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Genomic sequencing highlights the diverse molecular causes
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Abstract

Perrault syndrome is a rare heterogeneous condition characterised by sensorineural hearing loss and premature ovarian
insufficiency. Additional neuromuscular pathology is observed in some patients. There are six genes in which variants
are known to cause Perrault syndrome; however, these explain only a minority of cases. We investigated the genetic cause
of Perrault syndrome in seven affected individuals from five different families, successfully identifying the cause in four
patients. This included previously reported and novel causative variants in known Perrault syndrome genes, CLPP and
LARS2, involved in mitochondrial proteolysis and mitochondrial translation, respectively. For the first time, we show that
pathogenic variants in PEX6 can present clinically as Perrault syndrome. PEX6 encodes a peroxisomal biogenesis factor,
and we demonstrate evidence of peroxisomal dysfunction in patient serum. This study consolidates the clinical overlap
between Perrault syndrome and peroxisomal disorders, and highlights the need to consider ovarian function in individuals
with atypical/mild peroxisomal disorders. The remaining patients had variants in candidate genes such as TFAM, involved in
mtDNA transcription, replication, and packaging, and GGPS! involved in mevalonate/coenzyme Q,, biosynthesis and whose
enzymatic product is required for mouse folliculogenesis. This genomic study highlights the diverse molecular landscape
of this poorly understood syndrome.

Introduction (Newman et al. 2018). The degree of hearing loss, as well

as ovarian dysfunction, can vary. Hearing loss can range

Perrault syndrome is a rare genetic condition characterised
by sensorineural hearing loss in both sexes, as well as ovar-
ian dysfunction in females (Newman et al. 1993). Some
patients, but not all, also have neurological signs such as
intellectual disability, ataxia, and peripheral neuropathy
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from a mild late-onset progressive loss to a severe loss pre-
sent from birth. Similarly, ovarian dysfunction can vary from
complete lack of ovarian development (streak gonads) with
failure of puberty and primary amenorrhea, to ovarian dys-
function with secondary amenorrhea and premature ovarian
insufficiency (POI). Perrault syndrome can be a challenge
to identify given that only females present with the syndro-
mic phenotype including ovarian dysfunction with hearing
loss. As the hearing loss can be mild, the connection can be
overlooked by gynaecologists treating female patients. Simi-
larly, audiologists enquire specifically about abnormalities
of hearing, but do not typically include reproductive history
as part of their history-taking. The difficulty in identifying
and diagnosing Perrault syndrome is further compounded
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by the fact that hearing loss and ovarian dysfunction may
sometimes coincidently present in an individual with the two
conditions having independent causes (Faridi et al. 2017).
The mechanism of pathogenesis of Perrault syndrome is
varied, but is usually related to mitochondrial proteostasis
(Newman et al. 2018) (Fig. 1). To date, variants in six genes
have been shown to cause Perrault syndrome with autoso-
mal recessive inheritance. These include (1) CLPP, which
encodes a component of a mitochondrial ATP-dependent
proteolytic complex required for the unfolded protein
response and for mitochondrial ribosome biogenesis; (2)
ERALI, which is required for the assembly of the small mito-
chondrial ribosomal subunit, genes encoding; (3) HARS2
and (4) LARS2, which are responsible for charging mito-
chondrial tRNAs with histidine and leucine, respectively, for

Fig.1 Diagram depicts proteins involved in Perrault syndrome.
Those indicated by the current study are highlighted by asterisks. The
majority of Perrault-associated genes encode mitochondrial proteins
that are involved in mtDNA replication, maintenance, or translation.
For example, TWNK unwinds the two mtDNA strands making them
accessible to the mitochondrial polymerases for mtDNA transcription
(POLRMT) and replication (POLG). Transcription not only requires
the mitochondrial polymerase, POLRMT, but also cofactor, TFAM.
mtDNA is transcribed into a polycistronic molecule that is pro-
cessed to form mature mitochondrial tRNAs, mRNAs, and rRNAs.
ERALI binds the 12S mitochondrial rRNA and assembles the 28S
small mitochondrial ribosomal subunit to enable protein translation.
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mitochondrial translation; (5) HSD17B4, which is involved
in fatty-acid oxidation and steroid metabolism; and (6)
TWNK, which encodes an mtDNA helicase and is required
for mtDNA replication and maintenance (Chatzispyrou et al.
2017; Jenkinson et al. 2013; Morino et al. 2014; Pierce et al.
2010, 2011, 2013). Current knowledge of the genetic basis
of Perrault syndrome is far from saturated, with the genetic
cause unknown in~60% of patients, indicating that addi-
tional genes or cryptic variants await discovery (Newman
et al. 2018).

