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Abstract

Ultra-rare biallelic pathogenic variants in geranylgeranyl diphosphate synthase 1
(GGPS1) have recently been associated with muscular dystrophy/hearing loss/
ovarian insufficiency syndrome. Here, we describe 11 affected individuals from
four unpublished families with ultra-rare missense variants in GGPSI and pro-
vide follow-up details from a previously reported family. Our cohort replicated
most of the previously described clinical features of GGPSI deficiency; however,
hearing loss was present in only 46% of the individuals. This report consoli-
dates the disease-causing role of biallelic variants in GGPSI and demonstrates
that hearing loss and ovarian insufficiency might be a variable feature of the
GGPS1-associated muscular dystrophy.
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Introduction

Geranylgeranyl diphosphate synthase 1 (GGPSI) is a
member of the prenyltransferase family and encodes a
protein with geranylgeranyl diphosphate (GGPP) synthase
activity. The enzyme catalyzes the synthesis of GGPP from
farnesyl diphosphate and isopentenyl diphosphate. GGPP
is an important molecule responsible for the C20-
prenylation of proteins. Prenylation provides proteins
with a hydrophobic C terminus, the consequence of
which is a greatly increased capacity to interact with cel-
lular membranes, which have a high concentration of sig-
naling molecules."” Prenylation is particularly important
for small guanosine triphosphatases (GTPases) such as
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the Rab family, which have crucial roles in vesicular traf-
ficking in mammalian cells.” The roles of prenylated pro-
teins in cells are well conserved across species.’

While monoallelic variants in GGPSI have been identi-
fied as a risk factor for atypical femoral bone fractures in
females exposed to bisphosphonates, ultra-rare biallelic
pathogenic missense variants in GGPSI have recently been
associated with muscular dystrophy/hearing loss/ovarian
insufficiency syndrome.>” Here, we describe 11 affected
individuals from four previously unreported British, Ira-
nian, Egyptian, and Brazilian families harboring ultra-rare
missense variants in GGPSI and provide follow-up clini-
cal data from the previously reported two Pakistani cases
by Tucker et al. (2020).°

2 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Subjects and Methods

Two of the novel families reported here were recruited
from Iran and Egypt as part of the SYNaPS project at the
Institute of Neurology, University College London (UCL).
The third and fourth novel families were identified
through a collaboration between Great Ormond Street
Institute of Child Health (UCL) and the Center for Men-
delian Genomics, Broad Institute, USA and School of
Medicine of Universidade de Sao Paulo, respectively. The
corresponding author was contacted from Tucker et al.
(2020)” to obtain follow-up details from the reported 2
persons with homozygous GGPSI variants. To identify
the genetic cause of the disease in the affected individuals,
exome sequencing on DNA extracted from probands’ leu-
cocytes and variant filtering were performed as described
(Table 1 for genetic methods). To assess Ggps] RNA
expression in the mouse cochlear epithelium at various
stages (embryonic (E) 14, and postnatal (P) 1 and P7),
publicly available single cell RNA-seq data were visualized
using the gene expression analysis resource (gEAR).” The
publicly available Mouse Cell Atlas, generated as previ-
ously described,® includes single-cell RNA sequencing data
used to visualize global expression of Ggpsl in the female
E14.5 gonad (version 2.0 with >520,000 cells from over
10 mouse tissues grouped into 95 major clusters) and
neonatal skeletal muscle excised from the leg (version 1.0
with >400,000 cells from over 10 mouse tissues grouped
into 104 major clusters). Clusters showing expression
(red) are marked in black numbers representing the clus-
ter code defined on the Mouse Cell Atlas.® The study was
approved by the ethics Institutional Review Board of UCL
and additional local ethics committees of the participating
centres. Informed consent was obtained from all families.

Results

The affected individuals are six males and seven females,
all of whom were born at full term, with all but two (P10
and PI11) conceived from consanguineous
(Fig. 1A). Eleven affected individuals are alive with a
mean current age of 10 £ 6 years (range 4-24), and two
individuals died at the ages of 11 months and 30 years

