLCK subfamilies where the closest kinases are MELK, BRSK2,

BRSK1, NUAK2, NUAK1, Q1K, QSK, SIK, MARK2, MARK1, MARK 3 & MARK 4

(Manning et al., 2002). The defining features of this group of the AMPK kinases is that

they are activated by LKB1, an important AMPK upstream kinase (Lizcano et al., 2004).

The AMPK subunits vary in the first 65 residues out of 270 and are highly conserved.

On the other hand, the subunits differ in length [1 (331), 2 (569), 3489)] and they
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have a ~300 residue conserved COOH – terminal (Steinberg et al., 2009).

Also, mammalian AMPK differs from yeast by having multiple  and  subunits but only

two  subunits compared to the three found in the S.cerevisiae. There is a greater variation

between mammalian and plant AMPK where there are subunit fusions in addition to

the regular  and  subunits in the latter (Steinberg et al., 2009).

5.1.2.1 Genetics

Multiple forms of the AMPK subunits can be generated by alternate initiation or splicing

so the longest transcript is going to be denoted by “.1” in this section with higher values

(eg given to shorter transcripts. The AMPK genes are ubiquitously

expressed in all tissues where some subunits (particularly ß1 and ß2) have tissue specific

roles that are described in further sections.

5.1.2.1.1 PRKAA1 (Protein Kinase AMP Activated Alpha Subunit 1)

The most common transcript for the 1 subunit is the 1.3 isoform made up of 500 amino

acids. There have been a few reports of protein changing SNPs present in exons 1

(Met1Leu) and 9 (Val524Ala) with no association with any disease (Steinberg et al.,

2009).

5.1.2.1.2 PRKAA2 (Protein Kinase AMP Activated Alpha Subunit 2)

There have been reports linking intronic SNPs in PRKAA2 to lower total cholesterol in

general and low-density lipoprotein (LDL) cholesterol specifically in a cohort of 2,777

Caucasian females (Spencer – Jones et al., 2006). The molecular mechanism that could

explain these underlying these findings are still elusive and several studies have since

tried to understand the association between PRKAA2 and the development of T2 DM
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(Steinberg et al., 2009).

5.1.2.1.3 PRKAB1 (Protein Kinase AMP Activated Beta Subunit 1)

In 1997, Stapleton et al (1997) identified the encoding human AMPKB1 and mapped the

gene (PRKAB1) to 12q24.1 by in situ hybridizations. This gene is made up of 7 protein

coding exons and encodes for a 270 amino acid protein with a calculated mass of 38 kDa

(Sanz, 2008). Thornton et al., (1998) reported that the human AMPKB1 shares 71% of

sequence identity with human AMPKB2 where they differ only at the N terminus (Sanz.,

2008) and both of these isoforms complex with the AMPKA1 and A2 subunits in rat liver

and skeletal muscle. Also, the AMPKB1 is conserved and share a 95% amino acid

sequence identity with the rat AMPKB1 protein (Stapleton et al.,1997).

Co-expressing the AMPKG1 and AMPKA1 subunits with either AMPKB1 or AMPKB2

in mammalian cells did not show any notable activity difference between the two

isoforms (Thornton et al., 1998).

Table 5.2: Human AMPK genes and their transcripts.

Protein Gene Size, kb Transcript, kb Exons

 PRKAA1 38.816 5 10

 PRKAA2 70.013 2.44 9

 PRKAB1 13.668 2.388 7

 PRKAB2 17.44 5.418 7
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 PRKAG1 16.537 1.689 12

 PRKAG2 319.77 3.405 16

 PRKAG3 9.408 2.301 14

Table 5.3: Alternate transcripts of human AMPK subunits.

Alternate Transcripts Size, residues Occurrence

 574 Uncharacterized

 559 Uncharacterized

 550 Common

 552 Common

 270 Common

 272 Common

 331 Common

 569 Common

C) 525 Uncharacterized

B) 328 Uncharacterized

 489 Common

 444 Uncharacterized
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5.1.3 Structural studies on the AMPK subunit

In this section, the structural elements of the  subunit are briefly discussed as it is

encoded by this study’s gene of interest (PRKAB1).

The AMPK-  subunits primarily act as scaffolds to connect the andsubunits by

binding to their conserved ‘kinase interacting sequence’ (KIS) and ‘association with

Snf1complex domains’, respectively (Sans et al., 2008).

A relatively new  subunit domain has been identified and is known as the glycogen

binding domain (GBD) which ranges from residues 68 to 163 in the KIS domain. Mutant

truncated  subunits lacking the whole GBD domain remain functional in binding the

and subunits revealing that this domain is not essential for the normal activity of the

enzyme (Sans et al., 2008). This GBD has a crystal structure that is similar to the

carbohydrate binding site of the starch binding domains in glucoamylase, amylase and

cylcodextrin glycosyltransferase (Sans et al., 2008; Steiberg et al., 2009).

However, mutations in the ASC domain leads to its inactivation which results in the

dysfunctional assembly of the complexes implying that this domain is crucial for the

formation of a stable  heterotrimer (Hudson et al., 2003; Polekhina et al., 2003).

The AMPK-  subunits are phosphorylated at various sites such as Ser182 which is

phosphorylated by an upstream AMPK kinase and Ser108 & Ser24/25 (lacking in

AMPK- which both are auto-phosphorylated by AMPK- . It should be noted that
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none of the mutations in the phosphorylation sites of AMPK-1 affect the

phosphorylation rate of AMPK-1 but the phosphorylation of the Ser 24/25 and Ser 182

residues is integral for the nuclear exclusion of the AMPK-1 subunit (Sans et al., 2008).

Also, even though the phosphorylation of Ser108 does not affect the sub-cellular

distribution of the 1 subunit, it has the ability to increase the general activity of the

AMPK heterotrimer (Warden et al., 2001).

An additional structural feature of the  subunits is their myristoylation on Gly2 at the N

terminus of the subunit (Warden et al., 2001). The removal of this myristoylation site by

a mutation or any other stimulus (discussed in further sections) increased the activity of

AMPK in general by making the distribution of the AMPK-  subunits more

homogeneous on the subcellular level (Sans et al., 2008).
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Figure 5.1: Mammalian AMPK subunit structural and functional characteristics. The

number above the and  cylinders represent the NH2
- and COOH-terminal residues

of the crystal structures. The light blue section in the subunit cylinder represents a

yeast insert from S.cerevisiae and may not be present in the mammalian AMPK version.

The AIS refers to the auto-inhibitory sequence ranging from residues 312 to 335 and -

SID is the subunit interacting domain. The carbohydrate binding molecule (CBM)
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subunit with sugar binding residues and the phosphorylatable Ser108 are represented by

the side chains just off the main cylinder. Also the  subunit interacting sequence (-

SBS) is shown as the second unit of the subunit. : The repeating cystathionine beta

synthase (CBS) domains can be seen with the nucleotide 2’ that formed H bonds with the

residues. Above the red cylinder, 3’ ribose hydroxyl groups are shown and the residues

occupying the solvent accessible core of the subunit and that are responsible for

initiating contact with the nucleotide phosphates can be seen below the cylinder. Also the

nucleotide binding sites (1-4) denoted by Xiao et al. (2007) and Jin et al. (2007) can be

seen with their corresponding organisations in Bateman domains.
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Figure 5.2: The AMPK heterotrimer core structure. (A) Graphical prediction of the mammalian AMPK structure with its yeast ortholog

in blue. The SID of the subunit can be seen with the regulatory sequence (RS) possibly specific only to S.cerevisiae. The green structures

represent the subunit with its CBM and subunit domains. The red structure denotes the subunit with the three AMP molecules

(yellow) specific to mammalian structures and one ADP molecule (orange) specific to yeasts . (B) 90 º rotation of A (Steinberg et al., 2009).
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5.1.3.1 The interaction of AMPK with Glycogen

Glycogen is an accessible energy source that acts as in integral substrate in skeletal

muscles and the liver during exercise and fasting, respectively. The cellular glycogen

levels at any point in time are dependent on both its production (glycogenesis) and its

breakdown (glycogenolysis) processes which are respectively mediated by glycogen

synthase (GS) and glycogen phosphorylase (GP) (Steinberg et al., 2009).

Initial secondary sequence analyses of the subunit structure identified a molecule

closely related to the isoamylase (starch binding) domains in plants (Hudson et al., 2003).

It was first referred to as the glycogen binding domain (GBD) that was found to be present

in all eukaryotic subunits. The GBD was then classified as a member of the

carbohydrate binding molecule (CBM) family, CBM48 (Gissot et al., 2004). The CBM

domain range (68-183 residues) was then established in the presence of cyclodextrin

(1-4 linked heptaglucan) and was found to bind glycogen (Hudson et al., 2003).
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Figure 5.3: The CBM structure of the 1 subunit. The CBM is represented by the ribbon

structure complexed with cyclodextrin. The sugar binding cradle between

cyclodextrin and the CBM is formed by key tryptophans (Trp-100, Trp-133). The

nearby residues (Asn-150 & Lys-126) are integral to the proper functioning of CBM; in

the presence of a mutation there is a loss of glycogen binding (Steinberg et al., 2009).

The clinical and physiological significance of this interaction has been thoroughly

investigated. Elevated glycogen levels in the muscles has been associated with the

decreased activation of AMPK in response to exercise giving rise to the hypothesis that

AMPK might be inhibited by glycogen (Derave et al., 2000 ; Roepstorff et al., 2004 ;

Steinberg et al., 2006b). This notion falls in line with the fact that mammalian AMPK

should be inactivated as energy stores (eg: glycogen) are resupplied.
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There have been some contradictory reports regarding this hypothesis as Polekhina et al.

(2003) revealed that the activity of AMPK is not altered by glycogen binding which was

measured by adding purified rat liver AMPK to glycogen molecules. However, this report

does not rule out the possibility that AMPK is affected by glycogen by a kinase or

phosphatase activation or deactivation, respectively. In addition, in patients with McArdle

disease, where there is a defect in a glycogen phosphorylase leading to excess glycogen

in the skeletal muscles, AMPK is still activated by exercise (Polekhina et al., 2003).

In a comprehensive report, McBride et al. (2009) showed that AMPK is indeed inhibited

by added glycogen to rat livers and that this inhibitory effect is dependent on the presence

of a CBM. This provides additional evidence that AMPK inhibition is facilitated by the

linkage domains (1-6) and the sugar binding Trp residues in CBM (Koay et al., 2007).

The inhibitory effect of the oligosaccharides disappears when the Trp residues in the

CBM are mutated. This has led to the idea that the AMPK heterotrimer acts as a cellular

glycogen sensor through the action of the CBM domain in its subunit (McBride et al.,

2009).
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5.2 Patient details

5.2.1 Family 11 - Patients O & P

5.2.1.1 Family pedigree & clinical profiles

Figure 5.4: Family pedigree of patients O & P.
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Table 5.4: Clinical information on patient O.

Patient O

Age (years) 11

Ethnicity Caucasian

Height (cm) 117

Weight (kg) 49.6

BMI 36.2

Waist circumference (cm) 88

Age at presentation (months) 4

Presenting features Weight gain & hyperphagia

Active problems  Central obesity

 T2 DM

 Hypothyroidism

 Dyspnoea on exertion, uses wheelchair

 Eczema

 Developmental delay

Dysmorphic features  Divergent squint L eye – small eyes

 Increased epicanthic folds

 Small hands & feet

 No acanthosis nigricans

Development  Gross motor: unsteady walk

 Fine motor: scribbles

 Speech: 4 words

 Psychosocial: smiles, does not wave

Investigations

10/1/11 - TSH,T4 Normal – on treatment

10/1/11 – Anti GAD antibodies

Anti ICA

IgG insulin antibodies

Negative

Negative

Negative

20/5/11- C-peptide 1092 pmol/l

10/1/11- HbA1c (%)

01/4/11 - HbA1c (%)

10.4

8.1

25/1/12 - Fasting insulin 52 pmol/l (<60)

25/1/12 - Leptin 31.6 mcg /l (22.7 -113)

Current treatment  Metformin 750 mg PO BD

 Novomix 30 SC BD

 Thyroxine 25 ug PO OD
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Table 5.5: Clinical information on patient P.

Patient P

Age (years) 8

Ethnicity Caucasian

Height (cm) 80.5

Weight (kg) 18.8

BMI 29

Waist circumference (cm) 48

Age at presentation (months) Birth

Presenting features Dysmorphic features & weight gain since the age

of 1 year

Active problems  Central obesity

 Obstructive sleep apnoea

 Recurrent episodes of viral induced

wheeze

 Developmental delay

 Ex prematurity - 34 weeks

Dysmorphic features  Small eyes

 Increased epicanthic folds

 Small hands & feet

 No acanthosis nigricans

Development  Gross motor: sits without support, crawls

 Fine motor: reaches & grabs, does not

build towers

 Speech: 1 word

 Psychosocial: smiles

Investigations

1/10/ 09 - Karyotype Normal

18/12/09 - Serum organic acids Negative

18/12/09 - Serum ketones Negative

3/2/11 - Microarray Normal

7/12/11- HbA1c (mmol/mol) 47 (IFCC)

5/2/11 – Genetics for PWS Normal

25/1/12 - OGTT Normal

 0 minutes: 3.6

 60 minutes: 8.0

 120 minutes: 6.3

Current treatment  Salbutamol

 Montelukast 4 mg



Chapter 5: Patient Details

299

Table 5.6: Clinical information on the patients’ mother.

Mother

Age (years) 28

Ethnicity Caucasian

Height (cm) 162.2

Weight (kg) 107.8

BMI 41

Waist circumference (cm) 108

Active problems  Central obesity

 Depression

 Epilepsy (Dec 2011, abnormal EEG)

 Fe deficiency

 Hypothyroidism

 Asthma

 Learning difficulties

Investigations

10/8/2010 - Cholesterol 5.8 mmol/l– Borderline high

10/8/2010 - TSH 7.56 (0.35 – 5.5)

28/10/2010 – Random glucose 7.5 mmol/l

Current treatment  Fluoxetine

 Thyroxine

 Ferrous sulphate – poor compliance

Table 5.7: Clinical information on the patients’ father.

Father

Age (years) 39

Ethnicity Caucasian

Height (cm) 197.5

Weight (kg) 80.9

BMI 21

Waist circumference (cm) 80

Active problems Nil

Investigations Nil

Current treatment Nil
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5.3 Results

This family was included in an MSc project done by Miss Christine Hughes, whom I

helped co-supervise with Professor Khalid Hussain. Initially, known syndromes that have

similar features to these patients were researched and prioritised for candidate gene

sequencing (Tables 5.8 & 5.9.

Table 5.8: Summary of syndromes with overlapping features with patient O & P.
WAGRO*: Wilm’s tumour, aniridia, genitourinary anomalies, mental retardation and obseity syndrome.

Syndrome Gene Clinical phenotype

Alström ALMS1  Early onset obesity

 T2 DM

 Hyperinsulinaemia

 Developmental delay

 Hypothyroidism

 Retinal degeneration

 Sensorineural hearing loss

 Short stature

 Dilated cardiomyopathy

 Male hypogonadism

 Renal, pulmonary, hepatic &

urologic abnormalities

Bardet - Biedl 21 genes  Early onset obesity

 T2 DM

 Developmental delay: speech

abnormalities & cognitive

impairment

 Retinal degeneration

 Male hypogonadism & general

reproductive dysfunction

 Renal tract dysfunction

 Polydactyly

 Hepatic fibrosis

Cohen COH1  Obesity

 Severe developmental delay

 IR

 Hypotonia
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 Behavioural problems

 Pigmentary retinopathy

 Neutropenia

 Dysmorphic facial features

Prader - Willi Chromosomal region

15q11-q13

SNRPN

NDN

 Early onset obesity

 Cognitive impairment

 Small hands & feet

 Dysmorphic facial features

 Hypogonadotropic hypogonadism

 Hypotonia

 Reduced foetal activity

 Short stature

WAGRO* Chromosomal region

11p13

PAX6

WT1

BDNF

 Early onset obesity

 Cognitive impairment

 Wilm’s tumour

 Aniridia

 Genitourinary anomalies

Table 5.9: 10 known genes associated with symptoms similar to the patients’
phenotype.