Like Perrault syndrome, POl is clinically and genetically
heterogeneous (Tucker et al. 2016). POI is defined by amen-
orrhea (primary or secondary) associated with elevated fol-
licle-stimulating hormone (FSH) measured twice at greater
than 1-month intervals, before the age of 40. The condition
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Mitochondrial tRNAs are charged with their cognate amino acids by
mitochondrial tRNA synthetases such as LARS2 (leucyl-tRNA syn-
thetase) and HARS2 (histidyl-tRNA synthetase). CLPP is a mito-
chondrial protein involved in the degradation of misfolded proteins.
The other organelle implicated in Perrault syndrome pathogenesis is
the peroxisome. The peroxisome is involved in very long-chain fatty-
acid oxidation, with the enzyme HSD17B4 playing a key role in this
degradation process. PEX6 is a peroxisomal biogenesis factor, teth-
ered to the peroxisomal membrane, and involved in protein import.
GGPS1 is a geranylgeranyl synthase that acts on peroxisomal prod-
ucts as part of the mevalonate pathway
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affects as many as 1 in 100 women by the age of 40, but is
rarer in younger women with 1 in 1000 under the age of 30
affected (Golezar et al. 2019; Luborsky et al. 2003). POI can
be an isolated condition, or can be syndromic, as is the case
in Perrault syndrome where it is associated with hearing
loss. There are over 50 genes in which variants cause POL.
These genes affect various processes such as cell division,
immunity, metabolic function, ovarian development, and
ovarian function, but explain only a minority of patients,
indicating that further knowledge must be sought to fully
understand the aetiology of POI (Tucker et al. 2016).

Massively parallel sequencing is an ideal tool to aid the
molecular diagnosis of ovarian dysfunction associated with
hearing deficit. This enables the simultaneous interrogation
of all known Perrault syndrome genes and genes involved
in premature ovarian insufficiency. After investigation of
known disease-associated genes, attention can be focused
on candidate genes to explore the currently unknown genetic
bases for this condition.

Here, we have performed whole-exome sequencing
(WES) and/or whole-genome sequencing (WGS) on a
small cohort of seven Perrault syndrome patients, as part
of a larger study investigating the genetic basis of POI. We
identify likely pathogenic variants in previously established
Perrault syndrome genes, CLPP and LARS2, and establish a
new genetic link between peroxisomal disorders and Perrault
syndrome via pathogenic variants in PEX6. Three patients
from two different families remain without a definitive
genetic diagnosis, but homozygous variants of uncertain sig-
nificance with high clinical relevance are identified in likely
Perrault syndrome genes, TFAM and GGPS1. This study
adds new insight into the genetic basis of Perrault syndrome
and presents avenues for further investigation.

Methods
Ethics approval

Written informed consent was obtained from all participants.
All procedures were in accordance with the ethical standards
of the Human Research Ethics Committee of the Royal Chil-
dren’s Hospital, Melbourne. WGS was performed as part of
the Mitochondrial Flagship study of the Australian Genom-
ics Health Alliance research project, which also has Human
Research Ethics Committee approval (HREC/16/MH251).

Participants

Patients were recruited after clinical consultation. Family
and personal medical history were collated and are included
in Table 1. Pedigrees are shown in Supplementary Figure
S1. Families did not report consanguinity. All patients had
POI, defined by menstrual disturbance and elevated FSH
(>20 mIU/mL) measured twice at least 1 month apart as
per the European Society of Human Reproduction (ESHR)
guidelines (https://www.eshre.eu/Guidelines-and-Legal/
Guidelines/Management-of-premature-ovarian-insufficie
ncy.aspx) (ESHRE 2015). Karyotyping and/or SNP microar-
ray were performed to confirm normal 46, XX chromosomal
complement, and to exclude patients with causal chromo-
somal rearrangements. All included cases were negative for
FMR]I premutation and negative for ovarian auto-antibodies.

Of the seven patients (from five families, including two
sibling pairs), we were able to obtain parental DNA from
two. Patients underwent WES as singletons or as affected
sibling pairs. Parental DNA, when available, was used as
confirmation of variant inheritance.

Table 1 Clinical summary of the seven Perrault syndrome patients from five families

Ethnicity/origin Amenorrhea Age of POl Age of hearing  Hormone values Other features
diagnosis  deficit diagnosis FSH (IU/I): (normal reference
2-8)
E2 (pg/ml): (normal reference
20-350)
P1+P2 Mahgreb Secondary 21,23 Childhood (P1) FSH: 73, E2: 20 -
(P2) FSH: 151, E2: 10

P3 Portugal Primary 14 2 FSH: 82.2, E2<19 -

P4 China Primary 13 2 FSH: >?200, E2 <44 pmol/l Peripheral neuropathy, ataxia,
dementia, leukodystrophy,
pigmentary retinopathy

P5 Pakistan Primary 12 Childhood FSH: 96.7, E2: 217 (HRT) -

P6+P7 Morocco (Tuareg) Secondary 36, 39 Childhood P7: FSH 60 Myopathy

P8: FSH 35.8

FSH follicle-stimulating hormone, E2 oestradiol, LH luteinizing hormone, LHRH luteinizing hormone releasing hormone, HRT hormone

replacement therapy
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DNA extraction

Genomic DNA was extracted from EDTA-blood samples
by the Victorian Clinical Genetics Service (VCGS). Con-
centration and integrity were assessed by Qubit dsSDNA BR
Assay (Thermo Fisher Scientific) and TapeStation (Agilent),
respectively.