unions

old due to respiratory insufficiency and choking, respec-
tively. Antenatal history was unremarkable in all but 3/13
persons who displayed decreased foetal movements.
Tables 1 and 2, Table S1, and Videos S1-S6 provide
details on the clinical phenotype of the present cohort.
The disease onset ranged from prenatal (3/13) to pre-
schooler age (mean age 16 £ 9.4 months, range 4-36).
Delayed motor milestones (10/13), weak cry (3/13) and
muscle weakness (3/13) were the first presenting symp-
toms. Mean ages were 9.7 + 1.7 months for sitting,
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1.7 + 0.3 years for walking, and 9.9 £+ 2.9 months for
first words. Proximal or generalized muscle weakness (12/
13) with the mean onset age of 2.7 &+ 2.7 years (range
0.6-11), respiratory insufficiency (8/13) requiring non-
invasive ventilation (6/13) and tracheostomy (2/13), joint
contractures (7/12), congenital or infantile-onset bilateral
severe sensorineural hearing loss (6/13) (only present in
Families 1, 3, 4, and 5, while in the rest of the persons
the absence of sensorineural hearing loss was clinically
and objectively confirmed), and gastrointestinal issues (4/
13) were among the commonly reported symptoms
throughout the disease course (Tables 1 and 2). The age
of onset for respiratory insufficiency in the affected indi-
viduals ranged between 7 months to 20 years old. Only
one female person has reached puberty, and at 30 years
old, she does not have clinical signs of primary ovarian
insufficiency, while follicle-stimulating hormone levels
were reported to be high in P11, aged 12 years old. Six
affected individuals lost ambulation at the mean age of
8.1 £ 4.7 years. Ninety-two percent (12/13) of individuals
displayed slow rates of disease progression. One person
(P10) demonstrated improvement in motor abilities and
dysphagia symptoms in childhood. Older individuals in
our series tended to have a more severe phenotype
reflecting the progressive nature of the disease in most
instances.

On the most recent examination, a mean age of the
affected individuals was 11.5 + 7.8 years (range 4.6-29).
They had normal cognition (0/13) with short stature (8/13)
and progressive scoliosis (7/11). Neuromuscular examina-
tion revealed hypotonia (10/13), proximal or generalized
muscle weakness (12/13), and muscular atrophy (12/12)
accompanied with stiffness (6/12), calf hypertrophy (4/12),
hyporeflexia/areflexia (12/12), and myalgia (6/10). Gait was
waddling in 4/11 and broad-based in 2/11 persons
(Tables 1 and 2). Electromyography findings were compat-
ible with myopathy in 8/13 and elevated creatinine kinase
(CK) (1594-27000 U/L) was registered in 10/10 individuals.
Lower limb muscle magnetic resonance imaging in Family
3 (P10), performed at the age of 8 months old, showed
generalized muscle atrophy without fatty infiltration
(Fig. 1E). Muscle biopsy from the quadriceps at age
8 months old in P10 showed type 1 fiber predominance
and central nucleation with Z line streaming and mini-
cores evident on electron microscopy (Fig. 1D, I-IV). Mus-
cle biopsy from the biceps in Family 4 (P11) showed fatty
infiltration with mitochondrial changes (Fig. 1D, V-VII),
whereas in Family 5 it showed a dystrophic pattern.

On exome sequencing, an ultra-rare homozygous mis-
sense variant in exon 4 of GGPSI c¢.269A > G, p.(Asn90-
Ser) (NM_004837.4) residing within a 9.77 Mb region of
homozygosity was identified in Family 1 (Fig. 1A-C, Fig-
ure S1). The p.(Asn90Ser) variant is located in a highly

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 3
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conserved GGPS1 protein region. The variant is absent in
gnomAD and a number of large publicly available data-
bases apart from 2 heterozygous alleles from the Cento-
gene and TOPMed databases, and is predicted to be
damaging by multiple in silico tools. (Table S2). The vari-
ant segregated with the phenotype within the family
(Fig. 1A). Both Family 1 and Family 5 from Tucker et al.
(2020) carried the same recurrent homozygous GGPSI
c.269A > G; p.(Asn90Ser) variant. An ultra-rare homozy-
gous missense variant in exon 4 of GGPSI c.439A > G,
p-(Met147Val) (NM_004837.4) residing within a 9 Mb
region of homozygosity was identified in Family 2
(Fig. S1). This variant is located in a highly conserved
GGPS1 protein region with predicted-damaging scores on
various in silico tools (Table S2). The variant segregated
with the phenotype within the family (Fig. 1A).

Based on the extremely rare frequency of the identified
GGPS1 variants (PS4, PM2), co-segregation in two unre-
lated families with multiple affected individuals for the
GGPS1 c.269A > G, p.(Asn90Ser) variant (PP1 moderate)
and segregation in multiple affected family members from
different branches for the GGPSI c.439A > G, p.(Met147-
Val) variant (PPl moderate), as well as predicted-
deleterious effect from multiple in silico tools, we classi-
fied both variants from Family 1 and 2 as likely patho-
genic according to the American College of Medical
Genetics and Genomics (ACMG) guidelines for the inter-
pretation of sequence variants.’