Gene / Encoded protein Phenotype

BDNF  Obesity

 Hyperphagia

 Hyperactivity

 Cognitive impairment (short-term

memory impairment, fearlessness)

 Impaired nociception

LEP/ Leptin  Obesity

 Hyperphagia

 Hypogonadism

 Recurrent infections

LEPR / Leptin receptor  Obesity

 Hyperphagia

 Hypogonadism

 Recurrent infections

MC4R  Obesity
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 Hyperphagia

 Hyperinsulinemia

PCSK1  Obesity

 Hypoglycaemia

 Hypogonadotropic hypogonadism

 DI

POMC  Obesity

 Hyperphagia

 Hyperphagia

 Skin abnormalities

SH2B1  Obesity

 Hyperphagia

 IR

 Developmental delay: delayed

speech

 Short stature

SIM1  Obesity

 Hyperphagia

 Developmental delay

TrkB  Obesity

 Hyperphagia

 Cognitive impairment

KSR2  Obesity

 Hyperphagia

 T2 DM

 Reduced basal metabolic rate

5.3.1 Candidate gene screening

After reviewing the genes associated with obesity and T2 DM in relation to the

phenotypes reported in these patients, KSR2 and SH2B1 were selected for Sanger

sequencing. Despite the similarities with PWS, the genetics team at Great Ormond Street

Hospital excluded this diagnosis and the clinicians ruled out Alström and Bardel – Biedl

syndromes on clinical basis. Primers were designed for KSR2 and SH2B1 and these genes

were Sanger sequenced by Christine Hughes who did not find mutations in either gene.
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5.3.2 Whole Exome Sequencing (WES)

The next step was to investigate further using WES which was done at the UCL Institute

of Neurology. The variants were then filtered using Igenuity Variant Analysis (Qiagen,

USA) as per table 5.10 in an attempt to find mutations in any known or novel gene (s)

that could explain the patients’ phenotype.

The initial hypothesis was that this potentially ‘novel syndrome’ has a recessive mode of

inheritance as the parents are suspected to be related and are reportedly healthy (there

were suspicions regarding the mother as she is also obese with mild learning disabilities).

Table 5.10a: Filters applied in the variant analysis of patients O & P using IVA.

Confidence

Call quality At least 10 in any case and any control.

Read depth At least 10 in any case and any control.

Keep only Variants outside the top 5% most exonically variable 100base

windows in healthy public genomes.

Common variants

Keep only Variants observed in less than 1% in the 1000 Genomes Project.

Keep only Variants observed in less than 1% in the ExAc databse.

Predicted Deleterious

Keep only Variants that are experimentally observed to be associated with a

phenotype: Disease associated according to computed ACMG

Guidelines classification: Pathogenic & Likely pathogenic &

Uncertain significance.

Keep only Variants that are associated with a loss of function of a gene:

Frameshift, in-frame indel or start/stop codon change & Missense

& Predicted deleterious by having CADD score > 15 & Splice

site loss up to 2 bases.
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Genetic Analysis – recommended settings for recessive variants

Keep only Case samples: variants which are associated with gain of

function OR are homozygous, compound heterozygous,

haploinsufficient, hemizygous, het-ambiguous and heterozygous

AND the genotypes selected above occur in at least 2 of the 2 case

samples (100%) at variant level.

Exclude Control samples: variants which are associated with gain of

function OR are homozygous, compound heterozygous,

haploinsufficient, hemizygous, het-ambiguous and heterozygous

AND the genotypes selected above occur in at least 2 of the 2

control samples (100%) at variant level.

Biological Context

Keep only Variants that are known to affect genes implicated in the

following diseases, processes, pathways, phenotypes, domains,

activities or biomarkers: DM, obesity, dysmorphic features,

speech abnormalities.
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Table 5.10b: Screenshot of the filtering results applied manually, highlighting the MAFA and PRKAB1 genes.
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Two candidate genes, MAFA and PRKAB1, were considered after applying the filters

(table 5.10) due to their established links to obesity and DM. The BAM file visualisation

and confirmation of the PRKAB1 mutation can be found in figures 5.5 and 5.6,

respectively.

Table 5.11: Genes that were initially selected as potential candidates. MAFA was
disregarded since upon its sequencing, the variant was found in the parents. The PRKAB1
p.Val168Leu mutation was confirmed to be homozygous in the patients and heterozygous
in the parents.

Candidate Gene Protein

Variant

Disease

Associations

Sequenced

MAFA p.G347C DM Yes – present in parents

PRKAB1 p.V168L DM & Obesity Yes – Segregating
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Figure 5.5: BAM file showing the PRKAB1 c.502 G>C variant in the patients and their parents. The read depth was good for the patients
(O: 28, P:185), the mother (21) and the father (29).
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Figure 5.6: Chromatogram confirming the homozygous missense p.502 G > C in
PRKAB1 in patients O & P.

Concurrently, this case was being discussed with the clinical genetics team at GOSH and

it was decided to check for any mutations in the genes included in the ‘Ciliopathies Gene

Panel’ usually done by the North East Thames Regional Genetics Service laboratories.

Variants in these genes were checked using the IVA software and manually (table 5.12).

Table 5.12: List of genes of the ‘Ciliopathies Gene Panel’ that was checked both by
IVA and manually.

Primary ciliary dyskinesia (PCD) & reduces generation of multiple motile cilia

(RGMC) syndrome

ARMC2, c21orf59, CCDC103, CCDC114, CCDC151, CCDC39, CCDC40, CCDC65,

CCNO, DNAAF1, DNAAF2, DNAAF3, DNAAF5, DNAH11, DNAH5, DNAI2,

DNAL1, DRC1, DYX1C1, HYDIN, LRRC6, MCIDAS, NME8, OFD1, RPGR, RSPH1,

RSPH4A, RSPH9,SPAG1, ZMYND10

Bardet – Biedl Syndrome (BBS)

ARL6, BBIP1, BBS1, BBS10, BBS12, BBS2, BBS4, BBS5, BBS7, BBS9, CCDC28B,

CEP290,IFT27, LZTFL1, MKKS, MKS1, SDCCAG8, TRIM32,TTC8, WDPCP

Visceral Heterotaxy

ACVR2B, CFAP53, CFC1, CRELD1, GDF1, LZTFL1, NODAL, NPHP4, ZIC3
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Orofaciodigital Syndrome (OFDS)

C2CD3, DDX59, OFD1, SCLT1, TBC1D32, TCTN3

Alstrom Syndrome

ALMS1

Meckel Syndrome

B9D1, B9D2, CEP290, HYLS1, MKS1, NPHP3, TCTN2, TMEM216, TMEM67

Skeletal ciliopathies

C5orf42, CEP120, CSPP1, DDX59, DYNC2H1, EVC, EVC2, IFT122, IFT140,

IFT172, IFT43, IFT80, LBR, NEK1, OFD1, SBDS, TCTN3, TMEM216, TTC21B,

WDR19, WDR34, WDR35, WDR60

Polycystic kidney disease, nephronophthisis & related disorders

ANKS6, CEP164, CEP83, GLIS2, HNF1B, IFT43, INVS, MUC1, NEK8, NPHP1,

NPHP3, NPHP4, PKD1, PKD2, PKHD1, PRKCSH, SEC63, TMEM67,TTC21B,

UMOD, WDR19, ZNF423

Joubert Syndrome & Senior Loken Syndrome

AHI1, ARL13B, C5ORF42, CC2D2A, CEP41, CSPP1, GLI3, INPP5E, IQCB1, KIF7,

NPHP4, OFD1, PDE6D, POC1B, RPGRIP1L, SDCCAG8, TCTN1, TCTN3,

TMEM138, TMEM216, TMEM231, TMEM237, WDR19, ZNF423

No mutations were found in any of these genes and these negative results were validated

independently by running the ciliopathies gene panel at the North East Thames Regional

Genetics Service laboratories.

5.3.3 Protein expression studies - Western blotting (WB)

In an attempt to further investigate the pathogenicity of this novel mutation in PRKAB1,

skin biopsies from both patients and their mother were kindly received (section 2.1) and

established into primary fibroblast cell lines.

The cells were pelleted, lysed, quantified and normalised before they were used for

Western Blotting (Section 2.7).
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Figure 5.7: Western blot showing decreased levels of AMPKB1 and its isoform
AMPKB2, which is consistent with the pathogenicity of the variant found in the patients
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5.4 Discussion

5.4.1 The roles of AMPK

5.4.1.1 Food intake & appetite regulation

Appetite is mainly regulated by the hypothalamus that receives inputs from blood

circulating nutrients (eg: glucose and fatty acids), in addition to the hormonal signals

originating from the gut, pancreas and adipose tissue (Schwartz et al., 2005). The

processing of these signals takes place in the arcuate nucleus (ARC) – containing neurons

leading to expression changes in essential orexigenic (agouti related peptide &

neuropeptide Y) and anorexigenic (proopiomelanocortin) neuropeptides (Steinberg et al.,

2009). These compounds in turn control peripheral energy expenditure, food intake and

insulin sensitivity (Schwartz et al., 2005).

It has been shown that the AMPK catalytic subunits are essential in linking these feeding

signals where they co-localize with neuropeptide Y (NPY) expressing neurons that play

an essential role in feeding and appetite control (Steinberg et al., 2009; Minokoshi et al.,

2004).

Minokoshi et al. (2004) were the first group to investigate the role of AMPK in food

intake regulation. Dominant negative (DN) and constitutively active (CA) AMPK

mutations were introduced into mouse ventral medial hypothalamic nuclei. Decreased

food intake and body weight were observed in the mice with the DN mutations, whereas

in the CA group both food intake and body weight were elevated.

The reported hyperphagia in the CA group was due to the elevated expression of the

orexigenic hormones (NPY and agouti-related peptide (AgRP)). In the DN-AMPK group,
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the opposite effect was observed due to the decreased AMPK activity secondary to a

potent anorexigen (melanocortin receptor) (Minokoshi et al., 2004).

Moreover, Minokoshi et al. (2004) showed that AMPK is inhibited by leptin in the arcuate

and paraventricular hypothalamus and by insulin, high glucose and re-feeding in various

hypothalamic areas.

In conclusion, the proper inhibition of hypothalamic AMPK is crucial for regulating the

effect of anorexigenic hormones on food intake and body weight as continually active

AMPK blocks the effects of these hormones. It can be said that the AMPK complex plays

an essential role in regulating the anorexigenic and orexigenic hormonal signals in

cellular energy metabolism pathways (Minokoshi et al., 2004 ; Steinberg et al., 2009).

Figure 5.8: Graphs showing the effects of the adenovirus injections in mice: CA: H150R

mutation in the subunit of AMPK; DN:subunit D157A and subunit K45R. (A):

Increase in body weight in the CA group compared to the wild-type group and a decrease

in total body weight in the DN group. (B): Increase in total food intake in the CA group

compared to the wild-type group and a decrease in food intake in the DN group

(Minokoshi et al., 2004).
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Figure 5.9: Proposed model of the role of AMPK in the hypothalamus. Anorexigenic

signals such as leptin, insulin, glucose and re-feeding activate the POMC neurons in the

arcuate hypothalamus (ARH) through STAT3 and (possibly) PI3 kinase which both

generate another anorexigenic signal through an melanocyte stimulating hormone

(MSH). These same anorexigenic signals inhibit the activity of the NPY neurons via

the same kinases and consequently decrease the activity of AMPK leading to the

activation of the MC4 receptor signalling in the paraventricular hypothalamic neurons

(PVH). This decrease in AMPK activity further enhances the MC4R pathway and

increases neurotransmission needed for food intake regulation. Moreover, decreased

AMPK activity in the other areas of the hypothalamus can also enhance the MC4 receptor

activity which might recruit new pathways that can regulate food intake (Minokoshi et

al., 2004).
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5.4.1.1.1 Leptin

Leptin is known as the “satiety hormone” and is produced by adipose cells in an attempt

to regulate cellular energy metabolism (DeLuca et al., 2005). The effect of leptin on

cellular metabolism is not limited to the hypothalamus as almost all bodily tissues have

leptin receptors (Steinberg et al., 2009). Leptin increases fatty acid oxidation in skeletal

muscles in an AMPK dependent manner which increases the overall AMP/ATP ratio

(Steinberg et al., 2006a; Watt et al., 2006). In addition to this tissue specific activation of

leptin in skeletal muscles, there is a delayed action of this hormone that requires higher

input from the central nervous system (CNS) through an AMPK dependent pathway

(Minokoshi et al., 2004).

Leptin resistance can develop in skeletal muscles secondary to high fat diet in rodents

(Steinberg et al., 2000) and has also been reported in obese individuals (Steinberg et al.,

2002; Steinberg et al., 2004). This leptin resistance is characterised by reduced rates of

leptin-stimulated AMPK signalling (Steinberg et al., 2004). Comparably, high fat diets

reduce the ability of leptin to suppress AMPK signalling in the hypothalamus through a

cytokine signalling pathway (Steinberg et al., 2006a). Also, it is also believed that leptin

has insulin sensitising properties that are mediated by AMPK (Steinberg et al., 2009).

Insulin resistance has been reported to have improved after chronic leptin treatment

regardless of any caloric restrictions by decreasing lipid storage levels in the skeletal

muscles and liver (Shimabukuro et al., 1997). This effect of leptin administration is

thought to be mediated by an increase in AMPK and expression (Steinberg et al.,

2003).
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5.4.1.1.2 Ghrelin

Ghrelin, also known as ‘the hunger hormone’, is a gut derived peptide hormone that

stimulates food intake (Nakazato et al., 2001) and has been associated with an increased

AMPK activity in the hypothalamus (Anderson et al., 2003). The effects of Ghrelin on

AMPK is tissue dependent where it is suppressed in the liver (Barazzoni et al., 2005) and

activated in the heart (Kola et al., 2005) for instance. Unlike leptin, ghrelin has no effect

on AMPK in the skeletal muscles probably due to its dependency on the G protein

coupled receptor and the associated CAMKK signalling pathway (Howard et al., 1996).

5.4.1.1.3 Adiponectin

Adiponectin is a plasma protein involved in the regulation of cellular glucose levels and

fatty acid breakdown. Adiponectin levels have been shown to be lowered in obesity (Hu

et al., 1996) and its overexpression has been reported to reverse insulin resistance in

skeletal muscles of obese animal models (Fruebis et al., 2001). Also this protein has been

linked to the activation of AMPK and the stimulation of fatty acid oxidation. Also, it has

been associated with an increase in glucose uptake in adipose tissue and skeletal muscles

(Yamauchi et al., 2002).

Other compounds that interact with the AMPK complex and play an important role in

cellular energy metabolism include Interleukin-6, TNF- Resistin and the sex hormones

estradiol and testosterone (Steinberg et al., 2009).
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Figure 5.10: The effect of hormones on AMPK signalling (Green denotes activation and

red inhibition). In the hypothalamus, elevated AMPK promotes feeding. In skeletal

muscles, the activation of the AMPK complex stimulates energy expenditure by the

upregulation of fatty acid oxidation, mitochondrial biogenesis and glucose uptake. In

hepatic tissues, AMPK suppresses gluconeogenesis and lipogenesis (Steinberg et al.,

2009).
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5.4.1.2 Exercise

It is generally accepted that exercise is one of the main modifiable risk factors in the

development of a magnitude of diseases, ranging from DM and cardiovascular diseases

to certain cancer types and clinical depression (Tuomilehto et al., 2001). It has been found

that the AMPK enzyme is activated by muscle contractions and physical activity in a

linear manner (Chen et al., 2000; Chen et al., 2003; Dean et al., 2000).

