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Abstract 
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Perrault syndrome is a rare autosomal recessive condition characterised by bilateral 

sensorineural hearing loss with variable age of onset in both sexes and ovarian dysfunction in 

females who have a 46,XX karyotype. Neurological features including ataxia, neuropathy, 

intellectual disability and leukoencephalopathy have also been recorded in 40% of affected 

individuals. Perrault syndrome is a genetically heterogeneous condition as it is caused by biallelic 

hypomorphic variants in eight confirmed genes: HSD17B4, HARS2, LARS2, CLPP, TWNK, 

ERAL1, GGPS1 and RMND1. Work in our laboratory has revealed potential association with five 

additional genes: GPN2, DAP3, NOP14, MRPL49 and PRORP. Most genes discovered in 

association with Perrault syndrome have functions linked to the mitochondrial translation 

pathway. In my thesis I present data on the genetic and functional characterisation of nine families 

affected by Perrault syndrome with biallielic variants in GPN2 (three families), DAP3 (two families) 

and PRORP (four families). Evidence of the implication of GPN2 in Perrault syndrome and of its 

involvement in mitochondria is revealed here for the first time. The novel implication of DAP3 in 

Perrault syndrome and the relevance of GTPase activity of DAP3 in relation to the development 

of Perrault syndrome is discussed. The functional effect of variants in PRORP identified in patients 

with Perrault syndrome on mitochondrial tRNA processing is presented. The characterisation of 

the genetic basis of Perrault syndrome is expanded with evidence supporting the characterisation 

of three novel genes and providing an insight into the pathogenic mechanisms in mitochondria 

leading to hearing loss and infertility. 
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1 Introduction 

1.1 Perrault syndrome overview 

The first cases of Perrault syndrome were described by M. Perrault in 1951 when he reported two 

sisters with clinical features overlapping with Turner syndrome in addition to hearing loss (Perrault 

et al., 1951). Turner syndrome is a female-only genetic disorder that affects about 1 in every 2,000 

baby girls (Iyer et al., 2012) and is caused by the partial or complete loss of one X chromosome. 

Almost all girls with Turner syndrome are shorter than average and have underdeveloped ovaries, 

resulting in a lack of monthly periods and infertility (Gravholt et al., 2019). Although some features 

of Turner syndrome overlap with Perrault syndrome, such diagnosis did not explain the hearing 

loss, and, more importantly, a diagnosis of Turner syndrome was not supported by the karyotype 

of the affected individuals. In fact, in 1963, Josso et al. (1963) reported that these sisters had a 

46,XX karyotype, which is not consistent with Turner syndrome, as Turner syndrome is 

characterised by a 45,X karyotype. However, it was not until 1979 that Pallister and Opitz (1979), 

after reviewing four families with hearing loss in both males and females and ovarian dysgenesis 

in 46,XX karyotype females, gave this condition the name Perrault syndrome (MIM: 233400) 

(Online Mendelian Inheritance in Man - OMIM®). 

Perrault syndrome is a rare autosomal recessive disorder (Demain et al., 2017; Newman et al., 

2018) characterised by sensorineural hearing loss (SNHL) in males and females and ovarian 

dysfunction in females with 46,XX karyotype. SNHL is bilateral and ranges from profound with 

pre-lingual (congenital) onset to moderate with early-childhood onset. When onset is in early 

childhood, hearing loss can be progressive. Ovarian dysfunction ranges from gonadal dysgenesis 

(absent or streak gonads) manifesting as primary amenorrhea to primary ovarian insufficiency 

(POI) defined as cessation of menses before age 40 years (Newman et al., 2018). Additional 

features of Perrault syndrome, not present in all cases, include neurological presentations, 

affecting approximately 40% of cases of Perrault syndrome, such as intellectual disability, 

progressive sensory disorders or motor neuropathies (Demain et al., 2018; Faridi et al., 2022; 