Two ultra-rare missense variants in exon 4 of GGPSI
were identified, in trans, in the proband of Family 3 (P10),
c.196A > C p.(Ile66Leu) and ¢.545T > C p.(Leul82Pro)
(Fig. 1). Both variants are absent from publicly available
databases and are conserved across species (Table S2). The
maternally inherited variant, c.196A > C p.(Ile66Leu),

R. Kaiyrzhanov et al.

affects the alpha 3 helix of GGPPS whilst the paternally
inherited variant affects the alpha 7 helix of the protein.
Both implicated residues lie within the enzymes central cat-
alytic barrel. The ¢.196. A > C p.(Ile66Leu) variant lies
between two magnesium ion cofactor ligand bindings sites
and the ¢.545T > C p.(Leul82Pro) variant lies near to the
dimethylallyl diphosphate substrate binding sites within the
GGPPS protein (Fig. S2). The individual’s phenotype was
felt to be highly specific for GGPSI related muscular dys-
trophy (Table 1). Owing to the rarity of the variants, and
lack of further segregation and functional study data, these
variants are classified as of uncertain significance according
to ACMG guidelines. However, given the affected person’s
phenotype and proximity of the affected residues to key
domains within GGPPS we feel they can be considered dis-
ease causing in P10.

An  ultra-rare  missense  variant  ¢.770T > G;
p.(Phe257Cys) was identified in Family 4. The variant is
absent from all publicly available databases, is conserved
across species, and is predicted damaging from a variety
of in silico tools (Table S2). The variant segregated with
the phenotype within the family (Fig. 1A).

Expression patterns of Ggpsl in the mouse inner ear,
skeletal muscle, and female gonad at different embryonic
and postnatal stages were studied using single-cell RNA
sequencing. Single-cell RNA sequencing of the cochlear
epithelium in the E14, P1, and P7 mouse shows Ggpsl
with a sustained, diffuse expression at these timepoints
(Fig. S3). Global view of Ggpsl expression in the E14.5
female gonad showed clusters most densely in the germ
cells and embryonic gonad cells (Fig. S4), whereas neona-
tal skeletal muscle showed several clusters reflecting com-
paratively lower expression, for example, in clusters
representing stromal cells and chondrocytes (Fig. S5).

Figure 1. Genetic summary, muscle MRI, and muscle histopathology of the affected individuals with biallelic GGPST variants. (A) Pedigrees of the five
families described in the present report. Square = male; circle = female; black filled symbol = affected individual; white symbols = unaffected individuals;
diagonal line = deceased individual. Double lines indicate consanguinity. The allele with the variant is indicated by the + sign. Wild type allele is indicated by
the—sign. Inheritance of the compound heterozygous variant in Family 3 is indicated by the underlined + sign. (B) Schematic representation of the GGPS1
gene showing the position of the variants. (C) Schematic diagram indicating the predicted domains and active sites of the GGPS1 protein containing 300
amino acid residues. The blue box represents the polyprenyl synthetase domain. The green circle indicates a magnesium D metal ion binding. Black boxes |,
Ill, and V represent conserved regions that are believed to be involved in ligating the magnesium and the pyrophosphate on the allylic substrate. Box |
contains two basic residues involved in IPP pyrophosphate binding. Box IV is the KT sequence containing Thr-152 proposed to be involved in catalysis by stabi-
lizing a carbocation intermediate. Boxes A, B, C are regions thought to be responsible for the hexameric organization of protein.'? The two yellow boxes are
proposed active sites.’ (D) Muscle biopsies from affected individuals showed myopathic to dystrophic changes. Family 3 (P10): Quadriceps biopsy performed
at 8 months of age (I-IV). Hematoxylin & eosin-stained section shows well-populated fascicles with mild variation in fiber size (I). Staining with NADH-TR
shows normal internal architecture and predominance of type | fibers (Il). Myosin heavy chain immunohistochemistry shows corresponding predominance of
fibers expressing slow myosin heavy chain (lll). Aberrant foetal myosin heavy chain expression of varying intensities can be seen in several scattered mature
fibers, as well as a population of very small fibers (IV, circles), dispersed across the fascicles. Family 4 (P11): Biceps brachii biopsy performed at 4 years of age
(V-VII). Hematoxylin and eosin-stained section shows moderate variation in fiber size (V). There are several scattered (arrow) and clustered (circle) basophilic
regenerating fibers (V). Few fibers contain internal nuclei. NADH-TR shows preserved fiber typing, and there are several dark-staining fibers (VI) The cyto-
chrome oxidase stain (COX) also highlights the population of dark staining fibers, but there are no COX-negative fibers (VII). Scale bar: A-D = 50 pm. (E)
Muscle MRI of the lower limbs from Family 3 (P10) aged 8 months: Showing generalized atrophy in the absence of muscle fat infiltration.
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in cellular processes at all levels.">'" The mevalonate
pathway has recently been suggested to be a novel path-
Protein prenylation is an important downstream part of  way for muscular dystrophy, hearing loss, and infertility.
the mevalonate pathway, which is a pivotal process for Evidence for this comes from the description of 11 indi-
the synthesis of specialized lipids that play a crucial role viduals from 6 independent families presenting with early

