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Background: Perrault syndrome (PRLTS) is a rare autosomal recessive disorder character-
ized by sensorineural hearing loss in both sexes and ovarian dysfunction in females. In some
cases, patients present with a diversity of neurological signs. Six genes are known to cause
Perrault syndrome.

Case Report: We report an 11-year-old Chinese girl with delayed gonadal development,
sensorineural hearing loss, and neurologic manifestations. Genetic etiology was identified by
whole-exome sequencing and confirmed via Sanger sequencing. Compound heterozygous
variants with one novel variant c.1752C>A (p.D584E) and one known pathogenic variant
¢.1172G>A (p.R391H) in TWNK were discovered in the child and inherited from her parents,
respectively.

Conclusion: The compound heterozygous variants ¢.1172G>A (p.R391H) and ¢.1752C>A
(p.D584E) of the TWNK gene probably underlie PRLTS type 5 (PRLTSS). This study
expands the mutation spectrum of 7WNK pathogenicity in the PRLTS5 phenotype.
Keywords: Perrault syndrome, TWNK gene, Chinese, whole-exome sequencing

Background

Perrault syndrome (PRLTS) is a rare autosomal recessive disorder characterized by
sensorineural hearing loss (SNHL) in both males and females and ovarian dysfunc-
tion in females with normal karyotypes.' SNHL is bilateral, sometimes progressive,
and ranges from profound with prelingual (congenital) onset to early childhood
onset.>* Ovarian dysfunction in females ranges from absent or streak gonads
manifesting as primary amenorrhea to primary ovarian insufficiency (POI) with
raised gonadotropins (LH & FSH) and reduced estrogen.>* Affected males often
show normal pubertal development.” Some patients also have a diversity of neuro-
logical manifestations, including cerebellar ataxia, nystagmus, ophthalmoplegia,

and peripheral neuropathy.*>

mild intellectual disability, muscle weakness,
According to the clinical features, Perrault syndrome has been classified as type
I, which is static and without neurological disease, and type II, which is with
progressive neurological disease.’

Perrault syndrome is also genetically heterogeneous. So far, six subtypes of
Perrault syndrome (PRLTS 1~6) have been identified, corresponding to six patho-
genic genes: HSD17B4 (MIM 601860), HARS2 (MIM 600783), CLPP (MIM

601119), LARS2? (MIM 604544), TWNK (MIM 606075), and ERALI (MIM
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607435).%7"'" However, the identified Perrault syndrome
genes collectively explain only a fraction of cases, sug-
gesting that additional disease-causing genes remain to be
discovered. In addition, the number of reported cases and
the spectrum of mutations are too small to establish con-
clusive genotype-phenotype correlations.

Here, we report a Chinese family with PRLTSS carry-
ing compound heterozygous variants in the 7TWNK gene
and review the literature about PRLTSS5 of the clinical and
molecular investigations.

Case Report

Clinical Case

An 1l-year-old girl was admitted to our hospital with
delayed secondary sexual characteristics. She was the
first baby of non-consanguineous parents and was a full-
term birth. The birth weight was 2950 g, and the length
was 51 cm. She started walking alone at 19 months. She
was admitted to her doctor for unstable walking with an
ataxic gait at four years. Abnormal hearing and nystagmus
were first noted at the age of three. Bilateral severe sen-
sorineural deafness was diagnosed at four years, and uni-
lateral cochlear implantation was performed. Speech
development was age-appropriate. The level of intelli-
gence was normal. No epilepsy or unconsciousness sei-
zures occurred.

Her height was 147.5 cm (+0.14 SD) and weight 38 kg
(+0.29 SD). She had a highly arched palate and horizontal
nystagmus. Pubic hair and bilateral breast development
were all at stage 1, according to the Tanner staging. She
had no scoliosis but had cubitus valgus. Her muscle
strength was normal, and she had no muscle atrophy.
Deep tendon reflexes were absent. The left Babinski reflex
was suspicious positive, and the Romberg sign was
positive.