Fiumara et al., 2004; Gottschalk et al., 1996). Each affected individual can present specific 

features that are different from another individual even if they are both diagnosed with the same 

condition. This difference in clinical features suggests a pleiotropic effect of the genetic alterations 

causing Perrault syndrome (Fiumara et al., 2004; Newman et al., 2018). 
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Any disease affecting less than 1 in 2000 people in Europe is considered a rare disease. In 

Europe, diseases considered rare may affect a number of individuals ranging from only few to as 

many as 245,000 (European Commission Public Health, 2020). Therefore, Perrault syndrome is 

a very rare condition, considering that its prevalence is of fewer than 100 families since it was first 

described (Geethalakshmi and Narendrakumar, 2015). Biallelic hypomorphic variants have been 

identified in association with Perrault syndrome in eight confirmed genes, defining the condition 

as genetically heterogeneous.  

In many Perrault syndrome families, the genetic aetiology of the syndrome is unknown. The 

condition is suspected to be caused by more genes than the ones already identified, considering 

that some affected individuals do not present any rare, biallelic and deleterious variants in the 

known Perrault syndrome genes. 

Furthermore, it is estimated that Perrault syndrome has been underdiagnosed, as 

otolaryngologists would rarely refer their female patients to a gynaecologist to investigate their 

ovarian function and vice versa. It is also difficult to diagnose females before puberty unless 

genetic testing is performed. In the last few years, there have been cases of Perrault syndrome 

diagnosed from genetic data rather than clinical features. This type of diagnosis has become 

increasingly more common as massively parallel sequencing is routinely applied as a diagnostic 

tool (Ahmed et al., 2015; Demain et al., 2017). 

 

1.2 The clinical aspects of Perrault syndrome 

The clinical presentations required for a diagnosis of Perrault syndrome are SNHL in males and 

females and POI in females with 46,XX karyotype. Other features identified in some individuals 

with Perrault syndrome range from mild learning difficulty to severe ataxia (Fiumara et al., 2004; 

Gottschalk et al., 1996; Morino et al., 2014). A minority of cases have also been found with more 

severe mitochondrial phenotypes, presenting with additional features including lactic acidosis 

(Riley et al., 2020; Riley et al., 2016), muscular dystrophy (Tucker et al., 2020) and retinal atrophy 

(McMillan et al., 2012). 

1.2.1 Sensorineural hearing loss 

Hearing loss is the sensory deficit with the highest prevalence in humans with 1 in 1000 children 

in the UK born with permanent hearing loss, rising to 2 in 1000 with permanent hearing impairment 
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during school years (Fortnum et al., 2001). SNHL is caused by the malfunction of inner ear 

structures, such as the cochlea, whereas conductive hearing loss results from abnormalities of 

the external ear or the ossicles of the middle ear (Kochhar et al., 2007). 

The factors contributing to the development of SNHL can be genetic or environmental or a 

combination of both factors. It is estimated that in developed countries as many as 50% of cases 

of SNHL have a genetic aetiology. The cases of hearing loss caused by genetic factors can be 

syndromic, i.e. they present multiple phenotypes including hearing loss, or non-syndromic, i.e. 

they only present loss of hearing (Kochhar et al., 2007). The genetic causes of hearing loss are 

highly heterogeneous and include all modes of inheritance and in some cases syndromic and 

non-syndromic hearing loss may result from different variants in the same gene (Shearer et al., 

2017). 

The receptor organ for hearing is the organ of Corti and is located in the cochlea, between the 

scala tympani and the scala media Figure 1.1. 

 

Figure 1.1 Organ of Corti 
Diagram of a cross-section of the cochlea. Figure reproduced from White et al. (2022). 