Discussion
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Table 2. Frequency of the clinical features in the GGPST cohorts.

All reported
Features Current report cases
Decreased foetal movements 3/13 414
Birth OFC <25 percentile 6/10 6/10
Manifestation with delayed milestones  10/13 12/15
Slow progression 12/13 25/26
Failure to thrive 3/12 11/20
Hearing loss 6/13 18/26
Generalized or proximal 12/13 25/26
muscle weakness

Respiratory insufficiency 8/13 16/23
Non-invasive ventilation 6/13 10/17
Muscular atrophy 12/12 12/12
Myalgia 6/10 6/12
Muscle stiffness 6/12 6/12
Reduced or absent tendon reflexes 12/12 12/12
Calf hypertrophy 4/12 4/12
Joint contractures 7/12 11/23
Progressive scoliosis 7/11 15/21
Waddling gait 4/11 4/11
Broad-based gait 2/11 2/11
Loss of ambulation 6/12 11/25
Elevated creatine kinase 10/10 19/19
Mortality 2/13 2/26

onset muscular dystrophy combined with congenital sen-
sorineural hearing loss and primary ovarian insufficiency
in females. All but one affected individual in the report
by Foley et al. (2020)* had congenital sensorineural hear-
ing loss, and all 3 postpubertal females had a laboratory-
confirmed primary ovarian failure. Andrological examina-
tions on the postpubertal male individuals in the Foley
et al. (2020)? report were not available, but none of the 5
male adult individuals has had children. Although a com-
bination of sensorineural hearing loss and muscular dys-
trophy or myopathy has been described in early-onset
facioscapulohumeral dystrophy and Vici syndrome, and
an association of early-onset sensorineural hearing loss
and primary ovarian insufficiency without muscular dys-
trophy have been recognized in Perrault syndrome, a con-
stellation of all these three features had not been
previously recognized prior to the Foley et al. (2020)
study.” Disease course, in particular proximal muscle
weakness, was progressive in the series by Foley et al.
(2020)? with some interfamilial variability in the rates of
deterioration. When comparing the description and
course of muscle clinical signs in these previously
described affected individuals with expression in the
neonatal mouse muscle, there are hints of relatively low
Ggpsl expression at this stage compared to the female
gonad from E14.5 and we cannot exclude that expression
in the muscle increases throughout later development.
Muscle histopathology findings in the cohort described by
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Foley et al. (2020)* were dystrophic with variable evidence
of regenerating fibers, internal nucleation, and core-like
regions.

Biallelic pathogenic missense GGPSI variants identified
in Foley et al. (2020)* have been shown to moderately
impair the enzymatic activity of geranylgeranyl diphosphate
synthase (GGPPS) (only for 50%) in vitro, and the possible
effects of these missense variants on GGPPS function have
been speculated to be subtle, putatively including the
impairment of the dynamic subcellular localization of the
enzyme for cell-type-specific processes, particularly in mus-
cle, ovary, and the inner ear. It had been suggested that the
localization of the missense GGPSI variants residing outside
of the catalytic core of the enzyme could account for the very
specific and recognizable clinical phenotype. However, the
variants reported in P10 (Family 3) co-locate within the cat-
alytic core of GGPPS and implicate impaired substrate and
co-factor binding as potential pathogenic mechanisms,
resulting in a phenotype consistent with other reported
individuals.