The physical exertion during exercise increases the demand for ATP by 100-fold and this

drastic increase in energy demand is met by increasing the oxidative and non-oxidative

phosphorylation of substrates from lipid and carbohydrate stores (Spriet et al., 1996).

Studies involving LKB1 knockout mice showcased the importance of AMPK in the

maintenance of energy homeostasis in the contracting skeletal muscles where the activity

of this subunit is based on the phosphorylation by LKB1 (Thomson et al., 2007). The

knockout mice (Sakamoto et al., 2005) showed a decreased ability to maintain elevated

ATP levels in response to exercise due to the lack of phosphorylated AMPKSteinberg

et al., 2009).

Animal studies involving AMPKKD mice (Mu et al., 2001; Maarbjerg et al., 2009)

and mice lacking the and AMPK subunits (O’Neill et al., 2011) in skeletal and

heart muscles have shown the importance of AMPK in the metabolic response to exercise.

These mice exhibited reduced exercise endurance and capacity which was measured in

reductions in wheel activity and treadmill running (Lantier et al., 2014). Taken together,

it can be concluded that AMPK is a crucial metabolic regulator of muscle contraction



Chapter 5: Discussion

318

through its effects on mitochondrial oxidative capacity, fatty acid oxidation and glucose

uptake (Lantier et al., 2014).

Due to the relevance of glucose uptake to the scope of this study, it is going to be further

described below.

5.4.1.2.1 Glucose uptake

During physical activity, glucose uptake is globally increased independently of the

insulin signalling pathway (Jorgensen et al., 2004). Various studies involving AICAR, a

pharmacological AMPK activator, have examined the role of AMPK in regulating

glucose uptake in resting skeletal muscles. The results showed a positive relationship

between muscle contraction, AMPK activity and glucose uptake; a finding which

encouraged further animal studies. Evidence suggested that AMPK plays a crucial role

in GLUT4 translocation to the cell surface during exercise (Steinberg et al., 2009).

Contrary to what was predicted, glucose uptake was either normal or moderately

decreased in transgenic AMPK dominant negative mice (Fujii et al., 2005) and

AMPKknock-out animal models (Jorgensen et al., 2003) during physical activity (ie

tetanic muscle contractions).

These findings suggest that glucose uptake in exercise is a complex mechanism mediated

by multiple signalling pathways, in addition to the fact that residual AMPK activity was

still present in these animal studies (Jorgensen et al., 2003).
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Figure 5.11: Insulin stimulated glucose uptake and glycogen synthesis in resting

conditions. Insulin promotes glucose uptake via the IR (insulin receptor) which in turn

stimulates the auto-phosphorylation and consequent activation of the IRS1 (insulin

receptor substrate) and PI3 kinase through the communication with catalytic (p110) and

regulatory (p85) subunits. These interactions stimulate the association with PIP2

(phosphatidylinositol 4,5-bisphosphate) at the plasma membrane level which is then

transformed to phosphatidylinositol 3,4,5-triphosphate (PIP3). PIP3 then prompts a

conformational change in Akt that permits Akt phosphorylation and the following

phosphorylation and inhibition of the Rab-GAP activating protein (tre-2/USP6, BUB2,

cdc16 domain family member 4 – TBC1D4). Glucose uptake can also be achieved by

actin remodelling which is promoted by Rac / actin. After glucose becomes subcellular,

it can be metabolised through glycolysis to generate ATP or it can be used for glycogen

production. The latter process involves the processes of phosphorylation and inhibition

of GSK3 (glycogen synthase kinase 3) by Akt which activates (GS) glycogen synthase.

This cascade of events promotes the conversion of G6P (glucose-6- phosphate) to G1P

and then ultimately to UDP-G (uridine diphosphoglucose) which is primed for glycogen

synthesis. AMPK can phosphorylate and inhibit GS but this effect can be overridden by

G6P. (O’Neill et al., 2013).
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Figure 5.12: Glucose uptake during exercise. During muscle contractions, the T- tubules

(plasma membrane structures specific to skeletal muscles) are depolarized causing the

release of Ca2+ from the sarcoplasmic reticulum which prompts the interaction between

actin and myosin (red thick line: myosin; red thin line: actin). The demand for energy

increases drastically during exercise which increases the AMP/ATP ratio which in turn

activates the AMPK complex. Both TBC1D1 and TBC1D4 are essential in the uptake of

glucose during resting and active conditions which are both phosphorylated by AMPK.

Studies have shown that there is a close association between the phosphorylation of

TBC1D1 by AMPK and 14-3-3 binding (phosphorylation proteins) which permits the

dissociation of the Rab proteins and more importantly the translocation of GLUT4 to the

plasma membrane allowing glucose uptake (O’Neill et al., 2013).
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5.4.2 AMPK Animal models

Due to the essential ‘energy sensing’ role of the AMPK heterotrimer in various cellular

metabolism processes, it has been studied extensively using animal models.

The majority of the animal models were developed to understand the role of AMPK in

skeletal muscle metabolism. These included 1,2 (Jorgensen et al., 2004) Dzamko

et al., 2010Steinberg et al., 2010; Dasgupta et al., 2012and Barnes et al.,

2004)whole body KO mice in addition to O’Neill et al., 2011muscle specific

KO mice and transgenic mice overexpressing an inactive kinase form of 2 in skeletal

muscles (Mu et al., 2001; Fujii et al., 2005).

The whole body deletion of the ß subunits is lethal at the embryonic stage (Quinn et al.,

2010). There is a 90 % reduced AMPK activity in the livers of AMPK ß1 KO mice but

not in their skeletal muscles. Contrary to what was expected, these AMPK ß1 KO mice

showed unaltered fasting and postprandial glucose levels and normal basal glucose

turnover (Dzamnko et al., 2009). Also these AMPK ß1 -/- mice showed increased

suppression of hepatic glucose output by insulin which is in line with the elevated Akt

phosphorylation levels and decreased mRNA expression of G6Pase. Moreover, an

increase in the expression of hepatic gluconeogenic enzymes as well as an increase in the

fatty acid synthesis rates accompanied by a reduction in fatty acid oxidation was seen in

ß1 -/- mice. These results show that there are multiple factors affecting the consequences

of AMPK alteration in vivo that are independent of liver ß1 (Dzamnko et al., 2009; O’Neil

et al., 2013). In summary, Dzamnko et al. (2009) showed that AMPK ß1 -/- mice were

hypophagic and as a result had reduced body weight, adiposity and hepatic lipid

accumulation and they were protected against insulin resistance.
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On the other hand, AMPK ß2 KO mice show decreased AMPK activity in the skeletal

muscles but not in hepatic or adipose tissues and this decrease was met with an

compensatory increase in AMPK ß1. These AMPK ß2 -/- mice had significantly decreased

exercise capacities accompanied by an elevated susceptibility to developing insulin

resistance and accumulating lipids despite unchanging rates of fatty acid oxidation

(Steinberg et al., 2010, O’Neill et al., 2013).

5.4.3 AMPK & associated diseases

5.4.3.1 Obesity & the metabolic syndrome

According the World Health Organisation (WHO), there are currently well over 1 billion

adults worldwide who are clinically classified as obese with a body mass index (BMI)

greater or equal to 30kg/m2 (WHO, 2017).

Obesity is associated with a number of diseases that can be summarised and referred to

as the metabolic syndrome (MS). These diseases include T2 DM, IR, cardiovascular

disorders and fatty liver disease. The emergence of AMPK as an important energy

metabolism regulator has drawn attention to its role in the development of MS resulting

in the suggestion that AMPK signalling might be suppressed in MS (Winder et al., 1999;

Steinberg et al., 2009). These reports have highlighted new therapeutic and

pharmacological possibilities involving the stimulation of the AMPK pathway (Steinberg

et al., 2009).

In genetic models of rodent obesity, AMPK activity is decreased in most peripheral

tissues including skeletal muscles, cardiac and hepatic tissues (Barnes et al., 2002; Liu et

al., 2006; Sriwijitkamol et al., 2006; Steinberg et al., 2006b). On the other hand, AMPK
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activity has been reported to be unaltered in the skeletal muscles (Martin et al., 2006;

Watt et al., 2006) and hypothalamus (Martin et al., 2006; Steinberg et al., 2006a) of obese

rodents after consuming a high fat diet which more directly resembles the development

of obesity and IR in humans.

AMPK levels in obese (Steinberg et al., 2004) and T2 DM (Hojlund et al., 2004) human

skeletal muscle tissue have been reported to be unaltered but there have been reports of a

slight decrease in obese tissues (Bandyopadhyay et al., 2006). Also, the AMPK sensitivity

to activation by AMP and LKB1 is unaltered in normal obese and T2 DM obese skeletal

muscle implying that the function of AMPK is unaltered in moderate obesity (Steinberg

et al., 2009).

Additionally, AICAR has been shown to increase the activity of AMPK in rodent

(Bergeron et al., 2001; Iglesias et al., 2004) and human (Koistinen et al., 2003; McIntyre

et al., 2004; Steinberg et al., 2006a) obese skeletal muscle compared to healthy controls.

This activation is associated with increased glucose uptake and fatty acid oxidation in

both obese rodents with T2 DM (Bergeron et al., 2001) and humans (Chen et al., 2005).

This confirms the pharmacological potential of AMPK activation that can bypass IR in

skeletal muscle (Steinberg et al., 2009).

In summary it can be said that the down-regulation of AMPK is not the primary

contributor to IR secondary to moderate obesity. However, in severe obesity as

represented in the genetic models of obesity, this down-regulation is thought to worsen

the features of the MS (Steinberg et al., 2009). Hence, compounds that prevent or reverse
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this down-regulation of AMPK signalling may have tremendous therapeutic value

(discussed in further sections) (Steinberg et al., 2006a; Steinberg et al., 2009).

The effect of AMPK on the development of T2 DM is described below. However other

components of the MS have also been linked to the reduced activity of the AMPK

complex such as hypertension, lipotoxic cardiomyopathy and diabetic myopathy

(Steinberg et al., 2009)

5.4.3.2 T2 DM

The role of AMPK in the development and treatment of T2 DM has emerged after its

central role in energy metabolism and dysfunction was clearly established in the

literature. In summary, the AMPK is activated by the exhaustion of cellular energy stores

and its activation results in a host of metabolic compensatory processes resulting in

improved insulin sensitivity leading to increased glucose cellular uptake, mitochondrial

biogenesis and increased fatty acid oxidation (Sun et al., 2006; O’Neill et al., 2013).

The subunit encoded by PRKAA2 has been located under a T2 DM linkage peak in a

Japanese population with DM (Mori et al., 2002) and the KO mice showed signs of

hyperglycaemia and IR (O’Rahilly et al., 2005)). Also, increased activity has been

linked to moderate exercise even though the evidence and mechanisms involved are not

fully conclusive yet (Musi et al., 2003, Kjobsted et al., 2016).

As for the subunit encoded by PRKAB1, it has also been located under the T2 DM

peak in different populations (Mahtani et al., 1996; Shaw et al., 2010; Bowden et al.,

1997). Also, mutations in the phosphorylation and post transcriptional modification
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regions in PRKAB1 have been linked to decreased AMPK activity and nuclear

distribution (Warden et al., 2001). Also, the subunit plays a role in glycogen

metabolism through its GBM that changes the functional and structural characteristics of

the AMPK complex (Polekhina et al., 2003).

Similarly, the subunit encoded by PRKAB2 has been located next to the T2 DM

linkage peak in the Pima Indians (Hanson et al., 1998).

Hence, the evidence supplied about the role of the AMPK in various energy metabolism

processes including IR and obesity have made the AMPK genes “attractive candidates”

for increasing the risk of T2 DM. In an attempt to test this hypothesis, Sun et al. (2006)

were unable to find a positive association between the PRKAA2, PRKAB1 & PRKAB1

genes and the risk of developing T2 DM in a total of 4,206 cases of both controls and

diabetic individuals. These negative results might be due to a number of factors including

the absence of clear phenotypically defined case samples and the small sample number

that did not allow for the detection of rare gene variants in this selected population (Sun

et al., 2006).

It can be concluded that no clear phenotype has been associated with AMPK mutations

yet. However, the AMPK complex has been associated with improving insulin sensitivity

by reducing lipogenesis, protein synthesis & lipolysis and by activating fatty acid

oxidation (Jeon, 2016), confirming its important therapeutic role in T2 DM management

(Steinberg et al.,2009; Jeon, 2016).
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5.4.3.3 Cancer

LKB1 is the AMPK upstream kinase that happens to be a tumour suppressor that is

sometimes mutated in some cancers (epithelial and breast cancers). These LKB1

mutations are not very common in most cancers, however LKB1 is inactivated in 30 to

50% of lung adenocarcinomas, 20% of squamous cell carcinomas and 10% of large cell

lung carcinomas which highlight its tumour suppressor characteristics (Ji et al., 2007).

Also, recent genomic studies have reported that the AMPK subunits are regularly over

expressed in cervical and lung cancers (Gao et al., 2013; Cerami et al., 2012).

The role of AMPK in cancer development is complicated as it can affect tumour growth

both positively and negatively (Jeon, 2016). Some studies have reported that MAGE-

A3/6 and TRIM28 E3 ubiquitin ligase that are overexpressed in various types of cancer

can stimulate cancer- specific AMPK degradation that inhibits tumour growth. On the

other hand, some studies have shown that cancer cell ubiquitination increases LKB1

activity and consequently increases AMPK activity and stimulates tumour growth

(Pineda et al., 2015). One likely explanation behind this inconsistency in the role of

AMPK in cancer development is the timing of over expression, mutation and/or

modification of both LKB1 and AMPK (Jeon, 2016).
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Figure 5.13: The role of AMPK in the development of DM and cancer. AMPK can exert anti – inflammatory, anti- diabetic and anti-

tumorigenic effects by regulating fatty acid metabolism and ER stress, showing that AMPK activators can be used to treat and/or prevent

IR and DM. These anti- inflammatory effects can also inhibit the cancer initiation and promotion stages. On the other hand, AMPK

activation can also stimulate malignant conversion, progression and metastasis by facilitating the metabolic adaptation of cancerous cells.

(Arrow: activation; bar-headed line: inhibition; N: normal cells; I: initiated cells) (Jeon, 2016)
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5.4.3.4 Aging & longevity

It is generally accepted that an organism is less capable of tolerating metabolic stress

upon aging. Investigations in lower organisms (eg: yeasts and worms) have established

the important roles of AMPK homologs in regulating age related changes (Steinberg et

al., 2009).

It has been shown that the loss of the Snf1p, a yeast homolog of AMPK, activator leads

to a 20% increase in the life span of yeast, whereas the loss of Sip2p (Snf1p repressor)

leads to a rapid aging phenotype associated with an increased Snf1p activity (Ashrafi et

al., 2000). Conversely, the over expression of P in Caenorhabditis elegans is

associated with an increased life span (Narbonne et al., 2006) and is essential for

increased longevity (Steinberg et al., 2009).

However, in higher organisms, the importance of AMPK in the aging process is still not

very clear. There have been inconsistent results regarding the decrease in AMPK

signalling in aging muscles (Qiang et al., 2007; Thomson et al., 2005). Also, there have

been some discrepancies regarding the effects of metabolic stress (eg: hypoxia, caloric

restriction) during aging on the activity of AMPK (Mulligan et al., 2005; Gonzalez et al.,

2004).