 

Incoming sounds induce fluid-based travelling waves that originate in the cochlear base and 

propagate across the perilymph towards the apex within the scala vestibuli. These travelling 

waves induce vibrations in the scala media at frequency-dependent positions along the spiral: the 
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basal region of the cochlea is tuned to high frequencies, whereas the apical region is tuned to low 

frequencies. The central scala media is a triangular structure with three unique walls, the 

Reissner’s membrane, the stria vascularis, and the sensory epithelium of the organ of Corti, 

flanked by two non-sensory regions termed the inner and outer sulci. The organ of Corti comprises 

two types of mechanosensory hair cells (inner and outer hair cells - IHCs and OHCs) and several 

types of associated non-sensory supporting cells. At the apical end of each hair cell, there are 

stereocilia protruding into the cochlear duct. At the basal ends, IHCs and OHCs synapse with 

both sensory neurons and motor neurons. The OHCs amplify and modulate the initial signal, 

which enhances the cochlear sensitivity and frequency selectivity while the IHCs transmit to the 

auditory neurons (Driver and Kelley, 2020; Lee et al., 2016; Tortora and Derrickson, 2011). 

Audiological assessments for hearing loss traditionally consist of a face-to-face consultation with 

a trained professional. Pure-tone air and bone conduction audiometry are the gold standards to 

determine the degree, configuration, and type of hearing loss in older children and adults. Pure-

tone audiometry involves the determination of the lowest intensity (or loudness) at which an 

individual can hear a sound across a range of audible frequencies (or pitches) with the individual 

being tested confirming, usually by pressing a button, when they hear a sound. There are two 

types of pure-tone audiometry, air conduction audiometry and bone conduction audiometry. In air 

conduction audiometry, sounds are delivered through earphones. The minimum level of hearing 

(or threshold) as determined by air conduction audiometry is known as the air threshold. In bone 

conduction audiometry, sound is produced through a vibrator placed on the mastoid bone or 

forehead, thus bypassing the external and middle ears. The minimum level of hearing recorded 

from bone conduction testing is known as the bone threshold (Shearer et al., 2017). 

The results of the pure-tone audiometry test are plotted on a specialised graph known as the 

audiogram (Hearing Link, 2021). An example of an audiogram representing a normal hearing 

profile was generated using arbitrary values for normal hearing levels (0-20 dB) (Figure 1.2). 
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Figure 1.2 Normal hearing audiogram 
The audiogram on the left-hand side represents the air conduction hearing levels (dB) in the left 
ear at selected audible frequencies (Hz) (crosses). The audiogram on the right-hand side 
represents the air conduction hearing levels in the right ear (circles). 

Hearing loss is categorised in four levels of severity: mild (21-40 dB), moderate (41-70 dB), severe 

(71- 95 dB) and profound (greater than 96 dB) (RNID, 2021). The combination of air conduction 

audiometry and bone conduction tests allows distinguishing conductive hearing loss, involving 

the malfunctioning of the middle ear, and SNHL, or inner ear hearing loss (Hearing Link, 2021). 

Further physiological tests may be performed to determine the aetiology of hearing loss in the 

affected individual. 

Hearing loss is detected in infants via auditory brainstem response (ABR) testing as pure tone 

audiometry is not suitable. ABR testing gauges the function of the cochlea and auditory nerves 

by recording electrophysiological responses from the auditory brainstem and nerves in response 

to click stimuli using surface electrodes. Another test used to detect hearing loss in infants is 

immittance testing, also known as tympanometry. Immittance testing evaluates the function of the 

middle ear, i.e. middle ear pressure, tympanic membrane flexibility and ossicle mobility, by 

applying pressure to the tympanic membrane (Shearer et al., 2017). SNHL in Perrault syndrome 

is normally bilateral, present in affected males and females. The hearing loss is heterogeneous 

in both onset age and severity (Newman et al., 2018) and can be progressive (Pallister and Opitz, 

1979). Severity ranges from mild to profound with onset from congenital, or pre-lingual, to post-

lingual (Newman et al., 2018). The average age of hearing loss diagnosis in people affected by 

Perrault syndrome is eight years of age (Marlin et al., 2008). The oldest reported age of the onset 

of hearing loss was 31 years of age (Pallister and Opitz, 1979). Hearing loss is also 

heterogeneous with regards to its audiometry. For instance, Pallister and Opitz (1979) noted that 
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affected members of a large family had hearing loss which was severe at higher frequencies with 

some milder hearing loss at the mid-level frequencies. In contrast, Cruz et al. (1992) described 

two sisters with flat type curve audiograms where hearing loss was similar across all frequencies. 