Laboratory data were normal, including liver and renal
function, serum electrolytes, blood glucose and lipids, myo-
cardial enzyme profile, adrenal function, thyroid function,
lactate, and pyruvate. Lactate was 1.41 mmol/L (normal
range: 0.5-2.2 mmol/L) and pyruvate was 48.9 pmol/L
(normal range: 20-100 umol/L), Unfortunately we did not
perform the aerobic exercise test to evaluate the levels of
lactate and pyruvate during exercise. Sex hormone studies
showed a low level of serum estradiol (E2) (<20 pg/mL) and
raised levels of gonadotropins (LH 26.77 mIU/mL and FSH
78.27 mIU/mL). Serum anti-mullerian hormone (AMH)
concentrations were 0.01 ng/mL, and Inhibin B was 11.5

pg/mL, indicating diminished ovarian reserves and poor
ovarian response. Gonadotropic hormone stimulation tests
showed high levels with LH peak 142.31 mIU/mL and FSH
peak 141.78 mIU/mL. Bone age was ten years. The karyo-
type was normal (46, XX). Pelvic ultrasonography revealed
the uterus was smaller than other children of the same age
(1.7 x 0.5x1.0 cm), and there were no pubertal changes in
the ovary (about 1.6x0.8 cm on the left side and 1.7%0.9 cm
on the right side). Several small anechoic areas could be
seen. The larger one, which was a follicle, had a diameter of
about 0.2 cm. The electroencephalogram showed sharp
waves and spike waves released in the left frontal and central
areas during sleep.

Whole-Exome Sequencing

Genomic DNA was purified from peripheral blood using
standard procedures. A library was prepared using
a GenCap Whole-exome capture kit (MyGenostics
GenCap Enrichment Technologies). Sequencing was per-
formed on Illumina HiSeq X ten sequencer. After sequen-
cing, the raw data were saved as a FASTQ format, then
followed by the bioinformatics analysis. First, Illumina
sequencing adapters and low-quality reads (<80 bp) were
filtered by Cutadapt. After quality control, the clean reads
were mapped to the UCSC hgl9 human reference genome
using Burrows—Wheeler Aligner (BWA). The average
sequencing depth was more than 100%, and the targeted
region was more than 20x for >90% and 10% for >95%.
Duplicated reads were removed using Picard tools, and
mapping reads were used for variation detection. Second,
the variants of SNP and InDel were detected by Genome
Analysis Toolkit (GATK) Haplotype Caller, then GATK
Variant Filtration was used to filter variants. After these
steps, the data were transformed to a VCF format. Variants
were further annotated by ANNOVAR and associated with
multiple databases, such as gnomAD, 1000 genomes,
dbSNP, and predicted by SIFT, PolyPhen-2,
MutationTaster, GERP++, phyloP, and phastCons. The
American College of Medical Genetics and Genomics
(ACMG) guidelines were employed for sequence variation
interpretation.

Literature Searching

The literature was searched up to April 2021 from PubMed,
Human Gene Mutation Database (HGMD), and some Chinese
databases, such as CNKI, Wanfang, and China Science and
Technology Journal Database with “Perrault syndrome”,
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“TWNK?”, and the corresponding terms in Chinese. Clinical
features and gene mutations were summarized.

Results

Genetic Analysis

By whole-exome sequencing (WES) and Sanger sequencing,
we identified two heterozygous variants on the TWNK gene,
corresponding to ¢.1172G>A (p.R391H) (NM 021830
GRch37/hgl9; exon 1) on chr10:102749139, inherited from
her father, and c.1752C>A (p.D584E) (NM 021830
GRch37/hgl9; exon 5) on chr10:102752964, inherited from
her mother (Figure 1). c.1172G>A (p.R391H) was a known
missense variant,” while ¢.1752C>A (p.D584E) was a novel
missense variant (Figure 2). According to the gnomAD
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database, the allele frequency of the c.1172G>A (p.R391H)
was 0.000064. It was considered as likely pathogenic accord-
ing to the ACMG guidelines (PM1, PM2, PM3, PP3). The
variant ¢.1752C>A (p.D584E) was absent in gnomAD, it
was considered as uncertain according to the ACMG guide-
lines (PM2, PP3), which was predicted to be damaging by
SIFT, probably damaging by PolyPhen-2, and disease-
causing by MutationTaster. Conservation analysis indicated
that c.1752C>A (p.D584E) was highly conserved across
mammals (the larger the score, the more conserved the site)
with a GERP++ score of 5.7 (scores ranged from —12.3 to
6.17), a phyloP conservation score of 0.935 (scores ranged
from —13.282 to 1.199), and a phastCons conservation score
0f 0.997 (scores ranged from 0 to 1). The variant ¢.1752C>A

¢.1752C>A, p.D584E

)