What is known to affect longevity in higher organisms including humans are the insulin

and IGF-I signalling pathways who are thought to mediate the reported effect of AMPK

on longevity (Steinberg et al., 2009).
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5.4.3.5 Neurodegeneration

AMPK has also been linked to neurodegenerative and neurological diseases including

dementia, strokes, Alzheimer’s (AD) and Parkinson’s diseases (PD) (Steinberg et al.,

2009).

AMPKand AMPKare predominantly localised in the cerebral neurons with

marked expression in glial cells such as astrocytes and oligodendrocytes (Turnley et al.,

1999). The AMPK complex in the astrocytes plays an important role in ketogenesis and

protects against neuronal apoptosis (Blazquez et al., 2001). It has been previously

reported that AICAR (AMPK activator) protected hippocampal neurons from death

caused by several stressors such as glucose deprivation, chemical hypoxia and exposure

to glutamate and amyloid ß peptide (Culmsee et al., 2001).

5.4.3.5.1 AD & PD

These two neurodegenerative diseases share the pathological mechanism of disrupted

autophagy which is a complex cascade of events that leads to the removal of misfolded

proteins and dysfunctional organelles which are then degraded by lysosomal enzymes

(Wong et al., 2010). This process helps maintain cellular homeostasis and is crucial to

cellular survival (Vives – Bauza & Przedborski, 2011).

Autophagy is impaired in PD which is characterised by the loss of dopaminergic neurons

in the substantia nigra pars compacta (Kodiha & Stochaj, 2011). The majority of the PD

cases are sporadic but some familial forms can be caused by mutations in the protein

kinase Pink 1 (Park6), the E3 ubiquitin ligase parkin (Park 2) or the redox – sensitive

chaperone DJ1 (Park7) who all interfere with the process of mitophagy (mitochondrial
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autophagy) (Vives – Bauza & Przedborski, 2011). The recognition of the mitochondria

tagged for autophagy is disrupted in PD, whereas the induction of autophagy in AD is

impaired (Vives – Bauza & Przedborski, 2011).

It has been found that the AMPK dependent phosphorylation of ULK1/2 kinase is

essential for the initiation of autophagy which is the phase that is thought to be missing

in AD (Wong et al., 2010). This has led to the proposal of AMPK as a potential missing

link between T2 DM and neurodegenerative diseases since the low AMPK activation in

T2 DM is anticipated to inhibit the production of autophagosomes (Vives – Bauza &

Przedborski, 2011).

Figure 5.14: Simplified model proposing that AMPK links T2 DM to neurodegenerative

diseases (AD & PD). Active AMPK is phosphorylated at a specific region on the 2

subunit (Thr172) indicated by P in healthy and T2 diabetic individuals. However, T2 DM

is characterised by reduced AMPK activity that leads to dysfunctional autophagy

processes. Consequently, an accumulation of misfolded proteins and dysfunctional
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mitochondria is seen in T2 DM, in addition to a decrease in mitochondria biogenesis. This

build up in the brain significantly increases the risk of developing AD and unregulated

mitophagy encourages the development of PD. Adapted from Kodiha & Stochaj, 2001.

5.4.4 AMPK & pharmacology

Various hormones and pharmacological products have been reported to activate cellular

AMPK. Studies involving these agents have improved the understanding of the complex

roles AMPK has in cellular metabolism (Steinberg et al., 2009). A few of these

pharmacological agents are described below.

5.4.4.1 Metformin

Metformin is an oral anti-hyperglycaemic agent used to reduce plasma glucose and lipid

levels as well as improve insulin sensitivity in individuals with T2 DM (Steinberg et al.,

2009). The interest in the therapeutic potential of AMPK rapidly increased after studies

showed that it was activated by Metformin (Musi et al., 2002; Zhou et al., 2001). This

AMPK activation by Metformin is dependent on the OCT1 (organic cation transporter)

and initial reports claimed that this activation was independent of any changes in

nucleotides (Fryer et al., 2002). However, later studies involving mutants insensitive to

AMP, showed that nucleotide binding is integral for AMPK activation by Metformin

(Scott et al., 2007).

Additionally, to be functional, Metformin requires LKB1 which phosphorylates and

activates AMPK in the liver to lower blood glucose levels (Shaw et al., 2005). Also, the

central action site of Metformin is the liver, where AMPK is activated and is needed to

inhibit gluconeogenic and lipogenic gene expression (Zhou et al., 2001, Steinberg et al.,

2009)
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These studies provided support that AMPK activation is central to the anti-

hyperglycaemic effects of Metformin.

5.4.4.2 Thiazolidinediones (TZDs)

PPAR-is a nuclear hormone receptor majorly expressed in the adipose tissues and plays

major roles in the liver, macrophages and skeletal muscles (Hevener et al., 2003;

Steinberg et al., 2009).

It has been shown that the synthetic ligands of PPAR-, TZDs, activate AMPK by

increasing the cellular levels of adenine nucleotides which improve insulin sensitivity

with no effect on plasma lipid content (Steinberg et al., 2009). Chronic TZD treatment in

vivo is associated with an AMPK increase in the skeletal muscle and cardiac tissues;

However, this effect can be attributed directly to the TZD administration or to the effect

of these compounds on adiponectin production (Wang & Unger, 2005). The latter

explanation was supported in a study that portrayed the inability of TZD to improve

glucose tolerance or activate AMPK in adiponectin null mice (Nawrocki et al., 2006).

There has been an established association between treatment with TZDs and the

occurrence of myocardial ischemia (Home et al., 2007)) and it can be speculated that this

might be due to the chronic activation of AMPK in cardiac tissues which can result in

glycogen storage disease, cardiac hypertrophy and and cardiac ischemia (Steinberg et al.,

2009).
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5.4.4.3 Ciliary Neurotrophic Factor (CNTF)

CNTF is part of the Interleukin-6 (IL-6) cytokine family and was originally reported as a

neurotrophic factor used in the treatment of neurodegenerative disorders like ALS

(Steinberg et al., 2009). In animal models of obesity, CNTF induces weight loss in the

absence of any of the deleterious side effects of cytokines (Gloaguen et al., 1997).

CNTF has been associated with an increase in AMPK in skeletal muscles activity by

decreasing the ATP/ATM ratio which leads to an elevation in FAO rates (Watt et al.,

2006). Also, the activation of AMPK by CNTF and the resulting FAO activation reversed

IR caused by exposure to high levels of fatty acid in rodents (Watt & Steinberg, 2007).

This effect was not seen with dominant negative AMPK cells (Steinberg et al., 2009).
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5.4.5 Discussion of findings

When this family first presented to the clinic, the initial potential diagnoses were PWS,

AS or BBS. Genetic testing was done to rule out PWS as it had the most similar features

to these patients’ clinical presentation and AS & BBS were not explored genetically

secondary to the clinicians’ evaluations.

When the DNA samples of these patients and their parents were sent to our research lab,

they became part of an MSc project aimed at exploring the genetics behind distinct and

rare syndromes of DM. After reviewing and prioritising the literature on genes associated

with early onset obesity and DM, using a candidate gene approach Christine Hughes

sequenced KSR2 and SH2B1 and did not find any ‘likely disease causing’ mutation in

either gene.

The next step was WES at the UCL ION, after which the variants were filtered using the

IVA software. The two candidate genes that were shortlisted were MAFA and PRKAB1

due to their known association with DM and obesity. MAFA is a conserved enhancer

element that regulates pancreatic ß cell specific expression of INS, the insulin gene

(OMIM, 2017). Upon sequencing, the exonic deletion, p.H208del (8:144511954), was

found in both parents and the variant was disregarded.

On the other hand, the PRKAB1 homozygous c.502G>C, p.(V168L), variant was

confirmed by Sanger sequencing and both parents were found to be carriers for the

change. PRKAB1 encodes the 270 amino acid AMPKB1 protein whose role has been

established as a crucial subunit of the energy sensing enzyme AMPK and has been linked
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to obesity and T2DM in addition to being a therapeutic target for the latter (Section 5.4.3

& 5.4.4).

The pathogenicity predictor tools gave inconsistent results (table 5.13) regarding the

consequences of this novel protein changing mutation. It should be noted that this

c.502G>C change was not found in its homozygous form in any of the public variant

databases including 1000 Genomes, ExAC, NHLBI and GnomAD. The carrier frequency

of this variant is also very low in the public databases. It also should be noted that

mutations in any of the AMPK encoding genes have not been associated with a distinct

clinical phenotype in humans.

Table 5.13: Details on the c.502 G>C PRKAB1 variant.

Position 120112229

Cytoband 12q24.23

Gene Region Exonic

Transcript Variant c.502 G > C

Protein Variant p.(Val168Leu)

Conservation 

Translation impact Missense

Frequency

1000 Genomes (%) 0.020 – Het

ExAc (%) 0.067 – Het

ExAc hom (%) 0

NHLBI ESP (%) 0.092 – Het

GnomAD (%) 0.066 – Het

GnomAD hom (%) 0

Pathogenicity Prediction

Mutation Taster Disease causing

SIFT Tolerated

PolyPhen-2 Benign
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This variant leads to the replacement of Valine by Leucine, changing the amino acid

sequence of AMPKB1. The mutation is located in exon 4 between the C – terminal (186-

270) which interacts with both the andsubunits and is integral to the formation of

heterotrimer (Iseli et al., 2005) and the N-terminal (75-157) which harbours the CBM

which acts as a glycogen sensor.

Concurrently, the genes present on the ‘ciliopathies gene panel’ used in GOSH were all

checked manually and by the IVA software secondary to the discussions with the clinical

geneticists involved in this case (Table in the Results section). My negative results were

validated by independently running the panel at the North East Thames Regional Genetics

Service laboratories.

Following these results, fibroblast cell lines were established from the patients’ and

mother’s skin biopsies which were then used for protein expression experiments. Western

blot results showed a clear decrease in AMPKB1 and its isoform AMPKB2 in patients O

& P compared to the mother and a control. Particularly, the levels were even lower for

patient O who is the primary patient with the more significant phenotype.

As discussed in the introduction, AMPK is a highly conserved serine/threonine kinase

that controls whole-body and cellular energy levels in response to energy demand and

supply. It has been thoroughly studied using animal models and has been linked to the

development of the metabolic syndrome (obesity, T2DM, etc) amongst other diseases.

Additionally, AMPK activation has been found to be integral in the pharmacological

development of certain therapeutic agents used for the treatment of T2 DM amongst other

conditions (Section 5.1.7). Even though the AMPK complex has been investigated in
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light of T2 DM and DM, it has not yet been directly linked to the development of a distinct

condition in humans.

This study provides the first report that links a potentially novel syndrome of T2 DM,

obesity and speech abnormalities to AMPK, where it was clearly shown that the c.502

G>C mutation in PRKAB1 negatively affects the protein levels in the two (1&2)

subunits. No mutations were found in the PRKAB2 gene so it can be speculated that the

mutation in ß1 affects the entire ß complex of the heterotrimer.

As discussed in the introduction, the AMPK ß2 (271 amino acids) shares 71% identity

with AMPK ß1. The AMPK subunits differ in the phosphorylation and auto-

phosphorylation of certain amino acids (eg; Ser-182, Ser-45) and the sequence of their N

terminal which raises the probability of differential post-translational regulation. Also,

the two subunits have variable expression patterns where the ß1subunit is highly

expressed in the brain and liver and the ß2 subunit is highly expressed in the skeletal

muscles (Steinberg et al., 2009; Steinberg et al., 2006).

5.4.5.1 Hyperphagia & obesity

The role of the AMPK complex in regulating food intake and appetite is tissue specific,

where hypothalamic inhibition of AMPK regulates the anorexigenic signalling pathways.

On the other hand, AMPK activity is inhibited in most peripheral tissues (skeletal

muscles, heart, liver) of obese animal models that have unaltered AMPK activity in their

brain (Barnes et al., 2002; Liu et al., 2006; Sriwijitkamol et al., 2006; Steinberg et al.,

2006a).
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It can be said that the AMPK complex plays an integral role in the regulation of

anorexigenic and orexigenic pathways and that its significant decrease in patients O & P

can explain the hyperphagia and associated obesity reported in these patients.

Interestingly, the patients’ mother is also obese with ‘almost comparable’ protein levels

to the control sample. Further investigations and WB repetitions using a higher number

of controls is required before making any conclusions regarding the mother’s protein

levels.

5.4.5.2 T2 DM

The role of AMPK in the development and treatment of T2 DM has emerged after reports

of the AMPK genes being very closely linked or even under the T2 DM linkage peaks in

several populations (Section 5.1.6.2). Also, there has been evidence that AMPK improves

IR by reducing lipogenesis & protein synthesis and enhancing glucose uptake and FAO,

making it a very attractive pharmacological candidate.

The decreased levels of AMPKB1 and AMPKB2 in patients O & P is consistent with the

literature and can potentially account for the T2 DM and associated IR reported in these

siblings.

It should be noted that no protein changing mutations in any of the AMPK genes have

been previously associated with any distinct clinical phenotype in general and in any

metabolic disease specifically. In fact, Sun et al (2006) did not report any positive findings

when they screened the AMPK genes in a pool of diabetic individuals.
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As mentioned in section 5.1.5, the AMPK ß1 -/- mice described by Dzamnko et al (2009)

portray an opposite phenotype to patients O & P highlighting the tissue specific functions

of AMPK. These mice were hypophagic and as a result had reduced body weight,

adiposity and hepatic lipid accumulation and they were protected against insulin

resistance.

Studies have shown that weight loss of less than 10% can reduce hepatic fat by ~ 81%

and improve insulin sensitivity by more than 200% (Beck et al., 2009). Therefore, the

weight loss observed in the AMPK ß1 -/- mice might have caused the reduction in liver

triglycerides and improved insulin sensitivity. Also, the reduced levels of IL- 6

(interleukin 6) which are strongly associated with insulin resistance development, can

also explain the protection seen against IR (Dzamnko et al., 2009).

In this mouse model of AMPK ß1 -/-, the reduced AMPK levels in the hypothalamus

dominated the phenotype despite the significantly more pronounced reduction in hepatic

AMPK levels. This was shown in the reduction in the appetite of these knockouts along

with the protection seen against diet induced obesity and hepatic steatosis overcoming

the deleterious effects of hepatic ß1 deletions on glucose production and lipid deposition

(Dzamnko et al., 2009; O’Neil et al., 2011).

It can be speculated that the c.502 G > C mutation in PRKAB1 causes the phenotype by

a tissue specific loss-of-function mechanism in hepatic and pancreatic tissues which is

not dominated by the tissue specific effects of PRKAB1 depletion in the hypothalamus as

reported in the AMPK ß1 -/- mice (Dzamnko et al., 2009). This tissue specific role of

AMPK explains the phenotype of the AMPK ß1 -/- mice (Dzamnko et al., 2009) and falls
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in line with the reports of reduced AMPK levels in obese mouse models (Barnes et al.,

2002; Liu et al., 2006; Sirwijitkamol et al., 2006; Steinberg et al., 2006a) and diabetic

individuals (Warden et al., 2001) (please refer to the introduction). This notion is

strengthened by the decreased levels of AMPKB1 and AMPKB2 seen in the patients’

fibroblasts.

Also, another speculation could be that the potentially different role of PRKAB1in

humans and rodents can explain the phenotype difference in patients O & P and the

AMPK ß1 -/- mice. There have been instances where the human disease phenotype is

completely different than the mouse knockout such as the cases of Tay-Sachs and

Sandhoff syndromes mouse models (Elsea & Lucas, 2002; Phaneuf et al., 1996).

5.4.5.3 Neurodegeneration

AMPK has been linked to various neurodegenerative diseases such as AD and PD and it

has been proposed that this protein kinase might be the missing link between

neurodegeneration and T2 DM (Vives – Bauza & Przedborski, 2011).