Massively parallel sequencing

DNA underwent whole-exome sequencing (WES) at the
Australian Genome Research Facility (AGRF). Exome
capture was performed with Agilent SureSelect Human All
Exon V6 and sequencing was performed on the Illumina
NovaSeq 6000.

All WES data were processed using the C-pipe pipeline
(Sadedin et al. 2015) and deposited into SeqR for analysis
(https://seqr.broadinstitute.org/).

We performed two phases of analysis—the first focused
on gene priority and the second focused on variant prior-
ity (Supplementary Figure S2). For gene-centric analysis,
we considered the potential pathogenicity of all rare (< 0.05
minor allele frequency, MAF) coding variants within can-
didate POI genes [571 genes, adapted from (Tucker et al.
2016), Supplementary File] or candidate genes encoding
mitochondrial proteins (Calvo et al. 2016) based on the
understanding that Perrault syndrome most often occurs due
to mitochondrial disturbance. For variant-centric analysis,
we considered the potential pathogenicity of all “high pri-
ority” variants in any gene, or “moderate priority” poten-
tially biallelic variants in any gene. High-priority variants
include variants affecting essential splice sites, introducing
frameshifts or premature stop codons, whereas moderate-
priority variants include missense variants and in-frame
codon deletions. Variant pathogenicity was predicted using
online tools including Polyphen2 (https://genetics.bwh.
harvard.edu/pph2), SIFT/Provean (https://provean.jcvi.org/),
CADD (Combined Annotation-Dependent Depletion) score
(https://cadd.gs.washington.edu/snv), and Mutation Taster
(https://www.mutationtaster.org/). MAF and the tolerance
of the gene to missense and/or loss-of-function variation
(ExAC and gnomAD) were also considered, as was the con-
servation of affected residues using the UCSC alignment of
100 vertebrates.

Whole-genome sequencing (WGS) and variant call-
ing were performed at the Kinghorn Centre for Clinical
Genomics (Garvan Institute, Sydney) as described previ-
ously (Heimer et al. 2016).

Analysis initially focused on genes associated with mito-
chondrial disease and then expanded to a “Mendeliome”
gene list of ~3000 genes linked to human disease (https://
panelapp.agha.umccr.org/panels/137/). We analysed the
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WGS data for copy-number variation (CNV) using LUMPY
and CNVnator (Abyzov et al. 2011; Layer et al. 2014).

Variant phasing (de novo PEX6)

All single-nucleotide variants identified in the PEX6 gene
by GATK Haplotypecaller were interrogated for linkage
disequilibrium (LD) and haplotype frequencies using the
LDlink tool (Machiela and Chanock 2015). The PEX6 vari-
ants were also inspected using IGV browser to confirm hap-
lotype blocks when the SNPs were covered by a single read.
Allele-specific PCR primers were designed to amplify only
the allele with the de novo p.(Arg786Trp)/c.2356C>T or the
allele with wild-type DNA sequence c.2356=. This enabled
analysis of haplotype SNPs inherited in cis and/or frans with
the de novo variant to establish its origin.

Sanger sequencing

Selected SN'Vs were validated by Sanger sequencing using
BigDye v3.1 Terminators (Applied Biosystems) and ABI
3130X, as per the manufacturer’s protocols.

Data availability

Data were submitted to ClinVar (SUB6834830) (https://
www.ncbi.nlm.nih.gov/clinvar/) (Landrum et al. 2016).

Results
Pathogenic variant in CLPP

Patient 1, of Northwest African descent, was diagnosed with
POI at age 22 after experiencing secondary amenorrhea. Her
FSH was elevated at 73 IU/I (normal reference: 2—-8 IU/I)
and oestradiol was low at 20 pg/ml (reference 20-350 pg/
ml). No follicles were detected by ultrasound, nor within
ovarian biopsy tissue; however, she experienced fluctuating
POI with intermittent function (Bidet et al. 2011). Her medi-
cal history was notable for sensorineural hearing loss. She
has a similarly affected sister, Patient 2, diagnosed with POI
at age 23 (FSH 151 IU/I, oestradiol 10 pg/ml) with second-
ary amenorrhea and hearing loss, and a presumed diagnosis
of Perrault syndrome. Both sisters underwent WES, with
the only potentially biallelic variant in a known Perrault
syndrome gene being a homozygous missense variant in
CLPP (Table 2, Fig. 2). The homozygous NM_006012.4:
c.439 T>A, NP_006003.1: p.(Cys147Ser) variant, has an
MAF of zero in gnomAD, and is consistently predicted path-
ogenic by online algorithms (Table 3). This variant has pre-
viously been reported in two Algerian sisters with Perrault
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Table 2 Number of variants detected at each filtering stage
Mod-high (all) Gene-centric analysis Variant-centric analysis Candidate
Mod-high (POI Mod-high (Mito- Potentially biallelic (all) High (all)
candidate) Carta candidate)
P1+2° 267 10 (9 genes) 11 (11 genes) 60 (35 genes) 35 (32 genes) CLPP
P3 449 16 (13 genes) 23 (19 genes) 94 (45 genes) 38 (34 genes) LARS2
P4 147° 27 (23 genes) 29 (29 genes) 19 (10 genes)® 29 (29 genes)® PEX6
P5 473 16 (14 genes) 20 (19 genes) 117 (67 genes) 37 (31 genes) TFAM
P6+7% 303 12 (12 genes) 11 (11 genes) 53 (29 genes) 23 (21 genes) GGPS1