Figure | Pedigree and sequence analysis of the Chinese family. (A) Pedigree of the Chinese family. The filled circle indicates affected individual, and the open circle and box
indicate non-affected individuals. The proband is indicated by an arrow. (B) Sanger sequencing confirmation of the Chinese family. The proband (lI-1) carried compound
heterozygous mutations: c.| |72G>A inherited from his father (I-1) and c.I752C>A from his mother (I-2). Square: Male; Circle: Female.
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Figure 2 Scheme of Twinkle structure (NP_068602) and distribution of pathogenic variants associated with Perrault syndrome. The N-terminal contains the mitochondrial
targeting sequence (MTS); then, there is an N-terminal primase domain, a C-terminal helicase domain, and a linker region connecting the two domains. The novel missense

variant identified in the proband in this study is in red.
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(p.D584E), located in the helicase domain of the Twinkle
protein, was expected to impair helicase activity and result in
the stalling of mtDNA replication.

Clinical Features and TWNK Gene

Variants
Ten literature reports about PRLTSS were retrieved, and
20 affected patients, including our patient (female: male =
18:2), from 12 different families have been reported so far.
The clinical features of patients with 7TWNK mutations
of PRLTSS5 were summarized in Table 1 (for more detailed
information, see Table S1). The diagnosed age was 658
years. Karyotypes were 46XX in all tested female patients.
All 20 patients (100%) had sensorineural hearing impair-
ment (SNHL). The onset age was less than three years to

ten years, except for one Japanese patient with hearing loss
at age 48.'7 Ovarian dysfunction developed in 85% of
patients (17/20), 70% of patients (14/20) had primary
amenorrhea, while 10% of patients (2/20) suffered from
primary ovarian insufficiency (POI). These patients ceased
menses at age 20 and 32, respectively. One male patient
aged 29 had dysfunction of the gonadal axis.* After ovar-
ian dysfunction, thyroid dysfunction was the next most
common endocrine abnormality (4/20). All 20 patients
(100%) with TWNK mutations showed a significant degree
of neurological involvement. There was peripheral neuro-
pathy in 90% of patients (18/20). These patients had
sensory or sensory-motor neuropathy with axonal or
demyelinating or mixed lesions (predominantly axonal).
Ataxia was found in 100% of patients (20/20). Abnormal

Table I Common Clinical Features of Patients with TWNK Mutations in PRLTS5

Organ System Clinical Features Our Case Summary
Gender F F/M=18:2
Diagnosed age Il years 6-58 years
Karyotype 46, XX* 10/20 (50%)*
Ears SNLH Yes 20/20 (100%)
Endocrine Ovarian dysfunction Yes 17/20 (85%)
Lack of secondary sexual characteristics NA 3/20 (15%)
Hypergonadotropinemia Yes 7/20 (35%)
Primary amenorrhea Yes 14/20 (70%)
POI No 2/20 (10%)
Gonadal dysgenesis Small ovaries and uterus 6/20 (30%)
Thyroid dysfunction No 4/20 (20%)
Peripheral Nervous System Peripheral neuropathy Yes 18/20 (90%)
Electrophysiology abnormalities NA 14/20 (70%)
Deep tendon reflex of UL Absent 12/20 (60%)

Deep tendon reflex of LL Absent 15/20 (75%)
Central Nervous System Brain/cervical spine MRI abnormalities NA 13/20 (65%)
Ataxia Yes 20/20 (100%)
Romberg’s sign Positive 11/20 (55%)
Musculoskeletal Muscle weakness No 4/20 (20%)
Muscle atrophy No 6/20 (30%)
Motor dysfunction No 7120 (35%)
Pes cavus NA 10/20 (50%)
High-arched palate Yes 5/20 (25%)
Eyes Nystagmus Yes 14/20 (70%)
Ophthalmoplegia NA 6/20 (30%)
Development Intellectual disability No 3/20 (15%)
Dysarthria No 9/20 (45%)

Notes: *10 out of 20 patients were tested for karyotype, these 10 patients were all females and the karyotypes were all 46XX. The other 10 patients including 2 males had

no karyotype data. More detailed information see Table SI.

Abbreviations: F, female; M, male; NA, not available; SNHL, sensory neural hearing loss; POI, primary ovarian insufficiency; UL, upper limbs; LL, lower limbs.
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neuroimaging, like mild to severe cerebellar atrophy and
signal changes in the cerebellar white matter, were found
in 65% of patients (13/20). Nystagmus was found in 70%
of patients (14/20), and 30% of patients (6/20) had
ophthalmoplegia. In the musculoskeletal system, muscle
weakness, muscle atrophy, motor dysfunction, and differ-
ent skeletal deformities (pes cavus, high-arched palate,
scoliosis, clawed toes, clubbed-finger, hammertoes, cubi-
tus valgus, etc.) were observed. Mental retardation was not
common or just slightly below average (3/20).>'* One
patient had tonic-clonic seizures at seven years.” One
patient had increased deep tendon reflexes and bilateral
pyramidal signs on both upper and lower limbs, which
may have been due to the damage of upper motor neurons.
This patient also had moderate depression, anxiety, quer-
ulous behavior, and paranoid personality traits,'* which
was rarely seen in previous reports.