Patients O & P both have speech abnormalities where they are capable of saying only 4

and 1 word(s), respectively. It can be speculated that the AMPK dysfunction and the

associated dysfunctional neuronal autophagy (Section 5.4.3.5) can be linked in a

mechanism that is yet to be uncovered to speech abnormalities. This speculation can be

supported by the fact that AMPKß1 and ß2 are both expressed in the hippocampus,

cerebral cortex, caudate nucleus and cerebellum encompassing Broca’s and Wernicke’s

areas which are mainly involved in speech production and comprehension, respectively.
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In summary, this finding has opened up exciting and promising research avenues into a

potentially novel DM syndrome. The AMPK complex has been thoroughly investigated

in animal models without any successful association to a distinct human phenotype and

this discovery can aid in the understanding of the role of AMPK in metabolic and

neurodegenerative diseases.

Also, following further investigations into the effects of this PRKAB1 mutation, the

AMPK genes can be screened in cohorts of patients with similar phenotypes to patients

O & P that have not been genetically diagnosed with any known disease. In fact, the most

significant evidence for the actual pathogenicity of the variant found is its presence in

other patients with a similar phenotype to patients 0 & P.

Most importantly, the therapeutic value of AMPK has been thoroughly investigated

providing a promising avenue in the potential treatment of ‘AMPK deficiency diseases’,

which is the central objective of research in rare disease
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5.5 Future Plans

Professor Khalid Hussain was awarded a grant from the Sidra Internal Research Fund to

further investigate the findings from chapters 5 & 6 along with other projects at the Sidra

Medical Centre (Doha, Qatar).

Briefly, the proposed functional work for this project will involve studying the effects of

introducing the c.502 G>C PRKAB1 mutation in a murine model using the CRISPR/Cas9

gene editing technology. Also, functional analysis of this mutation and its effect on the

entire AMPK signalling pathway will be investigated in Zebrafish models in addition to

studying the effects of this mutation on adipogenesis in murine and human tissues.
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5.6 Conclusion

This chapter has provided evidence that links the AMPK complex to a potentially novel

DM syndrome, providing a wide range of opportunities regarding genetic testing and

pharmacological interventions for patients with a phenotype similar to patients O & P. In

the event that the functional studies planned prove that this mutation is indeed the sole

contributor to the patients’ phenotype, the next step would be to screen the AMPK genes

in patient cohorts with similar features to these patients.

It is highly likely that more than one gene is involved in the phenotype of these patients

and perhaps the PRKAB1 mutation can only account for the early onset obesity and T2

DM seen in these patients. The notion that the distinct phenotype of these siblings

(obesity, T2 DM & speech abnormalities) might be caused by the disrupted function of

the AMPK complex due to its ubiquitous expression and role in various bodily systems,

is also feasible. Functional studies that specifically study the role of the AMPK complex

in the cerebral cortex are crucial in identifying whether this kinase can be linked to speech

abnormalities.

The fact that the heterozygous frequency of the c.502 G> C PRKAB1 mutation is low,

accompanied by the novelty of its homozygous form, in addition to the clearly altered

protein levels of AMPK ß1 and AMPK ß2 in the patients’ fibroblasts provides compelling

evidence for its causal association to the patients’ disease. The exact mechanism by which

a mutation in AMPKß1 leads to a decrease in its isoform AMPK ß2 is not exactly known,

but it can be speculated that the ß1 complex has regulatory roles over the ß2 subunit in

addition to its other functions (eg glycogen sensor).
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In summary, this finding has opened up a wide window for research endeavours and

speculations regarding the role of AMPK in the development of a novel metabolic and

neurologic syndrome. Extensive research is still needed to understand this association in

addition to the possible therapeutic potential of this finding.
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Chapter Six: Identifying Novel De

Novo Mutations in MYO15A in Three

Unrelated Patients with Severe

Microcephaly and Diabetes Mellitus
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Aims

The aim of this chapter is to identify the genetic contributor (s) behind a distinct

phenotype of DM and severe microcephaly in three unrelated patients by using a

candidate gene approach and WES. The latter identified a novel de novo mutation in

MYO15A in the three patients which was absent in all the controls used in this study,

highlighting a potential novel syndrome of DM and microcephaly.



Chapter 6: Introduction

347

6.1 Introduction

6.1.1 Overview of microcephaly

Autosomal recessive primary microcephaly (MCPH) is defined as a foetal brain

development disorder resulting in microcephaly at birth in addition to non-progressive

mental retardation. It is characterised by an undersized cerebral cortex with the rest of the

brain being comparatively unaffected (Cox et al., 2006). Microcephaly is accompanied

by a decrease in brain volume often resulting in intellectual and / or motor abnormalities

(Von Der Hagen et al., 2014).

Clinically, microcephaly is defined as an occipitofrontal head circumference (OFC) under

the third centile or more than 2 standard deviations (SD) below the mean measure for sex,

age and ethnicity controlled healthy individuals (Von Der Hagen et al., 2014). ‘Severe’

microcephaly is diagnosed when the OFC is 3SD or more below the mean control value

(Yang et al., 2012).

The pathogenesis of microcephaly is highly heterogeneous and ranges from congenital

causes (primary microcephaly) to environmental factors or illnesses that affect brain

growth postnatally (secondary microcephaly) (Holden et al., 2009). Both primary and

secondary microcephaly can be acquired or genetic and they do not infer two separate

aetiologies (Von Der Hagen et al., 2014). Any circumstance that affects the key brain

growth processes such as progenitor cell proliferation, cell differentiation and apoptosis

can provoke the occurrence of microcephaly. These abnormalities can singularly affect

cerebral development (non-syndromic microcephaly) or can be accompanied by extra-

cranial abnormalities and/or facial dysmorphism (syndromic microcephaly) (Holden et

al., 2009; Von Der Hagen et al., 2014).
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The spectrum of phenotypes associated with microcephaly is variable with more than 900

entries in Online Mendelian Inheritance in Man (OMIM) associated with ‘microcephaly’.

6.1.2 Diagnosis of microcephaly

MCPH can be diagnosed in utero as early as 24 weeks of gestation using an antenatal

ultrasound. Also, assessment of cortical gyrification using foetal MRI is feasible during

the 3rd trimester (Passemard et al., 2013). In addition to a reduction in OFC, variable

cognitive impairment, delay in speech, hyperactivity and attention deficit can be

associated with MCPH in the absence of any major motor delay and neurological

symptoms with the rare exception of mild seizures (responsive to antiepileptic

monotherapy) and pyramidal signs (Shen et al., 2005; Passemard et al., 2009, 2013). Also,

facial dysmorphic features can be associated with MCPH due to the narrow and sloping

foreheads of individuals with a severe phenotype, as well as short stature that is mainly

associated with MCPH1 mutations (Passemard et al., 2009). The typical reduction in

brain volume (cerebral cortex & white matter) is usually accompanied by a simplified

gyral pattern and in fewer cases with periventricular heterotopias, cortical dysplasia,

polymicrogyria or mild hypoplasia (Trimborn et al., 2004; Passemard et al., 2009).
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Figure 6.1: Image from an ultra sound scan showing foetal microcephaly (Passemard et
al., 2013).

Figure 6.2: The clinical manifestation of microcephaly. Child with severe microcephaly
(-3SD) (A) compared to a healthy individual (B). Adapted from WHO, 2017.
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6.1.3 Acquired microcephaly

Various insults to the developing brain can lead to microcephaly such as: intrauterine

infections, maternal or foetal irradiation, exposure to toxins or drugs (foetal alcohol

syndrome), maternal hyperphenylalaninaemia, serious maternal illness and placental

insufficiency (Passemard et al., 2013). Table 6.1.1 lists the most common causes of

microcephaly.

Foetal brain damage is a complex multifactorial process that varies in severity based on

the pregnancy stage and the genetic background of the foetus.

Foetal insults that occur early in pregnancies are highly likely to disrupt the CNS

development leading to macro and microscopic dysfunctions that are associated with

microcephaly (Von Der Hagen et al., 2014).

Table 6.1: The most common causes of acquired MCPH (Passemard et al., 2013).

Insult Brain Malformations Extra-neurological Malformations

Intrauterine infections

Cytomegalovirus  Ventriculomegaly

 Migration disorders

 Subependymal cysts

 Microcephaly

 IUGR

 Deafness

 Chorioretinitis

 Oligoamnios

 Intestine hyperechogenicity

Herpes simplex  Hydrocephaly

 Porencephalic cysts

 Microcephaly

 Chorioretinitis

 Microphtalmia

Rubella  Subependymal cysts

 Microcephaly

 Cardiac defects

 Deafness

 Cataract

 Retinopathy
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 IUGR

Toxoplasmosis  Hydrocephalus

(aqueduct stenosis)

 Microcephaly

 Chorioretinitis

 Optic atrophy

Syphilis  Hydrocephalus

 Pseudoparalysis

 Microcephaly

 Deafness

 Pulmonary haemorrhage

 Teeth abnormalities

Varicella – Zoster  Hydrocephalus

 Cortical atrophy

 Microcephaly

 Skeletal anomalies

 IUGR

 Limb hypoplasia

 Microphthalmis

 Cataracts

 Chorioretinitis

 Cutaneous scarring

Drugs

Alcohol  Corpus callosum

agenesis

 Abnormal gyration

 Microcephaly

 Heart & kidney defects

 Deafness

 Scoliosis

 Growth delay

 Dysmorphism

Cocaine  Intracranial

haemorrhage

 Encephaloceles

 Microcephaly

 Skull & heart malformations

Antiepileptic

drugs:

 Carbamazepine

 Phenytoin

 Barbiturates

 Sodium

valproate

 Spina bifida

 Microcephaly

 Cardiac malformations

 Dysmorphism (face &

fingers)

 Facial cleft

 Growth retardation

Maternal illness / pregnancy factors
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Phenylketonuria  Abnormal migration

 Microcephaly

 Cardiac malformations

 Growth retardation

 Placental

insufficiency

 Malnutrition

 Anaemia

 Systemic illness

 Porencephaly

 Periventricular

leukomalacia

 Microcephaly

 Cardiac malformations

6.1.4 Congenital primary microcephaly

The microcephaly genes are one of the most studied gene groups regarding their role in

human brain evolution. The complex evolutionary lineage leading to Homo Sapiens is

characterised by a substantial increase in brain size (Montgomery & Mundy, 2010).

Therefore, the identified microcephaly genes have received considerable attention due to

their role in brain enlargement during evolution (Gilbert et al., 2005). To date 18 genes

have been associated with primary isolated microcephaly (Table 6.1.2), excluding the

syndromic forms of this disease (OMIM, 2017).

Table 6.2: 18 genes associated with primary non-syndromic microcephaly.

Location Gene Phenotype Inheritance Study

8p23.1 MCPH1 MCPH1 AR Jackson et al., (2002)

19q13.12 WDR62 MCPH2 AR Bilguvar et al.,

(2010)

9q33.2 CDK5RA

P2

MCPH3 AR Moynihan et al.,

(2000); Bond et al.,

(2005)
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15q15.1 KNL1 MCPH4 AR Jamieson et al.,

(1999); Genin et al.,

(2012)

1q31.3 ASPM MCPH5 AR Bond et al., (2002)

13q12.12-q12.13 CENPJ MCPH6 AR Leal et al., (2003)

1p33q STIL MCPH7 AR Kumar et al., (2009)

4q12 CEP135 MCPH8 AR Hussain et al.,

(2012)

15q21.1 CEP152 MCPH9 AR Guernsey et al.,

(2010)

20q13.12 ZNF335 MCPH10 AR Yang et al., (2012)

12p13.31 PHC1 MCPH11 AR Awad et al., (2013)

7q21.2 CDK6 MCPH12 AR Hussain et al.,

(2013)

4q24 CENPE MCPH13 AR Mirzaa et al., (2014)

1p21.2 SASS6 MCPH14 AR Khan et al., (2014)

1p34.2 MFSD2A MCPH15 AR Guemez-Gamboa et

al., (2015)

12q24.33 ANKLE2 MCPH16 AR Yamamoto et al.,

(2014)

12q24.33 CIT MCPH17 AR Li et al., (2016)

4q21.23 WDY3 MCPH18 AD Kadir et al., (2016)

Primary microcephalies can be globally attributed to a discrepancy between the

production of progenitor cells and their death (Francis et al., 2006). The disruption of

neuronal progenitor cell proliferation which can include abnormalities in mitosis or in the

cycle regulation of progenitors, in addition to an abnormal response to neuronal DNA

damage, can lead to a drastic reduction in the number of neuronal and glial cells resulting

in a reduced brain size (Passemard et al., 2013).
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The different types of MCPH are briefly described below.

6.1.4.1 Disorders of progenitor cell proliferation

Primary non-syndromic microcephaly, also referred to as Microcephaly Primary

Hereditary (MCPH), is a rare and widely heterogeneous disease with an autosomal

recessive mode of inheritance (in most cases). Its prevalence is estimated to range from

1:30,000 to 1: 250,000 live births, with a higher prevalence in consanguineous

communities (Van den Bosch, 1959; Passemard et al., 2013). The most commonly

involved genes in human microcephaly (MCPH1, WDR62, CDK5RAP2, CASC5, ASPM),

in addition to CENPJ, STIL, CEP135, CEP152 and CEP63, encode for proteins that are

connected to the centrosomes. These encoded proteins have an essential role in organising

and orientating the mitotic spindles of neural progenitors, in addition to the organisation

of microtubules at the centrosomes and kinetochores during mitosis (Passemard et al.,

2013 & 2009).

6.1.4.2 Microcephaly & DNA repair disorders

Abnormal brain development resulting in microcephaly is frequently seen in disorders of

DNA repair including DNA double strand break (DSB), single strand break (SSB) and/or

nucleotide excision repair (NER) defects (McKinnon et al., 2009; Caldecott et al., 2008).

DSB disorders can result in Nijmegen breakage syndrome, LIG4 syndrome, Fanconi

anaemia or human immunodeficiency with deficiency (NHEJ deficiency) which are all

correlated with the development of carcinogenic malignancies. However, SSB diseases

are not associated with an increased risk of tumour development and can result in ATR-

Seckel syndrome and MOPD2 (microcephalic osteodysplastic primordial dwarfism type

2) which is often accompanied by strokes (O’Driscoll et al., 2001; Griffith et al., 2008;

Rauch et al., 2008). Additionally, NER deficiency can result in Cockayne syndrome,
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xeroderma pigmentosum and trichothiodystophy (Nouspikel et al., 2008; Kraemer et al.,

2007). Table 6.1.3 lists the most common DNA repair deficiency disorders.
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Table 6.3: DNA repair deficiency syndromes coupled with microcephaly.