Bold indicates the categories in which the described candidate genes fell. Brackets indicate the number of different genes in which the variants
were found as, sometimes, there were multiple variants detected in a gene. POI: gene list containing 571 genes known or predicted to be involved
in premature ovarian insufficiency, adapted from (Tucker et al. 2016). MitoCarta: gene list containing 1155 genes known or predicted to encode
mitochondrial proteins (Calvo et al. 2016). High: variants of high priority such as frameshift, splice site or nonsense variants. Mod-high: vari-
ants of high priority as well as variants of moderate priority, including missense variants and in-frame deletions/insertions

#Only variants shared by the sisters were considered candidates

®Only variants in genes known to cause human disease (‘Mendeliome’) were analysed by WGS
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syndrome (Lerat et al. 2016), suggesting a likely founder
effect. The previous association with monogenic disease and
the clear phenotype match enable this variant to be curated
as pathogenic and causative.

Novel and known pathogenic variants in LARS2

Patient 3 had hearing loss that was detected at 2 years of
age due to language delay. She had a cochlear implant at
3.5 years, and as a consequence, now only has mild hearing
loss. Perrault syndrome was suspected after primary amen-
orrhea associated with elevated FSH of 82.2 U/l. Single-
ton DNA was run through WES, revealing only one known
Perrault syndrome gene with potential biallelic variants,
LARS? (Table 2; Fig. 3). The patient carried two different
LARS?2 variants: NM_015340.4: ¢.1237G>A, NP_056155.1:
p-(Glu413Lys) and NM_015340.4: c.1987C>T,
NP_056155.1: p.(Arg663Trp). The p.(Arg663Trp) has pre-
viously been reported in a boy with Perrault syndrome man-
ifesting as intellectual disability, macrocephaly, deafness,
behaviour disorder, epilepsy (atonic seizures), cerebellar
syndrome, and lactate increase in blood and cerebrospinal
fluid (Cherot et al. 2018; van der Knaap et al. 2019). The
second variant has conflicting pathogenicity predictions
(Table 3). It falls within the catalytic core, which spans
amino acids 83—678. Functional investigation of a nearby
pathogenic variant within this domain, p.(Ala430Val),
has demonstrated aberrant editing activity (Riley et al.
2016). Parental DNA was retrospectively obtained and was
used to phase the variants, which were in frans, with the
c.1237G>A, p.(Glu413Lys) variant inherited maternally,
and the c.1987C>T, p.(Arg663Trp) variant inherited pater-
nally (Fig. 3). The clear phenotype match, the known patho-
genicity of one variant, and the co-existence of the second
variant in trans with a pathogenic variant lead to the conclu-
sion that these LARS?2 variants are likely pathogenic.

Novel and known pathogenic variants in PEX6

Patient 4 presented with speech delay at 2 years of age
with sensorineural hearing loss diagnosed at 3 years of
age. At age 12 years, it was noticed that she was not devel-
oping pre-pubertal signs, and POI was diagnosed at the age
of 13 years. Pes cavus and reduced deep tendon reflexes
led to the diagnosis of peripheral neuropathy at 14 years
of age. Tremor and ataxia developed at the age of 15, and
a brain MRI demonstrated a widespread leukodystrophy,
including the cerebellar hemispheres. Despite excellent
academic performance during high school years, after the
age of 17 years, she gradually began to lose functional
abilities. She could no longer play the violin, and had
to cease university. After the age of 18 years, a pigmen-
tary retinopathy led to a rapid loss of vision. The initial
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syndromic presentation of POI and associated hearing loss
led to the clinical diagnosis of Perrault syndrome. WGS
identified two variants in PEX6 (Tables 2, 3; Fig. 4). Per-
oxisomal genes are candidates for Perrault syndrome given
the established link between the peroxisomal enzyme,
HSD17B4, and this condition. Pathogenic variants in
HSD17B4, usually cause a peroxisomal disorder charac-
terised by infantile-onset of hypotonia, seizures, abnormal
facial features, and death in infancy; however, in some
cases, a milder phenotype of Perrault syndrome occurs
(Pierce et al. 2010). These PEX6 variants were both mis-
sense variants [NM_000287.3: ¢.2356C>T, NP_000278.3:
p-(Arg786Trp) and c.371 T>C, p.(Leul24Pro)], and
in silico analyses predicted them to be pathogenic. The
c.2356C>T, p.(Arg786Trp) variant, located within the
Walker B motif of the AAA cassette domain, has previ-
ously been reported in a patient with Zellweger syndrome
(Ebberink et al. 2010), and in a patient with late-onset
Zellweger spectrum disorder (Tran et al. 2014). Cultured
patient skin fibroblasts revealed a decreased number of
peroxisomes, and elevated cytosolic catalase, providing
confirmation of a peroxisome assembly defect (Tran et al.
2014).