The TWNK wvariants in PRLTSS5 are listed in
Table 2. Two families (four patients) had homozygous
mutations with variants ¢.793C>T and ¢.1358G>A. The
other ten families (16 patients) had compound hetero-
zygous mutations. A total of 40 biallelic mutations
were identified with 16 different pathogenic variants
(Figure 2). The most common pathogenic variant was
c.1172G>A (5/40). The patients with ¢.1172G>A muta-
tions were all from Asian countries (Japan and China),
The second most common pathogenic variant was
c.1196A>G (4/40), with all patients from Europe
(Poland, Hungary, and Norway, respectively). This
indicates that c.1172G>A and c¢.1196A>G may be the
hot spots of PRLTSS in Asian and European patients,
respectively.

Table 2 Reported TWNK Mutations in PRLTS5

Discussion

Perrault syndrome is a very rare disease (<1/1,000,000),
first described by Perrault in 1951.'° Morino first
described compound heterozygous mutations in the
TWNK gene (also known as Cl0orf2) in two families
with Perrault syndrome in 2014.%

Although male patients have been reported in some lit-
erature, Perrault syndrome is more common in female
patients. Women are more likely to have delayed sexual
development. The onset age of SNHL is pre-lingual or post-
lingual and appears in early childhood. Cochlear implants
can be used to improve hearing. Ovarian dysfunction is one
of the main characteristics of Perrault syndrome in female
patients, and it is difficult to diagnose the disease before
puberty. After puberty, the affected women may show
a lack of secondary sexual characteristics, gonadal dysplasia,
primary amenorrhea, POI, high gonadotropin, and low estro-
gen. Most women lack fertility. Women with POI have
menarche, but their menstruation is terminated early. These
patients retain fertility before menstruation stops. Patients
with primary amenorrhea in adolescence can use hormone
replacement therapy to induce puberty. Oocyte cryopreserva-
tion should be considered in patients at risk of POI. Patients
with gonadal dysgenesis can only choose assisted reproduc-
tion through in vitro fertilization using donor eggs. Other
endocrine abnormalities include Hashimoto’s thyroiditis or
autoimmune hypothyroidism. All patients have abnormal-
ities in the nervous system. Peripheral neuropathy is most
common with sensory or sensorimotor abnormalities. Axonal
abnormalities are more common than demyelination, sug-
gesting a role of this gene in peripheral neurological path-
ways, especially damage to axons. Tendon reflexes are

Family Orgin Nucleotide Changes Amino Acid Changes Reference
| Japanese c[I1172G>A; 1754A>G] p.[Arg391His; Asn585Ser] [2]

Il American with European ancestry c[1321T>G; 1519G>A] p.[Trp441Gly; Val507lle] [2]

11l Morocco c.793C>T HMZ p-Arg265Cys [3]

v Norwegian c.[968G>A; | 196A>G] p.[Arg323GlIn; Asn399Ser] [5]

\ Polish c[I196A>G; 1802G>A] p.[Asn399Ser; Arg601GIn] [26]

Vi Spanish c.[85C>T; 1886C>T] p.[Arg29%; Ser629Phe] [4]

Vil Chinese c.[794G>A; 1181G>A] p.[Arg265His; Arg394His] [27]

Vil Hungarian c.[I196A>G;1358G>A] p-[Asn399Ser;Arg453GIn] [14]

IX Italian c.[743T>C; 1519G>A] p.[Phe248Ser; Val507Ile] [28]

X Chinese c.[1172G>A; 1844G>C] p.[Arg391His; Glyé|5Ala] [13]

Xl Japanese c.1358G>A HMZ p-Arg453GIn [12]