Syndrome Gene Neurological Hematological &

Immunological

Other features Inheritance

Cockayne ERCC6/8  Mental retardation

(MR)

 Neurodegeneration

 MCPH

-  Cachectic dwarfism

 Pigmenatry retinopathy

 Deafness

 Cutaneous

photosensitivity

 Thin hair

 Progeroid appearance

 Autosomal

recessive (AR)

LIG4 LIG4  Developmental delay

 MR

 MCPH

 Immunodeficiency

 Lymphoma risk

 Developmental delay

 Facial dysmorphism

 Skin anomalies

 AR

Severe combined

immunodeficienc-

y with

microcephaly,

growth

retardation and

NHEJ1  MR

 MCPH

 Recurrent infections

 Lymphopenia

 Developmental delay

 Dysmorphism

 AR
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sensitivity to

ionizing radiation

Fanconi anaemia FANC A-N  MR

MCPH

 Anaemia

 Tumour risk

 Myelodysplasia

 Cardiac, renal and limb

anomalies

 Cutaneous

pigmentation

 Short stature

 AR

Seckel ATR

CEP152

CENPJ

CEP63

ATRIP

NIN

 MCPH

 MR

 Seizures

 Hypoplasia

 Pancytopenia  FFT

 Dwarfism

 Facial dysmorphism

AR

MOPD2 PCNT  MCPH

 MR

 Moyamoya disease

-  Dwarfism

 Facial dysmorphism

 T2 DM

 Bone dysplasia

AR

Xeroderma

pigmentosum

ERCC1-5

XPA/C

DDB2

 MCPH

 MR

 Hyporeflexia

 Skin cancer risk  Cutaneous (ichtyosis)

 Photosensitivity

 Developmental delay

AR
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 Ataxia

 Choreoathetosis

 Deafness

Photosensitive

trichothiodystrop

hy

ERCC2/3  MCPH

 MR

 Hypogammaglobuli

nemia

 Cutaneous (Ichtyosis)

 Photosensitivity

 Cataract

 Brittle hair & nails

AR

Nijmegen NBS1  MCPH

 Normal IQ

 Mild MR

 Immunodeficiency

 Tumour risk

 Developmental delay

 Dysmorphism

(microgenia, ‘bird-like’

faces)

AR
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6.1.4.3 Microcephaly & disorders of telencephalic cleavage

Holoprosencephaly (HPE) occurs when the telencephalic vesicles remain connected on

the midline during the 5th-6th week of development. The prevalence of HPE in early foetal

loss incidences is 1/250 but decreases to 1/15,000 in live births (Bullen et al., 2001). The

abnormal separation of these vesicles results in a spectrum of facial anomalies in addition

to MCPH and these can include median cleft lip and palate, single upper central incisor

and hypoplastic nose with a single nostril among other dysmorphic features.

HPE can be divided into three groups based on the degree of separation between the

hemispheres (Passemard et al., 2013, 2009). The forebrain arranges itself into a

univentricular brain in alobar HPE resulting in profound MR and mortality within the

first year of life. The telencephalon stays rostrally unpaired in semilobar HPE with the

posterior region of the interhemispheric fissure remaining intact. Finally in lobar HPE,

the hemispheric pairing is nearly complete in relation to the midline interhemispheric

fissure. Moderate to severe MR is associated with lobar and semilobar HPE with an

improved life span compared to alobar HPE (Passemard et al., 2013; Pineda-Alvarez et

al., 2010).

HPE has a complicated aetiology and is a consequence of the interplay between genetic

and environmental factors. Classically, HPE is linked to chromosomal imbalances such

as trisomy 13. Also, point mutations and/or small deletions in SHH, ZIC2, SIX3, TGIF,

PTCH1 and GLI2 have been linked to the development of HPE (Bendavid et al., 2010;

Roessler and Muenke, 2010).
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6.1.4.4 Microcephaly and brainstem/ cerebellar malformations

MCPH can be associated with several brain stem and cerebellar anomalies which can severely worsen the prognosis of the patient

(Passemard et al., 2013). Several genes have been implicated in this category of MCPH (Table 6.1.4). For instance, severe MCPH with

polymicrogyria, corpus callosum agenesis and cerebellar hypoplasia has been described in a family where the EOMES gene was silenced

by homozygous balanced translocation through a positional effect (Balaa et al., 2007).

Table 6.4: Microcephaly associated with brainstem / cerebellar malformations (Passemard et al.2013).

Gene Syndrome Neurological phenotype Neuro-radiological phenotype Inheritance

CASK MR & MCPH with

pontine and cerebellar

hypoplasia.

 MCPH

 Seizures

 Optic nerve hypoplasia

 Early mortality in males

 Severe MR in females

 Simplified gyral pattern

 Thin brainstem with

flattening of the pons

 Severe cerebellar

hypoplasia

XL

TUBA1A Lissencephaly 3  MCPH

 Diplegia

 Tetraplegia

 Severe MR

 Lissencephaly

 Subcortical heterotopias

 Dysmorphic basal ganglia

 Cerebellar hypoplasia

AD
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 Epilepsy

 Abnormal motor development

 Bilateral perisylvian

pachygyria

TUBB2B Assymetric

polymicrogyria

 MCPH

 Tetraplegia/ hemiparesis

 Seizures

 Severe MR

 Dysmorphic basal ganglia

 Cerebellar hypoplasia

 Brainstem abnormalities

 Cortical dysplasia

 Assymetric polymicrogryria

AD

XL: X-linked

AD: Autosomal dominant
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6.1.5 Metabolic microcephaly

MCPH may be associated with metabolic anomalies, such as:

6.1.5.1 Serine deficiency disorders

These are a cluster of neuro-metabolic disorders mainly caused by abnormalities in the

biosynthesis of L- serine which is a metabolite precursor for nucleotides, phospholipids

and certain neurotransmitters -glycine and D- serine. This deficiency is manifested as

MCPH, epilepsy, severe pyramial syndrome and psychomotor abnormalities. The

diagnosis of this set of disorders is established around finding low serine and glycine

concentrations in fasted plasma and ideally in the cerebrospinal fluid as well (Tabatabaie

et al., 2010). The associated enzyme deficiencies include 3-phosphoglycerate

dehydrogenase whose shortage leads to seizures, 3- phosphoserine phosphatase and

phosphoserine aminotransferase (Passemard et al., 2013).

6.1.5.2 Amish microcephaly

This recessive disorder is characterised by severe microcephaly accompanied by alpha

ketoglutaric aciduria and early mortality within the first year of life. Patients reported

with this phenotype are usually from an Amish community and carry a p.(Gly177Ala)

homozygous mutation in the SLC25A19 gene (Rosenberg et al., 2002), which encodes for

a thiamine pyrophosphate transporter. This transporter is a cofactor for mitochondrial

enzymes such as the branched chain amino acid dehydrogenase whose activities are

severely hindered in this disease. Additionally, lissencephaly and dysgenesis of the

corpus callosum can accompany this syndrome (Passemard et al., 2013).
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6.1.6 Secondary microcephaly

Microcephaly can occur postnatally within the early years of life despite a normal OFC

measure at birth. This often implies ongoing neurodegenerative processes that are

frequently associated with diseases such as Rett syndrome, Aicardi-Goutieres and

infantile neuronal ceroid lipofuscinoses. Individuals with secondary microcephaly have

progressive motor and cognitive decline sometimes accompanied by recurrent seizures;

however, some manifestations can also appear as non progressive (Passemard et al.,

2013). For example, in the case of the X-linked thyroid hormone cell transporter

deficiency linked to MCT8/ SCL16A2, patients experience hypotonia and feeding

difficulties accompanied by progressive microcephaly (Friesema et al., 2004).

It should be noted that primary mircrocephalies can sometimes mimic the secondary types

as OFC at birth can be normal and then falls to – 3SD within the first year of life

(Passemard et al., 2013).

6.1.7 Syndromic microcephaly

Microcephaly is a key or secondary clinical feature in a large number of syndromes

(Passemard et al., 2013) where more than 900 conditions associated with microcephaly

have been recorded in OMIM. Classically, most chromosomal abnormalities are

associated with a decreased OFC such as the case of Wolff-Hirschhorn syndrome that is

caused by a 4p16 deletion. Table 6.1.5 describes a group of syndromes of known

aetiology where microcephaly is a key feature (Passemard et al., 2013).
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Table 6.5: A summary of a few syndromes associated with microcephaly (Passemard et al., 2013).

Chromosomal/ genomic microcephaly

syndromes

Inheritance Genetics Phenotype

1q43-q44 deletion Chromosomal Submicroscopic deletion  Growth retardation

 Dysmorphic features

 Cardiac defects

 Microcephaly

4 p deletion ( Wolff- Hrischhorn) Chromosomal WHSC1 & WHSC2  IUGR

 Dysmorphic features

 Microcephaly

5 p deletion (cri-du-chat) Chromosomal Continuous gene deletion  Hypertelorism

 Round face

 High pitched voice

 Microcephaly

7q11 deletion (Williams) Chromosomal Non homologous allelic

recombination (NHAR) –

mediated deletion

 Short stature

 Dysmorphic features

 Microcephaly

 Aortic stenosis
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22q11 syndrome (DiGeorge) Chromosomal NHAR–mediated deletion  Congenital heart defects

 Facial dysmorphism

 Cleft palate

 Microcephaly

1q21.1 microdeletion

Note: Incomplete penetrance

Chromosomal NHAR–mediated deletion  Cardiac defects

 Hypotonia

 Seizures

 Microcephaly

1p36 microdeletion Chromosomal 1p deletion  Cardiac defects

 Brachycephaly

 Microcephaly

17p11 microdeletion (Miller-Dieker) Chromosomal

AD

Variable size terminal deletion  Lissencephaly type 1

(PAFAH1B1 mutation)

 Dysmorphism (YWHAE

deletion)

 Microcephaly

Renpenning syndrome X - linked PQBP1  Long narrow face

 Short stature

 Eye defects

 Hypogonadism



Chapter 6: Introduction

366

 Stiff thumbs

 Microcephaly

Feingold syndrome AD MYCN  Multiple digestive atresias

 Brachymesophalangy of the

5th fingers

 Syndactyly of the toes

 Short palpebral fissures

 Microcephaly

Cohen syndrome AR COH1  Truncal obesity

 MR

 Narrow hands and feet

 Prominent upper teeth

 Retinis pigmentosa

 Microcephaly

Rubinstein- Taybi syndrome AD or

chromosomal

CREBP mutation or microdeletion

EP300

 MR

 Short stature

 Broad deviated thumbs

 Distinctive facial

dysmorhpism
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 Corpus callosum agenesis

(not always)

 Microcephaly

Rett syndrome X-linked,

dominant

MECP2  Normal OFC until 6 months

of age

 Truncal & gait ataxia

 Seizures

Mowat – Wilson syndrome AD ZEB2  Postnatal microcephaly

 Facial dysmorphism

 Corpus callosum agenesis

Smith – Lemli – Opitz syndrome AR 7-dehydro-cholesterol-delta-7

reductase deficiency

 Bi-temporal narrowing

 Anteverted nostrils

 Micrognathia

 Cleft palate

 Postaxial polydactyly

 Microcephaly

Cornelia de Lange syndrome X – linked,

dominant

NIPBL, RAD21, HDAC8, SMC3,

SMC1A

 IUGR

 Short stature

 Facial dysmorphism

 Limb reduction defect
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6.1.8 Diabetes mellitus & brain malformations

6.1.8.1 Microcephaly, Epilepsy & Diabetes Mellitus syndrome (MEDS): IER3IP1

Poulton et al., (2011) described a syndrome of early onset DM accompanied by primary

microcephaly with simplified gyral pattern and severe infantile epileptic encephalopathy

in two unrelated consanguineous families from Morocco and Argentine. Using

homozygosity mapping followed by candidate gene sequencing, Poulton et al., (2011)

identified homozygous mutations (V21G & L78P) in immediate early response 3

interacting protein 1 (IER3IP1) which is greatly expressed in the foetal brain cortex and

pancreas. Additionally, Poulton et al., (2011) showed the patient fibroblasts to have an

enhanced susceptibility to apoptotic cell death shedding a light on the pathogenic

mechanism of MEDS syndrome.

Figure 6.3: Patient brain MRIs from Poulton et al’s (2011) study. (A-C): Patient 1 at 1
year of age/ (D-F): Patient 2 at 7 months of age. (A): T1 weighted image displaying the
simplified gyral pattern & enlarged intracranial space. (B & C): T2-weighted coronal and
axial image displaying matched involvement of the parietal lobes with a normal
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cerebellum and basal ganglia with delayed myelination. (D): T1weighted sagittal imaged
displaying a thin corpus callosum and a normal brain stem. (E): T1 weighted coronal
image showing simplified gyration and hippocampal hypoplasia. (F): T2 weighted view
showing simplified gyral pattern and normal ventricular size (Poulton et al., 2011).

Figure 6.4: Post- mortem brain macroscopy images. (A&B): Macroscopic view in real
proportions of a control age matched brain (upper) compared to the sibling of patient 2
from Argentina with a similar condition that died at the age 26 months. The lower
specimen has extreme microcephaly with simplified gyration that appears nearly
lissencephalic from the medial surface. (C&D): Macroscopic images of the post-mortem
brain of patient’s 2 sibling exhibiting shallow and fewer sulci over the entire brain area
especially in the parietal and temporal lobes (Poulton et al., 2011).
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Soon after, Abdel-Salam et al (2012) identified a homozygous mutation, L78P, in

IER3IP1 in four patients from two unrelated Egyptian consanguineous families.

Figure 6.5: The photos of the patients from Abdel- Slam’s et et al., (2012) study. Facial

dysmorphism is seen in the four patients: narrow/short forehead with bi-temporal

grooving, anteverted nares, deep philtrum, and tented vermilion of the upper lip.

Similarly, Shalev et al (2014) reported compound heterozygous mutations in IER3IP1,

V21G & c.79delT, in a boy with MEDS.

6.1.8.2 Pancreatic and Cerebellar Agenesis: PTF1A

Using genome wide linkage analyses, a locus on 10p13-p12.1 associated with PNDM and

cerebellar agenesis was found (Sellick et al., 2003) in a consanguineous family from

Pakistan initially described by Hoveyda et al. (1999). These patients had microcephaly

(OFC < 0.4th centile), facial dysmorphic features (triangular face, low set ears, very little

subcutaneous fat) and DM (Hoveyda et al., 1999). Consequently, Sellick et al., (2004)

selected PIP5K2A, PTF1A and CACNB2 for candidate gene sequencing based on their

expression in cerebral and pancreatic tissues. In the same report, Sellick et al., (2004)

identified two disease causing mutations in PTF1A that lead to the truncation of the C-

terminal of the PTF1A protein. The importance of PTF1A in cerebellar and pancreatic

development was confirmed by the findings from PTF1A -/- mice (Sellick et al., 2004).
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Figure 6.6: Patients with DM and cerebellar agenesis described by (Hoveyda et al.,
1999). (A) Dysmorphic facial features of patient 1. (B) Coronal T1 weighted cranial MRI
and (B) sagittal weighted cranial MRI of patient 2 showing the absence of the cerebellum
at the age of 3 days.

6.1.8.3 Neuronal Differentiation 1: NEUROD1

NEUROD1 has been linked to MODY6 after Malecki et al. (1999) identified a frame-

shift stop mutation in this gene. NEUROD1 is a class II basic helix-loop-helix

transcription factor that is highly and specifically expressed in pancreatic endocrine and

neuronal cells and plays an integral role in insulin synthesis and secretion (Horikawa et

al., 2017). NEUROD1 is involved in neuronal differentiation and is thought to be integral

to hippocampal development (Liu et al., 2000). Horikawa et al., (2017) reported a
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P245RfsTer17 mutation in NEUROD1 in a 19-year-old individual with DM accompanied

by multiple cerebral deformities including cerebellar dysfunction.

Figure 6.7: Brain MRI of the patient from Horikawa’s et al., (2017) study. The black
arrow indicates the presence of hippocampus hypoplasia.

6.1.8.4 tRNA Methyltransferase 10 A: TRMT10A

In a study on three siblings from a consanguineous family from Morocco with early onset

DM, microcephaly, intellectual disability and short stature, Igoillo-Esteve et al. (2013)

identified a homozygous mutation (R127X) in TRMT10A. Shortly after, Gills et al. (2014)

identified another homozygous mutation (G206R) in three siblings from a

consanguineous Jewish Uzbek family with microcephaly, short stature and impaired

glucose metabolism. Additionally, Gills et al. (2014) reported absent methylation activity

in the G206R mutant compared to wildtype using an in vitro functional assay.
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6.2 Patient details

6.2.1 Family 12 - Patient Q

6.2.1.1 Family pedigree & clinical profiles

Figure 6.8: Family pedigree of patient Q.

Table 6.6: Clinical information on patient Q.