Sequencing of parental DNA revealed that the mother
shared the ¢.371 T>C, p.(Leul24Pro) variant, but neither
parent carried the ¢.2356C>T, p.(Arg786Trp). Relatedness
testing confirmed paternity, indicating that the second PEX6
variant was de novo. To confirm that the de novo variant
arose on the paternal allele, we used a combined population
and read-based haplotype phasing approach. This identified
the proband as heterozygous for a common haplotype—
“Haplotype A”, which has a population database frequency
of 29% (1000 Genomes Project V5). Genotyping parental
tag SNPs revealed that the parents were also heterozygous
carriers of haplotype A. The proband’s WGS reads, how-
ever, showed the maternal p.(Leul24Pro) variant was in
trans with the haplotype A SNP, NM_000287.4:¢.399G>T
rs9462858, indicating that haplotype A was inherited from
the father (Supplementary Figure S3). Allele-specific PCR
was designed to only amplify DNA containing the de novo
variant. Sanger sequencing of the resulting product con-
firmed that the de novo c.2356C>T; p.(Arg786Trp) vari-
ant was in cis with the paternally inherited haplotype A
SNP, rs2274514 SNP NC_000006.11:2.42934500C>T
c.19614+20G>A (Supplementary Figure S4), thereby con-
firming compound heterozygosity for the patient PEX6
variants.

The established role of PEX6 in peroxisome biogen-
esis prompted subsequent analysis of very-long-chain
fatty acids (VLCFA) in plasma. This revealed a disturbed
VLCFA profile (C26:C22 of 0.049; normal range 0-0.030,
and C24:C22 of 0.993; normal range 0.550—1.050). These
ratios are consistent with a defect in VLCFA oxidation,
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Fig.3 a Diagram depicts LARS2 genomic structure, with functional
domains beneath. Pathogenic or likely pathogenic variants reported in
ClinVar (Feb, 2020) or the literature are indicated (yellow line = mis-
sense; red line=1loss of function). The variants carried by Patient 3
of this study are indicated in bold and underlined. Asterisk indicates
novel variant, not reported in the literature or ClinVar. Orange: asso-
ciated with mitochondrial myopathy; green: associated with Perrault

suggesting primary peroxisomal dysfunction. Further
interrogation of WGS data for variants that may indepen-
dently cause ovarian dysfunction revealed no other likely
causative variants.

syndrome; blue: associated with hydrops, lactic acidosis, and sidero-
blastic anaemia; red: associated with neurodevelopmental disorder;
black associated with rare genetic deafness; grey: reported in Clin-
Var without phenotypic information. b Sanger confirmation demon-
strating compound heterozygosity. ¢ Multiz alignment of the protein
sequence affected by the variants

Candidate variants in TFAM
Patient 5 was of Pakistani descent and presented at 12 years

of age with delayed puberty and primary amenorrhea.
Maternal menopause was normal at 50 years of age. At age
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Fig.4 a Diagram depicts PEX6 genomic structure, with functional Patient 4 of this study are indicated in bold and underlined. Aster-

domains beneath. Pathogenic or likely pathogenic variants reported isk indicates novel variant, not reported in the literature or ClinVar.
in ClinVar (Feb, 2020) are indicated (yellow line=missense, red b Sanger confirmation demonstrating segregation. ¢ Multiz protein
line=loss of function, and black =splicing). The variants carried by alignment indicating the conservation of the affected residues
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20, her FSH was 96.7 IU/I, and AMH was 0.05 ng/ml (age-
specific reference range 2.06—12.66 ng/ml). Her oestradiol
level was 217 pg/ml, reflecting her use of hormone replace-
ment therapy. Her ovaries appeared atrophic on ultrasound.
Her medical history was significant for sensorineural hearing
loss, and she had below-average 1Q.

WES of patient DNA (Table 2) identified the most prom-
ising candidate variant as a homozygous missense variant
in TFAM (Supplementary Figure S5). TFAM is required
for mtDNA maintenance (Larsson et al. 1998; Stiles et al.
2016), as is the known Perrault syndrome gene, TWNK.
The homozygous variant, NM_003201.3: ¢c.694C>T,
NP_003192.1: p.(Arg232Cys), is reported as heterozygous
in three individuals in gnomAD but never in homozygo-
sity, and is consistently predicted as pathogenic using online
algorithms such as Polyphen, Mutation Taster, SIFT, and
Provean (Table 3).