Xl Chinese c[1172G>A; 1752C>A] p.[Arg391His;Asp584Glu] Our case
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usually weakened or absent. Some patients have complica-
tions with central nervous system structural abnormalities,
manifested as mild to severe cerebellar atrophy, cerebellar
white matter signal changes, cervical spinal cord atrophy,
medulla oblongata atrophy, and ventricular enlargement.
We believe that the main criteria for clinical diagnosis of
PRLTSS include 1. TWNK gene mutation; 2. male or female
SNHL,; 3. female ovarian dysfunction with normal karyo-
type; 4. peripheral neuropathy; 5. ataxia. Other auxiliary
diagnostic features include 1. nystagmus/ophthalmoplegia;
2. cerebellar atrophy; 3. high foot arch/high palatal arch; 4.
dysarthria; 5. muscular atrophy/muscle weakness; 6. thyroi-
ditis; 7. normal or mild mental impairment. We should note
that different clinical manifestations have different onset
times. SNHL often appears in early childhood, ovarian dys-
function is often discovered in adolescence or after puberty,
and neurological signs can appear in early childhood to
adulthood.

TWNK encodes the Twinkle (NP_068602) protein,
which comprises 684 amino acids and forms hexamer
complexes. Twinkle is the mitochondrial DNA replicative
helicase and localizes to mitochondrial nucleosomes.
Twinkle contains three functional domains (Figure 2):
a 3-prime helicase region required for mtDNA replication,
a linker region involved in hexamer formation, and
a 5-primase domain.'® Twinkle may serve a dual role in
mitochondria as both the replicative DNA helicase and
17-19 The
Twinkle helicase is the main helicase in mitochondria

a key regulator of mtDNA maintenance.

and is the sole replication helicase required for mtDNA
maintenance. Most pathogenic variants (11/16, 68.8%) of
the TWNK gene associated with Perrault syndrome are
located in the helicase domain of Twinkle. These mutant
variants show impaired helicase activity, which is thought
to stall mtDNA replication and result in the slow accumu-
lation of large mtDNA deletions. Mutations in the
N-terminal domain demonstrated a dramatic decrease in
ATPase activity and impaired ssDNA binding.?’ Mutations
in the linker region were shown to disrupt oligomerization
and abolish DNA helicase activity.?"**

TWNK mutations result in three different phenotypes:
dominant progressive external ophthalmoplegia type 3
(PEOA3; MIM 609286), recessive Perrault syndrome type
5 (PRLTSS; MIM 606075), and mitochondrial DNA deple-
tion syndrome 7 (MTDPS7, MIM 271245). There is
a substantial phenotypic overlap across the conditions result-
ing from TWNK mutations, particularly in regard to the
neurological features. Hearing loss, ataxia, myopathy,

neuropathy, and ophthalmoplegia have been reported in
patients with each of these diseases. PEOA3 is characterized
by ptosis and external ophthalmoplegia, exercise intolerance,
peripheral neuropathy, deafness, and ataxia.”> MTDPS7
begins very early in life, in children under three years. The
course of the disease is severe and includes infantile-onset
spinocerebellar ataxia (IOSCA) and hepatocerebral syn-
drome. IOSCA is characterized by infantile-onset ataxia,
athetosis, reduced tendon reflexes, ophthalmoplegia, sensor-
ineural hearing loss, and sensory neuropathy.**
Hepatocerebral syndrome is characterized by neonatal or
early infantile-onset hepatopathy, associated with renal tubu-
lopathy and progressive neurodegenerative manifestations.>

In conclusion, we report a patient with early onset of
sensorineural deafness, ovarian dysfunction with gonadal dys-
genesis and hypergonadotropinemia, nystagmus, peripheral
neuropathy, and ataxia. Unfortunately, we had not assessed
the imaging and neuroelectrophysiology of the nervous sys-
tem. By WES and Sanger sequencing, we identified one novel
and one previously described missense mutation in TWNK,
expanding the mutation spectrum of TWNK pathogenicity in
PRLTSS. We find the hot spots ¢.1172G>A and c.1196A>G
of PRLTSS in Asian and European patients, respectively. The
diagnosis of Perrault syndrome is further complicated by the
variable expressivity of its clinical features, which are related
to the age and sex of the patient and the diversity of genes
involved. This study summarizes and reinforces that the neu-
rological features of patients of PRLTSS5—peripheral neuro-
pathy and ataxia— are the two most common neurological
disorders. When combined with SNHL in both sexes and
ovarian dysfunction in females, 7WNK gene testing should
be considered. Because of a large number of overlapping
phenotypes and differences in onset age and severity, we
may refer to TWNK-related spectrum disease to cover
PEOA3, PRLTSS, and MTDPS7. With more patients diag-
nosed in the future, we can get more information to study the

correlation between genotype and phenotype.

Ethics Approval and Consent to

Participate

This study was conducted with approval from the Ethics
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legal guardians of the patient.
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