Patient Q

Age (years) 8

Ethnicity Arab - Kuwaiti

Problem list 1. Dysmorphic facial features:

 Beaked nose

 Low set ears

 Small hands & feet

 Delayed dentition with pointed teeth

 Sparse hair around the eyebrows
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 Severe microcephaly (head circumference < 0.4th

centile)

2. DM (difficult to manage)

3. Failure-to-thrive (FTT) (length < 0.4th centile)

4. Developmental delay (weight < 0.4th centile)

5. Gastro – oesophageal reflux

Left renal cyst

Brain MRI  Small cerebral hemispheres

 Cerebral hypoplasia

 Relative anterior pachygyria with posterior gyri appearing

more developed.

 Lissencephaly

Pancreas MRI  Normal size

 4 mm cystic lesion in the upper pole of the left kidney

Medications  Levemir

 Novorapid

 Domperidone

 Lansoprazole

 Iron supplementation

 Beclomethasone

6.2.2 Family 13 - Patient R

6.2.2.1 Family pedigree & clinical profiles

Figure 6.9: Family pedigree of patient R.
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Table 6.7: Clinical information on patient R.

Patient R

Age (years) 4

Ethnicity Arab - Egyptian

Problem list 1. Dysmorphic facial features:

 Low set ears

 Depressed nasal bridge

 Severe microcephaly

2. DM

3. Recurrent seizures

4. Profound developmental delay

5. FTT

6.2.3 Family 14 - Patient S

6.2.3.1 Family pedigree & clinical profiles

Figure 6.10: Family pedigree of patient S.
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Table 6.8: Clinical information on patient S.

Patient S

Age (years) 8

Ethnicity Arab

Problem list 1. IUGR

2. Global developmental delay

3. FTT (Height <0.4th centile & Weight < 0.4th centile)

4. Severe microcephaly (Head circumference <0.4th centile)

5. DM

6. Bilateral OA

7. Nystagmus

8. Growth hormone deficiency

9. Recurrent seizures

10. Hypogonadism

11. Septo optic dysplasia

Medications  Insulin Levemir

 Insulin Novorapid

 Iron supplementation

Growth hormone



Chapter 6: Results

377

6.3 Results

6.3.1 Candidate gene approach

Initially, primers were designed for IER3IP1 that was sequenced in patients Q as they

both had DM accompanied by severe microcephaly. No mutations were found in the

three exons of IER3IP1.

6.3.2 Whole Exome Sequencing

The next step was to perform WES as there were no other known syndromes that could

explain the phenotype of these patients. The variant analysis was done for each patient

individually, followed by combinations of two patients and lastly combining the three

patients under the assumption that they might have the same underlying disease.

Particularly patients Q and R were thought to have a similar genetic condition as they

both presented with very close phenotypes. As for patient S, he has additional clinical

features including septo-optic dysplasia, growth hormone deficiency and bilateral OA.

6.3.2.1 WDR62

A homozygous missense mutation, c.1576 G>A, was identified amongst the variants of

patient Q in WDR62, a known microcephaly gene. The protein changing mutation, p.

(Glu526Lys), (Figures 6.3.1 & 6.3.2) has been reported once before in a Turkish

individual with microcephaly, pachygyria with cortical thickening, hypoplasia of the

corpus callosum, MR, developmental delay and recurrent seizures (Bilguvar et al., 2010).
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Figure 6.11: BAM file visualised using the Integrated Genome Browser software

showing the c.1576 G>A mutation in patient Q. The patient’s healthy sister is seen to be

heterozygous for the change.
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Figure 6.12: Chromatogram confirming the homozygous c.1576 G>A mutation in
patient Q and her sister with post pancreatectomy DM. The patient’s parents and
healthy sister are heterozygous for the change.

In light of the WDR62 finding, the clinicians of patient S confirmed that her sister (with

the same homozygous mutation) only developed DM post her pancreatectomy operation

performed at GOSH and that she does not have any cerebral abnormalities that are usually

associated with WDR62 mutations.
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6.3.2.2 MYO15A

The next assumption was that the three patients (Q, R & S) might have the same

underlying genetic disease as they all have DM accompanied by severe microcephaly.

Figures 6.3.3, 6.3.4, 6.3.5, 6.3.6 & 6.3.7 show the filtering done using IVA.

Figure 6.13.a: ‘Confidence’ filter applied in IVA.

Figure 6.13.b: ‘Common variants’ filter applied in IVA.



Chapter 6: Results

381

Figure 6.13.c: ‘Predicted deleterious’ filter applied in IVA.

Figure 6.13.d: ‘Genetic analysis’ filter applied in IVA.
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Figure 6.13.e: ‘Biological context’ filter applied in IVA.
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Figure 6.14: A novel heterozygous mutation in MYO15A, c.2821T>C, was identified in
the three unrelated patients with the same phenotype. The amino acid sequence is
conserved among species and the change was predicted to be disease causing by
Mutation Taster, Sift and Polyphen-2.

Figure 6.15: BAM file showing the heterozygous c.2821T>C mutation in patient Q,
where the change was detected in 8 out of 14 total reads.
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Figure 6.16: BAM file showing the heterozygous c.2821T>C mutation in patient R,
where the change was detected in 8 out of 19 total reads. The parents are homozygous
for T.

Figure 6.17: BAM file showing the heterozygous c.2821T>C mutation in patient S,
where the change was detected in 7 out of 14 total reads. The parents are homozygous
for T.



Chapter 6: Results

385

Figure 6.18: Chromatogram confirming the heterozygous c.2821T>C mutation in
patient Q.

Figure 6.19: Chromatogram showing the preferential amplification of the T allele in
the heterozygous c.2821T>C mutation in patient R (section 6.4).
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Figure 6.20: Chromatogram showing the preferential amplification of the T allele in the
heterozygous c.2821T>C mutation in patient S (discussed in next sectio
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6.4 Discussion

6.4.1 Overview of MYO15A

Myosins are actin based motors that have essential biologic functions including cell

motility, organelle trafficking, conservation of cellular shape (Sellers, 2000), signal

transduction and transcription regulation in the nucleoli (la Rosa et al., 2002). The myosin

superfamily contains the conventional or class II myosins and 18 classes of

unconventional myosins. All myosins have similar structural organisations consisting of

a common domain that is linked to actin in an ATP sensitive mode, a neck region with

binding sites and a tail domain that has variable length across this superfamily (la Rosa

et al., 2002).

Among the myosin superfamily is myosin XVA which is encoded by the MYO15A gene

that shares its cytogenetic location (17p11.2) with DFNB3, a locus for nonsyndromic

sensorineural recessive deafness (OMIM, 2017). Myosin XVA is a large protein (395

kDa) made up of a distinctive 1200 amino acid N-terminal domain that precedes the motor

domain, making it unique amongst the myosins (la Rosa et al., 2002).

Figure 6.21: Cytogenetic location of MYO15A and DFNB3 at 17p11.2.

6.4.1.1 Functions of MYO15A

Mutations in MYO15A have been reported in individuals with autosomal recessive

congenital deafness in consanguineous and non-consanguineous families from Turkey,

India and Pakistan (Wang et al., 1998; Liburd et al., 2001; Nal et al., 2007). Additionally,
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1-bp deletions and compound heterozygous mutations in MYO15A were identified in a

large Brazilian consanguineous family with severe sensorineural deafness (Lezirovitz et

al., 2008).

This gene is also situated within the Smith-Magenis syndrome (SMG) region on

chromosome 17 which is a complex developmental disease characterised by distinctive

facial features, skeletal abnormalities, intellectual disability, speech and motor delays and

sleep disturbances accompanied by behavioural problems (Liburd et al., 2001). A

hemizygous missense mutation in MYO15A was identified in a patient with SMG with

moderately severe sensorineural deafness with a deletion in chromosome 17p11.2 on the

other allele (Liburd et al., 2001).

Mouse studies revealed its importance in organising the actin filaments in the cochlear

hair cells (Belyantseva et al., 2005). It was shown that the interaction of myosin XVA

with whirlin, protein encoded by DFNB31, is integral for the elongation of stereocilia and

the morphogenesis of the ear hair bundles (Belyantseva et al., 2005; Delprat et al., 2005).

6.4.1.2 Expression of MYO15A

Myosin XVA has 66 protein coding exons spanning 36 kilo bases and is expressed in the

nervous and endocrine systems with particularly high levels in the reproductive organs

(Ensembl, 2017; The Human Protein Atlas, 2017).

6.4.1.2.1 MYO15A in the endocrine system

The first reports of the presence of myosin XVA in endocrine tissues was in normal

pituitary cells and pituitary adenomas (Lloyd, 2003).
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When myosin XVA was first identified in pituitary endocrine cells, it was hypothesised

that it played a role in secretory granule movement (Lloyd, 2003). Also, myosin XVA

has been found in a number of neuroendocrine tumours including four islet cell tumours

(Lloyd, 2003).

La Rosa et al (2002) reported a high expression of myosin XVA in pancreatic islet cells,

21 and 32 pancreatic and gut tumours, respectively without significant variability

between tumour types. This finding highlights the possibility that myosin XVA might

have an integral role in secretory granule movement and hormone secretion (La Rosa et

al., 2002).

Figure 6.22: (A): x 200: Immunohistochemical and (B): x400: In situ hybridisation
positive staining of myosin XVA in the majority of pancreatic islet cells (La Rosa et al.,
2002).
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6.4.2 Candidate gene approach

Initially, MEDS was suspected in patients Q & R in light of the combination of DM with

severe microcephaly. Patient S had additional manifestations and was not initially grouped

with patients Q & R. Primers were designed for the 3 exons of IER3IP1 (please see

appendix) which were subsequently sequenced by a candidate gene approach. No

mutations were found in both patients and the next step was WES as there were no other

differential diagnoses to consider.

6.4.3 WES

Initially, the WDR62 homozygous missense mutation in patient Q was considered a good

candidate since WDR62 is a known microcephaly gene. However, WDR62 has never been

linked to DM so it was hypothesized that the patient’s phenotype might be caused by two

different genetic mutations or that the WDR62 might lead to DM through an undiscovered

mechanism as it is highly expressed in the pancreas.

When Sanger sequenced, the c.1576 G>A mutation was confirmed in patient Q and was

found in the patient’s sister with post pancreatectomy DM secondary to CHI. It was

initially assumed that the patient’s sister has mild microcephaly as reports of WDR62 are

highly heterogeneous and there is a wide range of cortical malformations associated with

this gene. Bilguvar et al (2010) reported this homozygous mutation in an individual from

Eastern Turkey with microcephaly, pachygyria with cortical thickening, hypoplasia of the

corpus callosum, MR, developmental delay and recurrent seizures. No mention of any

endocrine abnormalities was made in this report (Bilguvar et al., 2010).
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In light of this finding, the patient’s clinician in Kuwait was contacted and it was

confirmed that the patient’s sister was neurologically healthy. In order to rule out the

possibility of sample contamination, a new DNA aliquot was obtained for the patient’s

sister that gave identical sequencing results. This finding could be attributed to reduced

penetrance or the variable expressivity of the the c.1576 G>A mutation in WDR62. An

example of a condition with reduced or incomplete penetrance and variable expressivity

is Huntington’s disease where not all individuals with mutations in HTT develop the

disease (reduced penetrance) and not all individuals with the disease have identical

phenotypes (variable expressivity). This variability could be due to the effects of modifier

genes and / or the complex interactions between genetic and environmental factors (Lobo,

2008). Another possibility is that the p. E526K mutation reported by (Bilguvar et al., 2010)

in the Turkish patient is not the sole contributor to the described phenotype.

Keeping the WDR62 finding on the side, the next assumption was that patients Q, R and

S share the same genetic condition as they all have the distinct phenotype of DM and

microcephaly. The WES data from these patients was analysed using the IVA software

and the patients’ parents were used as controls. After applying the ‘genetic analysis’ filter,

a list of exonic and intronic variants was obtained. The MYO15A, p. S941P, change was

the only variant that was considered as the remaining findings were either found in other

samples that were exome sequenced in this study or were predicted to be benign by three

prediction software (Mutation Taster, Sift, PolyPhen-2) along with having very low read

depths (ie: 1 or 2).

On average humans acquire 74 de novo SNVs per generation, making these mutations

very rare. The rate of de novo changes tends to be particularly higher in individuals with
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sporadic genetic diseases such as intellectual disability and autism which can be equally

attributed to a high detection rate since mutations are not checked for in healthy

individuals. Several diseases have been associated with disease causing de novo mutations

such as Lenz-Majewski syndrome (PTDSS1), Schinzel – Giedion syndrome (SETBP1),

Kabuki syndrome (MLL2), Borhing-Optiz syndrome (ASXL1) and Proteus syndrome

(AKT1) (Narasimhan et al., 2017).

Several attempts were made to confirm the novel de novo mutation in MYO15A in the

three patients which proved to be very challenging, probably due to the increased GC

repeats in this genomic area. Even after using different annealing temperatures,

redesigning the MYO15A primers twice and using PCR enhancers, the sequencing data

obtained was unreadable. Ultimately, sequencing was only attainable after using HotStar

Taq DNA polymerase (Qiagen, #203203) which aids in avoiding non specific

amplification of DNA by inactivating the Taq polymerase at lower temperatures. Even

though the sequence was readable, there was preferential amplification of the wildtype T

allele in the three patients. There are several mechanisms that could potentially cause

preferential amplification of one allele in a heterozygous state including the significant

GC% disparities between the alleles if the reaction conditions such as the denaturing

temperature allows the denaturation of one allele and not the other.

In patient Q, the mutant C allele is the clearest compared to that of patients’ R and S where

the C allele has a very small peak. The likelihood of this change being an artefact is

possible but unlikely as the mutant allele has been picked up in at least half of the total

reads in these patients as can been seen by the pictures of the BAM files. Also, this change

was not found in any of the other 40 samples that were run together. Additionally, this
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change was not found in any of the public variant databases including ExAc and 1000

genomes. In further attempts to confirm this change, restriction enzyme digestion was

initially considered because of its speed and cost effectiveness. Also, repeating the WES

and/ or running a deafness gene panel (that included MYO15A) run, as suggested by the

clinical geneticists involved was considered. Unfortunately, a specific restriction enzyme

that would only recognise consecutive bases around the change could not be found and

TA cloning was attempted next. For the same reasons of insufficient funds, TA cloning

could not be optimised (future plans are discussed in the next section). Table 6.9

summarises the details of the mutation found in MYO15A.

Table 6.9: Details of the novel de novo mutation found in MYO15A in patients Q, R & S.

Patients Q, R & S
Position 17: 18024935

Gene Region Exonic

Transcript Variant c.1885 C>T
Conservation 

Translation Impact Missense - Het

Frequency
1000 Genomes (%) 0 - Het

ExAc (%) 0 - Het

Pathogenicity Prediction

Mutation Taster Disease causing
SIFT Tolerated

PolyPhen-2 Probably damaging

MYO15A is situated in the DFNB3 and the SMG regions but has never been associated

with endocrine or cortical abnormalities. All the reported mutations (homozygous and

hemizygous missense) in MYO15A have been found in individuals with moderate to

severe sensorineural deafness and this gene has not been assessed independently of

deafness. Allelic variations of various genes have been reported including WFS1, where

the recessive form of this disease consists of DM, OA, DI, D, cerebral atrophy and

developmental delay. As for its dominant form, patients present only with isolated
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sensorineural deafness and in some cases WFS1 carriers have a higher susceptibility for

mental illnesses (Minton et al., 2003).

6.4.4 Possible link to phenotype

6.4.4.1 DM

At this stage, the exact mechanism of how the mutation in MYO15A leads to severe

microcephaly and DM is not clear. However, it can be speculated that the identified novel

de novo mutation in MYO15A, p. S941P, in the three unrelated patients with DM and

microcephaly might cause the phenotype through a dominant negative mechanism that

might have altered the function of myosin XVA.