Candidate variants in GGPS1

Unlike the aforementioned patients who were diagnosed
with POI in adolescence, Patient 6 and 7 were diagnosed
at 36 and 39 years, respectively. Both sisters have bilateral
hearing loss, as well as a moderate myopathy, consistent
with a putative diagnosis of Perrault syndrome. Patient 6
was diagnosed with sensorineural hearing loss in childhood,
which had a slow progression. Although she had a history
of muscle fatigue such as difficulty climbing stairs and pain
after exertion, this was attributed to venous insufficiency.
Myopathy was not recognised until a formal diagnosis was
achieved in her brother, who suffered clinically recognis-
able myopathy as well as hearing loss (DNA not available).
She experienced normal puberty with menarche at age 15,
followed by oligomenorrhea. She had regular withdrawal
bleeding on contraception, but absence of menstruation at
age 36 when contraception was ceased. Hormonal assess-
ment revealed an FSH level of 60 IU/I, and AMH 0.01 ng/
ml (age-specific reference range 0.87-9.76 ng/ml), confirm-
ing the absence of follicular activity. Her right ovary could
not be visualised on ultrasound, and her left ovary had a
surface area of 3.7 cm? (normal reference range 2-6 cm?)
and contained one follicle of 9 mm. Her sister, Patient 7,
similarly presented with childhood-onset and slowly worsen-
ing sensorineural hearing loss and a history of unrecognised
myopathy with fatigue and difficulty climbing stairs, errone-
ously attributed to venous insufficiency and/or smoking. She
had late puberty with thelarche at 15 and menarche at 17
followed by irregular menstrual cycles. Despite unprotected
sex from the age of 19, she never achieved pregnancy. At age
39 after POI was diagnosed in her sister, hormone analy-
sis was performed, revealing an elevated FSH of 35.8 TU/I
and low AMH at 0.14 ng/ml (age-specific reference range
0.56-9.49 ng/ml). Her ovaries were visualised by ultrasound

with calculated surface area of 0.56 cm? on the right and
1.408 cm? on the left, but no detectable follicles. The fam-
ily also has an unaffected 41-year-old sister who has regular
cycles, no myopathy, and no hearing loss.

WES of DNA from the affected sisters was performed
(Table 2). Consideration of the predicted variant pathogenic-
ity and the literature revealed the most promising candidate
was a homozygous missense variant in GGPSI (Supple-
mentary Figure S6). The NM_001037277.1: ¢.782G>A,
NP_001032354.1: p.(Arg261His) variant is detected in het-
erozygous state in six individuals in gnomAD, but never in
a homozygous state. It is predicted disease-causing/delete-
rious/damaging by Mutation Taster, , and SIFT, but benign
by Polyphen. GGPS1 is a key enzyme required for protein
prenylation, which is a post-translational modification that
mediates c-terminal protein—protein interactions and lipid
membrane anchoring (Xu et al. 2015). GGPS1 catalyses the
synthesis of Geranylgeranyl Pyrophosphate (GGPP). Loss
of GGPP in mouse oocytes leads to impaired proliferation
of granulosa cells, defective primary—secondary follicle
transition, and female infertility (Jiang et al. 2017). Another
protein dependent on prenylation is coenzyme Q) (ubiqui-
none), and its deficiency leads to hearing loss and/or myo-
pathy (Yubero et al. 2018).

Strengthening the potential involvement of GGPSI in
Perrault syndrome pathogenesis, we identified a second fam-
ily with phenotypic overlap via GeneMatcher (Sobreira et al.
2015). This family has a 7-year-old girl with a congenital
muscular dystrophy as well as sensorineural hearing loss.
She is able to walk short distances. Her young age precludes
analysis of ovarian function. Her affected brother has a more
severe muscular phenotype, with a tracheostomy for respira-
tory insufficiency, and a gastrostomy for feeding. At age 19,
he complained of hearing loss; however, this was not con-
firmed by audiological testing. The affected siblings share
a homozygous NM_001037277.1:c.269A>G p.(Asn90Ser)
missense variant in GGPS, affecting a residue completely
conserved in mammals, birds, reptiles and fish (Supple-
mentary Figure S6) and consistently predicted pathogenic
by all tested algorithms (Table 3). These individuals share
phenotypic features of Perrault syndrome, but their young
age means that full clinical manifestation of their condition
may yet surface, and the affected female would benefit from
monitoring of ovarian function.

Discussion

Here, we have used WES and WGS to investigate the
molecular cause of Perrault syndrome in seven individu-
als from five different families. We were able to generate
conclusive diagnoses for four patients; three with variants
in known Perrault syndrome genes, LARS2 and CLPP,
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and one with variants in PEX6, a gene not previously
linked to Perrault syndrome. This latter diagnosis dem-
onstrates the clinical overlap of peroxisomal disorders
and Perrault syndrome. We present strong arguments for
the potential involvement of TFAM and GGPS] in the
remaining patients, with a second affected family in the
case of GGPSI. These candidate genes have not previ-
ously been associated with Perrault syndrome, but have
relevant roles in biology. Cumulatively, these diagnoses
have led to significant insights into the genetic basis of
Perrault syndrome.