Family 2 in our cohort presents hitherto the largest fam-
ily (6 affected) with biallelic GGPS! variants reported.
Affected individuals from our report replicated most of the
previously described clinical features associated with
GGPS1 defects. This includes muscular dystrophy with pro-
gressive proximal muscle weakness and episodes of variably
elevated CK, scoliosis, and respiratory insufficiency. Muscle
histopathology findings were also variable but largely con-
sistent with those previously reported by Foley et al
(2020), including dystrophic changes, regenerating fibers,
core-like lesions, internal nucleation, and mitochondrial
changes. The lack of dystrophic histopathology and fat
infiltration observed in the muscle biopsy and lower limb
MRI of Family 3 (P10) may reflect the early age (8 months)
at which these investigations were performed, compared to
other reported persons. The families described in our
report display inter- and intra-familial variability with
respect to hearing loss, which was detected only in all
affected siblings from Family 1, the probands from Families
3 and 4, and one affected sibling from Family 5. This could
suggest that hearing loss might be a variable feature of
GGPS1-associated muscular dystrophy and is an interesting
observation in light of its diffuse expression in the embry-
onic and postnatal mouse inner ear. Since most of the sub-
jects with unimpaired hearing in the current report were
from Family 2, carrying the GGPSI c.439A > G,
p.(Met147Val) variant, we cannot exclude the possibility of
a variant-specific effect. Additionally, our data shows that
primary ovarian insufficiency might also be a variable fea-
ture of GGPSI deficiency, despite strong GgpsI expression
in relevant cells in the embryonic mouse female gonads.
Although it is difficult to determine the exact molecular
cause of the observed clinical variability, we can

8 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.



R. Kaiyrzhanov et al.

hypothesize a possible link with localisation of the GGPSI
variants within the gene.

One possible limitation of the present study is the
absence of in vitro enzyme activity measurements. How-
ever, taking into account the findings from the study by
Foley et al. (2020),” one could expect that the impact of
the missense variants from our study on GGPPS function
could be subtle as well, with an insignificant reduction of
the enzymatic activity of GGPPS. All missense GGPSI
variants c.269A > G, p-(Asn90Ser), c.439A > G,
p-(Metl47Val), c.196A > C p.(Ile66Leu), c.545 T > C
p-(Leul82Pro) and c.770 T > G p(Phe257Cys) reported
in the current study are ultra-rare across several large
genetic databases including 1,314,000 alleles (Table S2)
and uniformly predicted to be damaging in various in sil-
ico prediction tools supporting their disease-causing roles.

Collectively, this report consolidates the disease-causing
role of biallelic variants in GGPSI, demonstrates that
hearing loss and ovarian insufficiency might be variable
features of the GGPSI-associated muscular dystrophy and
implicates impaired substrate and co-factor binding as
potential pathogenic mechanisms in this novel form of
congenital muscular dystrophy.
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Figure S1 Region of homozygosity around the variant of
interest indicated by a red box."

Figure S2 3D protein modeling of the GGPSI variants in
Family 3 (P10).
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Figure S3 Expression of Ggpsl in the mouse cochlea
through single-cell RNA-sequencing data.

Figure S4 Expression of Ggpsl in the mouse embryonic
(E14.5) gonad through single-cell RNA-sequencing data.
Figure S5 Expression of Ggpsl in mouse neonatal leg
muscle through single-cell RNA-sequencing data.

Table S1 Extended clinical features of the cases with bial-
lelic GGPSI variants.

Table S2 Population frequencies and in silico pathogenic-
ity predictions for GGPSI variants reported in this study.
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Video S1 Shows P1 with a waddling gait, lower limb
weakness, and inverted feet.

Video S2 Shows P4 who is unable to stand unassisted
and walk due to the lower limb weakness.

Video S3 Shows P5 with a suggestion of Gower’s sign
and waddling gait.

Video S4 shows P6 with proximal lower limb weakness.
Video S5 shows P7 with positive Gower’s sign.

Video S6 shows P8 with positive Gower’s sign.

10 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.



	 Abstract
	 Intro�duc�tion
	 Sub�jects and Meth�ods
	 Results
	acn351633-fig-0001

	 Dis�cus�sion
	 Acknowl�edge�ments
	 Con�flict of Inter�est
	 Data Avail�abil�ity State�ment

	 Ref�er�ences
	acn351633-bib-0001
	acn351633-bib-0002
	acn351633-bib-0003
	acn351633-bib-0004
	acn351633-bib-0005
	acn351633-bib-0006
	acn351633-bib-0007
	acn351633-bib-0008
	acn351633-bib-0009
	acn351633-bib-0010
	acn351633-bib-0011
	acn351633-bib-0012
	acn351633-bib-0013