It could be hypothesised that this dominant negative mutation might cause DM by

affecting the viability, proliferation and insulin secretion in pancreatic beta cells. This

might have been caused by the suppression of the wild type T allele through a dominant

negative effect, that would have functioned to regulate the release of insulin from the

pancreatic ß cells. The mutant C allele would have acted to suppress this function and

decreased the release of insulin which resulted in hyperglycaemia.

The importance of microtubules and microfilaments in organising the transport of cellular

organelles in addition to various motor proteins including the myosin superfamily has

been established. Specifically, unconventional myosins have been shown to have

fundamental roles in eukaryotic motility, cytokinesis, phagocytosis, conservation of

cellular shape, signal transduction and organelle trafficking, making these motor proteins

vital for cellular integrity (Berg et al., 2001; La Rosa et al., 2002). Examples of organelle

movement regulated by unconventional myosins include melanosomes in melanocytes,

secretory granules in pituitary cells and zymogen granules (storage organelles responsible
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for sorting, packaging and regulating the secretion of digestive enzymes) in pancreatic

acinar cells (La Rosa et al., 2002; Poucell- Hatton et al., 1997). Additionally, the myosin

superfamily has been implicated in the exocytosis of secretory granules in pituitary and

adrenal chromaffin cells (neuroendocrine cells crucial for the maintenance of respiration

and blood pressure) (La Rosa et al., 2002). Specifically, myosin XVA has been shown to

to be associated with secretory granules of normal and neoplastic pituitary cells

highlighting its role in exocytosis and the movement of secretory granules (La Rosa et al.,

2002).

In light of these reports and the findings from La Rosa’s et al (2002) study, it can be

hypothesised that myosin XVA might have a regulatory role in pancreatic hormone

secretion. Hormone secretion in the endocrine system is a complex process where early

events entail moving the newly synthesised hormones into the cisternae spaces of the ER

which are later moved from the ER to the cellular membrane by the secretory granules.

Initially, the individual secretory polypeptides are directly transferred across the lipid

membrane of the ER which are then moved within a membrane system from vesicle to

vesicle to finally reach the cellular membrane ready for exocytosis. Hence, this polarized

movement pattern of membranous organelles is crucial for various cellular processes

including hormone secretion (Berg et al., 2001; La Rosa et al., 2002).

It can be speculated that the novel de novo mutation in MYO15A might cause DM by

interfering with the pancreatic secretion of insulin. This hypothesis falls in line with the

findings from La Rosa et al’s (2002) study that reported a high expression of myosin XVA

in normal pancreatic cells in addition to endocrine tumours of the gut and pancreas. The

role of myosin XVA in secretory granule movement and hormone secretion is an avenue

to be explored in light of this study’s finding.



Chapter 6: Discussion

396

6.4.4.2 Microcephaly

The myosin superfamily has been implicated in the development of the central nervous

system. For instance, myosin VA and ID are highly expressed in the CNS and are crucial

for the morphogenesis and myelination of oligodendrocytes (Sloane and Vartanian., 2007;

Yamazaki et al., 2014). Also, mutations in myosin VA are associated with Griscelli’s

syndrome type 1 (GS1) which is characterised by various neurologic deficits including

MR (Benesh et al., 2012). There are no reports about the role of myosin XVA in the CNS

but this myosin is known to be highly expressed in the cerebral cortex (The human protein

atlas, 2017). It could be speculated that the de novo heterozygous mutation in MYO15A

could lead to microcephaly by the mechanism of reduced proliferative capacity of neural

progenitor cells since myosins are highly expressed in oligodendrocyte progenitor cells

(Yamazaki et al., 2014). Also, dysfunctional neurogenesis secondary to myelination

abnormalities and/ or enhanced neural apoptosis could also lead to reduced brain volume.

It could be hypothesised that in a dominant negative mechanism, the mutant C allele could

reduce the normal function of myosin XVA in regards to the regulation and differentiation

of neural progenitor cells in addition to disrupting myelination can lead to the patients’

phenotype. Section 6.5 describes the research plans that are currently being organized to

understand the functional effects of this mutation.
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6.5 Future plans

As mentioned in ‘Chapter 5’, a grant was awarded to further investigate the findings

pertaining to PRKAB1 and MYO15A. Initially, WES is going to be repeated in a different

facility and reanalysed to confirm the p. S941P mutation. Also, TA cloning is going to

be re-attempted with new DNA samples from the three patients.

Subsequently, in vitro cell models are going to be used to investigate the functional

significance of the novel c.2821 T>C mutation in MYO15A. Also, the implication of this

mutation on the function of pancreatic beta cells is going to be explored using a rat

pancreatic beta cell line. Additionally, the development of a murine model has been

proposed to understand the functional significance of this mutation in the brain and

pancreas using the CRISPR/Cas 9 gene editing technology.
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6.6 Conclusion

A novel de novo mutation in MYO15A has been identified in three unrelated patients with

DM and microcephaly by WES. Sanger sequencing this genomic area proved to be very

challenging and when successful, preferential amplification of the wild type allele was

seen in the three patients. The mutant C allele was clearly seen in patient Q and was barely

amplified in patients R and S as seen by the low amplitude of its peak. Upon inspection

of the BAM files, the mutant C allele was present in at least half of the total reads making

the likelihood of this change being an artefact possible but slight. TA cloning was initiated

to check for the presence of both the wild type and mutant alleles in the patients but was

not finalised due to time and funding constraints. However, in the very near future this

experiment is going to be reattempted with fresh DNA samples along with the repetition

of WES.

It was hypothesised that this novel change would lead to the phenotype through a

dominant negative mechanism that would affect pancreatic insulin secretion and neuronal

integrity. The experimental plans to test this hypothesis are currently being finalised,

which will allow for the functional understanding of the consequences of this mutation

and the potential mechanisms by which MYO15A can cause DM and microcephaly.

In summary, this finding has opened up future research avenues into the role of MYO15A

in the development of a potentially novel endocrine and neurological disease.
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Summary

This study has explored the genetic aetiologies of different syndromes of DM in 19

patients from 14 unrelated families. The two allelic variations of WS1 alongside WS2

were examined in a cohort of 12 patients making this study the first to include patients

with WS1, WS2 and autosomal dominant WS. Additionally, the pathogenicity of a novel

3’UTR mutation in SCL29A3 was explored and established in two siblings with the rare

PHID syndrome, providing the first report that links syndromic DM to the untranslated

genomic region.

Potentially novel syndrome discoveries that set the scene for further functional

experiments were also made in this study. A novel missense mutation in PRKAB1was

identified in two siblings with severe obesity, T2 DM and speech delays. Subsequently,

its functional effect was assessed by immunoblotting whose results provided

opportunities for potential therapeutic interventions secondary to the established history

of AMPK in the pharmacological field. Also, this finding provides the first account that

links mutations in the AMPK heterotrimer to a distinct clinical phenotype. Moreover, a

novel de novo mutation in MYO15A was identified in three unrelated patients with DM

and microcephaly highlighting the possibility of a novel phenotype associated with this

gene that has been previously associated with DFNB3.
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Appendix

The primer sequences (F: forward / R: Reverse) designed and used in this study are

listed below. These primers were used for Sanger sequencing unless otherwise stated.

 Chapter 3: WFS1 & CISD2

Table A1: Eighteen primer sets designed for the 7 protein coding exons of WFS1.

Primers (F/ R) Sequence

WFS1 – 1F CGGAAACTTTCGCTGTGG

WFS1 – 1R CGGAAGGGGAAACTGAGG

WFS1 – 2 F GCCTCCCTCTGCTTTTCTGT

WFS1 – 2 R CTTTCGCTCCTCTCCTGCT

WFS1 – 3 F CTGCTTTTCTGTCTCCAGCA

WFS1 – 3 R GGCTCTGAGGAGGTGGGTAG

WFS1 – 4 F CCTACCAACATGGGGCTCA

WFS1 – 4 R CCTACCAACATGGGGCTCA

WFS1 – 5 F AGATAGTGAATATTCTGGACTCTGC

WFS1 – 5 R CTCTTCCTTGAGTTGCTCCTG

WFS1 – 6 F CTTTGCTGTGGAGCACGTAA

WFS1 – 6 R ACCTCCTTTCACCCACTTCC

WFS1 – 7 F AGGACCCAGTCATGGTTCTG

WFS1 – 7 R ATCACCAGCGTTAGGTTTGG

WFS1 – 8 F GAGTTGGCAGGGTCAGAGTG

WFS1 – 8 R AAGGTCCCAGCCCCTATG

WFS1 – 9 F AACAGTGCGCCAGTTTCTG
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WFS1 – 9 R AGATAGGGCAGGCCAGGAT

WFS1 – 10 F TGGAGGTGCATGTTGTAAGG

WFS1 – 10 R CACCCTCACACAGAGCAATG

WFS1 – 11 F CCTGGTCCTCAACCCTCAG

WFS1 – 11 R CTCCCGAGGACACATCCTTA

WFS1 – 12 F AGAGGCAGGGTGGTCAGAG

WFS1 – 12 R CCATGGAGATGAAGGACAGG

WFS1 – 13 F AGCAACCTCACCATCGACTT

WFS1 – 13 R GCTGGTCACGGTAAAGAAGC

WFS1 – 14 F AGCCCTATGCCCATTTCCT

WFS1 – 14 R GGTAGGGCACAAGGTAGCAG

WFS1 – 15 F ATGGCACAGCTGAGGAATTT

WFS1 – 15 R GTGAGCCACACCAGGATGA

WFS1 – 16 F CTGGAGCTCACCAAGATCG

WFS1 – 16 R AACATGCACTGGAAGCTCCT

WFS1 – 17 F CCCTGCCACATCAAGAAGTT

WFS1 – 17 R TGTAAAGTGCTTTTCCAGACACC

WFS1 – 18 F AGGAGCTTCCAGTGCATGTT

WFS1 – 18 R AGGCTCTGCTGATTCTCACG
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Table A1.1: Redesigned primer sets for WFS1 with improved specificity.

Primers (F/ R) Sequence

WFS1 – 4 F TCTTCCCTGTCTGTGTCTGT

WFS1 – 4 R CAAGAGTGGGCAGCATACAC

WFS1 – 13 F GGCTGTCCACCATCATCCC

WFS1 – 13 R GGCCTGCTCCACATCCAG

WFS1 – 14 F TTCATCCCGCTGGTCATCTT

WFS1 – 14 R TCACACCACATGAAGCACAC

Table A2: Three primer sets designed for the 3 protein coding exons of CISD2.

Primers (F/ R) Sequence

CISD2 – 1 F ACAGACGTTAAAGGCCCAAG

CISD2 – 1 R ATCAAGCACCCGGAGACTG

CISD2 – 2 F GTTCGCTAGGCTCACAGGTA

CISD2 – 2 R GATAACGACGACTTAGCCCG

CISD2 – 3 F TCAGTAGTCACATGTAGCTAGCT

CISD2 – 3 R GAGGGCAGATCACGAGGTA
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Table A2.1: Two primer sets redesigned for exon 3 of CISD2.

Primers (F/ R) Sequence

CISD2 – 3 F’ GTTCGCTAGGCTCACAGGTA

CISD2 – 3 R’ TGAGGCCTTAAGATAACGACGA

CISD2 – 3 F’’ TGCTTTCTTTCTGAGAGCATTTC

CISD2 – 3R’’ GAAGGCCAAAACGAGAAAAA

 Chapter 4: SLC29A3

Table A3: Eight primer sets designed for the 6 protein coding exons of SLC29A3.

Primers (F/ R) Sequence

SLC29A3 – 1 F CCGGCAGAAGACAAAGGAAA

SLC29A3 – 1 R GGTTCCTGACTCTGGCTAGG

SLC29A3 – 2 F GACTTTACAGAGCCCAGGGT

SLC29A3 – 2 R TCTCCATCTTCCCCTGCATG

SLC29A3 – 3 F TGAAGACAGTGGGGAGAAGC

SLC29A3 – 3 R CCACCACTTAAGTAGGCAGAAAA

SLC29A3 – 4 F GCTCGCCTGCTTCCCTTAA

SLC29A3 – 4 R ACATGCTCATCTCTGGCTCC

SLC29A3 – 5 F CTCCCTGTCTCTGAGGCTTC

SLC29A3 – 5 R CCACCAGCCAAGCCTATTTG

SLC29A3 – 6 F CTGGGCTGGAAGGTTCTGTT

SLC29A3 – 6 R GCACAATCTTAGGCCCGTAG

SLC29A3 – 7 F CCGCGTCCACCTGAAGAC

SLC29A3 – 7 R GCTCACTGGCATCTTGGG
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SLC29A3 – 8 F GAAGGGAGGACACAAGGACA

SLC29A3 – 8 R TGCCTAATCTGAGTGTGCCA

Table A4: Three primer sets designed for SLC29A3 to be used in RT- PCR.

Primers (F/ R) Sequence

SLC29A3 – 1 F GCAAGGCAGATATTCCAGTCA

SLC29A3 – 1 R GCTGGGTTTTGGCACTGG

SLC29A3 – 2 F GAGAAGAGAGTGCAGGAGGG

SLC29A3 – 2 R CTCACTGGCATCTTGGGAGG

SLC29A3 – 3 F TGGGCCTTCCATGAATGCTT

SLC29A3 – 3 R AGACCACCAGGTCATGAGGA

Table A5: Primers designed for the endogenous housekeeping gene RLP19 used in RT-
PCR.

Primers (F/ R) Sequence

RPL 19 – 1 F CAGGCTGTGATACATGTGGCG

RPL 19 – 1 R GCGGAAGGGTACAGCCAAT
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Table A6: One primer set designed for the housekeeping gene TUBA1B that was used
in a standard PCR reaction to confirm the conversion of RNA to cDNA in patients M &
N.

Primers (F/ R) Sequence

TUBA 1 B – 1 F GACCTTGTGTTGGACCGAAT

TUBA 1 B – 1 R TTCTCCATTTACCCAGCACC

 Chapter 5: MAFA & PRKAB1

Table A7: Primer set designed to confirm the P. G347C variant in MAFA.

Primers (F/ R) Sequence

MAFA – 1 F AAACTTTTCCCTGCGCCC

MAFA – 1 R CGCTCATCCAGTACAGATCCT

Table A8: Primer set designed to confirm the missense homozygous c.502 G > C
mutation in PRKAB1.

Primers (F/ R) Sequence

PRKAB1 – 1 F GTAAAAGTCCCCGTGTGTGG

PRKAB1 – 1 R TCAAGAGAGGCAAGAGAAACAAG
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 Chapter 6: IER3IP1, WDR62 & MYO15A

Table A9: Four primer sets designed for the 3 protein coding exons of IER3IP1.

Primers (F/ R) Sequence

IER3IP1 – 1 F CTAGACAAGCGGCAGGACTT

IER3IP1 – 1 R CTTCCGCTGTTCTTCTGTCC

IER3IP1 – 2 F AAGATGACAGGGAGGAAGGC

IER3IP1 – 2 R TGGTATTCACACTCAGAAGCC

IER3IP1 – 3 F TCATGTTCTTGGGGTTGCAC

IER3IP1 – 3 R TGTGACTGACAGAATTCTCCCT

IER3IP1 – 4 F GCCATGATGTGAGTGGTTATCC

IER3IP1 – 4 R ACAAAGATGCCATTCTACACCT

Table A10: Two primer sets designed to confirm the identified heterozygous mutation
in MYO15A.

Primers (F/ R) Sequence

MYO15A – 1 F’ TACTGCTCACCCTTGGCG

MYO15A– 1 R’ TGTCTTTTGCTCTGGGAGGA

MYO15A – 1 F’’ GGACCTACTAGCCTTCCCAG

MYO15A – 1 R’’ TGGGCCTTAATGTCTTTTGCT