Identification of a critical CLPP codon associated
with Perrault syndrome

This is the second report of the ¢.439 T>A, p.(Cys147Ser)
variant (Lerat et al. 2016), consolidating its role in Per-
rault syndrome pathogenesis. Interestingly, another
previously reported variant has the same protein conse-
quence despite being a different variant at the DNA level
[c.440G>C, p.(Cys147Ser)] (Jenkinson et al. 2013). This
highlights the critical role of the p.Cys147 residue. This
residue lies in the heart of the catalytic domain of CLPP
and disruption of this domain may cause significant loss
of CLPP protein function. Indeed, variation in the closely
neighbouring amino acid is also pathogenic, ¢.433A>C
[p.(Thr145Pro)] (Jenkinson et al. 2013). Eight of the nine
known pathogenic variants in CLPP are missense variants
within this domain, with the remaining variant being a
splicing variant affecting a constitutive donor site. CLPP
is moderately intolerant of LOF variants [pLI of 0.59,
with two LOF variants detected compared to the expected
11, ExAC, (Samocha et al. 2014)], with no homozygous
individuals with LOF variants in the gnomAD database.
This, combined with the fact that all but one pathogenic
variant in ClinVar is missense, indicates that homozy-
gous null variants may not be compatible with life. In the
literature, one patient is described with a homozygous
“loss-of-function” frameshift variant; however, the level
of CLPP expression is reduced by only 60% indicating
a compensatory mechanism, such as nonsense-medi-
ated alternative splicing or alternative start site usage
(Theunissen et al. 2016). The patient does, indeed, have
a more severe phenotype including white matter abnor-
mality. This trend of pathogenic missense variants in
essential proteins is seen in other genes responsible for
mitochondrial disorders. For example, there is an excess
of pathogenic missense variants in the core subunits of
the mitochondrial complex I, in contrast to an excess of
LOF variants in its supernumerary subunits (Tucker et al.
2011).

@ Springer

Expansion of the genotypic spectrum of variants
in genes known to cause Perrault syndrome

This study has expanded the understanding of the genetic
basis of Perrault syndrome (Fig. 1). We have consolidated
the pathogenicity of the previously reported c.439 T>A,
p.(Cys147Ser) variant in CLPP, but have also identified
one known and one novel variant in another known Perrault
syndrome gene, LARS2. This is the first report of a likely
pathogenic ¢.1237G>A, p.(Glu413Lys) LARS2 variant and
the second report of a c.1987C>T, p.(Arg663Trp) LARS2
variant. Interestingly, the previously reported individual
harbouring the c.1987C>T, p.(Arg663Trp) variant, as one
of two biallelic variants, was male, so did not demonstrate
ovarian dysfunction. He was investigated for syndromic
intellectual disability, presenting with macrocephaly, hear-
ing loss, behaviour disorder, epilepsy, cerebellar syndrome,
and elevated lactate in blood and cerebrospinal fluid (Cherot
et al. 2018; van der Knaap et al. 2019), and the Perrault syn-
drome clinical diagnosis was established as a consequence
of genetic diagnosis. The patient of this study, who shared
one of the two variants with the previously reported patient,
had a milder phenotype with ovarian dysfunction and hear-
ing loss, but no neurological symptoms. The clinical hetero-
geneity of Perrault syndrome is well known and is further
demonstrated here by the same variant being associated with
significantly different disease severity.

Expansion of the phenotypic spectrum of PEX6
deficiency: the relationship between peroxisomal
dysfunction and Perrault syndrome

We present the first case of variants in PEX6 associated with
an initial diagnosis of Perrault syndrome. Patient 4 first pre-
sented with bilateral sensorineural hearing loss followed by
ovarian dysfunction and POI. This gave rise to the clinical
diagnosis of Perrault syndrome. Genetic analysis revealed
two heterozygous likely pathogenic PEX6 variants, one de
novo on the paternal allele and one inherited maternally,
which prompted the analysis of VLCFA in patient plasma.
Although not previously associated with Perrault syndrome,
variants in PEX6 are a known cause of peroxisomal disor-
ders such as autosomal recessive Heimler syndrome 2 (MIM
616617) and autosomal recessive Zellweger syndrome (MIM
614862). Heimler syndrome 2 is associated with sensorineu-
ral hearing loss, amelogenesis imperfecta, nail abnormali-
ties, and occasional or late-onset retinal pigmentation. Zell-
weger syndrome usually has neonatal or infantile onset with
hypotonia, hearing and vision loss, skeletal abnormalities,
and neurological, liver, heart, and/or kidney dysfunction.
Rare mild cases involve developmental delay and vision or
hearing loss in adulthood. The rarity of survival to a repro-
ductive age means that the impact of variants in this gene
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on ovarian function may have gone unrecognised; however,
there has been one report of an individual with PEX6 vari-
ants and Zellweger spectrum disorder including “ovarian
dysplasia”(Yu et al. 2019). The nature of the ovarian dys-
plasia is not described; however, she was assessed for Turner
syndrome, which is associated with POI. Our results expand
the phenotypic spectrum associated with PEX6 variants, and
highlight a need to consider ovarian function in the rare indi-
viduals who survive to adulthood. The clinical course of this
patient progressed into a Zellweger-like syndrome with later
impairment of movement, cognition, and vision. Therefore,
establishing an early genetic diagnosis for Perrault syndrome
can allow for a better prediction of disease course and prog-
nosis, potentially improving patient management.

PEX6 involvement in Perrault syndrome is reminiscent of
the involvement of another peroxisomal enzyme, HSD17B4.
Pathogenic variants in HSD17B4 usually cause the peroxiso-
mal disorder, D-bifunctional protein (DBP) deficiency (MIM
261515). Almost all patients with DBP deficiency have a
severe phenotype characterised by infantile onset of hypo-
tonia, seizures, and abnormal facial features, and most die
before the age of 2 years. Pierce et al (2010) identified the
first cases of “mild” DBP deficiency presenting as Perrault
syndrome in two sisters, and proposed the clinical overlap of
peroxisomal disorders and Perrault syndrome. The involve-
ment of HSD17B4 in Perrault syndrome pathogenesis has
been consolidated by the discovery of additional patients
with other causative variants (Chen et al. 2017; Demain
et al. 2017). Similarly, the role of PEX6 in Perrault syn-
drome pathogenesis will be confirmed by the identification
of additional affected individuals.

Identification of TFAM as a novel Perrault syndrome
candidate gene

While genetic diagnoses were achieved in Patients 1-4, the
remaining patients had no definitive cause for their Perrault
syndrome phenotype. We, instead, identified candidate genes
of interest, namely 7FAM and GGPS1.

TFAM is a particularly strong candidate POI gene,
because it has a well-established role in mtDNA transcrip-
tion, replication, and packaging into nucleoids. Its disruption
in bovine fibroblasts causes mtDNA depletion (de Oliveira
et al. 2019). In knockout mice mtDNA depletion is also
noted, however, it is also associated with embryonic lethal-
ity (Larsson et al. 1998), limiting the potential to investigate
its role in mammalian ovarian biology.

Disruption of mitochondrial DNA (mtDNA) mainte-
nance is a known cause of ovarian dysfunction and Per-
rault syndrome. For example, variants in POLG, the mito-
chondrial polymerase gamma, cause mtDNA depletion and
deletions, and POI associated with progressive external
ophthalmoplegia or parkinsonism (Luoma et al. 2004;

Pagnamenta et al. 2006). Variants in the mitochondrial
primase-helicase, TWNK, which is involved in mtDNA
replication and maintenance, similarly cause POI in the
context of Perrault syndrome (Morino et al. 2014).

One case of human TFAM-related mitochondrial DNA
depletion syndrome has been reported in the literature
(Stiles et al. 2016). The affected patient had early onset
fatal liver disease. The clinical heterogeneity of patients
with variants in mitochondrial disease genes is well
known. For example, variants in POLG, which lead to
mtDNA depletion, can cause severe fatal liver disease
in some patients and a much milder presentation of POI
with chronic progressive external ophthalmoplegia in
other patients (Blok et al. 2009; Pagnamenta et al. 2006).
Similarly, variants in TWNK can cause early onset liver
failure or later-onset disease, including Perrault syndrome
(Dominguez-Ruiz et al. 2019). It is, therefore, plausible
that one patient with pathogenic TFAM variants may pre-
sent with early onset fatal liver disease and another with
Perrault syndrome, both of which can result from defects
in mtDNA maintenance. The homozygous TFAM variant
identified in Patient 5 affects a highly conserved residue
and is consistently predicted pathogenic by online algo-
rithms. In order for this variant to be curated as “likely
pathogenic” and for TFAM to be validated as a diagnostic
Perrault syndrome gene, further functional work, and/or
additional families with Perrault syndrome and variants in
this gene should be sought.

Identification of GGPST as a novel Perrault
syndrome candidate gene

The remaining patients, sisters with POI, hearing loss,
and muscle hypotonia, have a likely causative variant in
GGPSI. This gene encodes an enzyme that catalyses the
synthesis of geranylgeranyl diphosphate, GGPP, which is
responsible for the C20-prenylation of downstream pro-
teins, such as Coenzyme Q10. We identified a second fam-
ily affected by sensorineural hearing loss and myopathy
that also harboured a GGPS1 variant; however, the female
patient was too young to assess ovarian function. The fact
that two independent families with myopathy and senso-
rineural hearing loss carry predicted pathogenic homozy-
gous GGPS] variants highlights the potential for this gene
to be involved. The ovarian phenotype could arise from
disruption to GGPP, known to be required for folliculo-
genesis (Jiang et al. 2017). The sensorineural hearing loss
and myopathy may be due to coenzyme Q,, deficiency
(ubiquinone, an isoprenylated benzoquinone) as patients
with disruption to this pathway also present with hearing
loss and/or myopathy (Heeringa et al. 2011; Mollet et al.
2007; Yubero et al. 2018).
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Conclusion

In summary, this study used massively parallel sequenc-
ing of seven individuals with Perrault syndrome from five
families, to investigate the molecular cause of this heteroge-
neous condition. We identified known and novel causative
variants in Perrault syndrome genes, CLPP and LARS2, as
well as likely causative variants in PEX6, a gene not previ-
ously associated with Perrault syndrome. We also identified
multiple affected families with GGPSI variants, sensori-
neural hearing loss, and myopathy, although ovarian func-
tion could not be assessed in one family due to the affected
female being pre-pubertal. Our work broadens the genotypic
spectrum underpinning Perrault syndrome, and expands the
phenotypic spectrum associated with variants in PEX6. This
strengthens the recently proposed notion of clinical overlap
between peroxisomal disorders and Perrault syndrome, and
highlights a need to consider the future fertility in cases of
“mild” peroxisomal disorders. We propose novel Perrault
syndrome candidate genes, including the mitochondrial
transcription factor, TFAM, and the geranylgeranyl pyroph-
osphate synthase, GGPSI. Further work is required for vali-
dation of their role in Perrault aetiology.
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