Some individuals with Perrault syndrome presented with a distinctive upwards sloping audiogram 

with hearing impairment more severe at lower frequencies (Pierce et al., 2013). This low-

frequency hearing loss appears to be associated with a variant in a single Perrault syndrome 

gene, LARS2 (Demain et al., 2017; Pierce et al., 2013). The audiograms of individuals with low-

frequency hearing loss typically show upward sloping curves. These uniquely shaped audiograms 

may be useful as an early indicator of possible Perrault syndrome in absence of other relevant 

clinical features (Newman et al., 2018). However, low-frequency hearing loss has only been 

identified in individuals with variants in LARS2. 

The pathophysiology of hearing loss in Perrault syndrome is not fully understood. However, some 

studies have elucidated some aspects of possible pathology. A study was conducted by Nishio 

et al. (2017) to determine the gene expression levels in several parts of the murine cochlea, 

including the organ of Corti, using laser-capture microdissection in combination with next-

generation sequencing (NGS). Four genes associated with Perrault syndrome (HSD17B4, 

HARS2, LARS2 and CLPP) were predominantly expressed in the neurons of the spiral ganglion 

of the organ of Corti, which conducts auditory input signals from the hair cells to the central 

auditory system in the brain. In another study, Ołdak et al. (2017) reported two sisters with Perrault 

syndrome caused by compound heterozygous variants in TWNK. Neuroimaging showed partial 

atrophy of the vestibulocochlear nerves, which, in combination with absent ABR, made the 

authors suggest that the defect localises to the synapse between the hair cells and the auditory 

nerve. This study indicates that hearing loss in some cases of Perrault syndrome may develop 

from a defect in the auditory nerve, rather than the sensory organ. A more recent study reported 

a family with two affected brothers with progressive SNHL and compound heterozygous variants 

in HARS2. Intracellular reactive oxygen species (ROS) were measured in HEK-293 cells 

transfected with plasmids containing wild-type and mutant HARS2. The authors of this study 

suggested that the hearing loss in those individuals might be caused by a mitochondrial defect 

due to the variants in HARS2 (Yu et al., 2020). 
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1.2.2 Primary ovarian insufficiency 

POI is the second defining clinical feature of Perrault syndrome. POI, also known as premature 

ovarian failure, is simply defined as the cessation of ovary function before the expected age of 

menopause, typically 40 years (Rebar, 2009). However, the analysis of the clinical features of 

Perrault syndrome has shown that POI is a highly heterogeneous condition. In some families, 

women with Perrault Syndrome are born with dysplastic, streak, or absent ovaries, whereas other 

affected individuals have had children but experienced early menopause. In women with Perrault 

syndrome, POI is manifested in combination with hypergonadotropic hypogonadism (Newman et 

al., 2018). Hypergonadotropic hypogonadism is characterised by high levels of gonadotropic 

hormones, i.e. follicle stimulating hormone (FSH) and luteinising hormone (LH), secreted by the 

pituitary gland, and low levels of oestrogen, typically produced by the ovaries. Elevated levels of 

FSH and LH in hypergonadotropic hypogonadism are caused by the lack of ovarian negative 

feedback. This hormonal imbalance is generated from a defect of the ovaries, which are either 

too small or absent, or non-responsive to gonadotropins, thus failing to produce appropriate levels 

of oestrogen (Aittomäki et al., 1995). Gonadotropins and oestrogen are measured in international 

units (IU) by immunoassays against a standard reference (Rebar, 2009). According to Rebar 

(2009), test results where levels of FSH are above 30 mIU/mL and levels of oestrogen are below 

50 pg/mL in a woman with amenorrhea can be indicative of POI. In contrast, Aiman and Smentek 

(1985) suggest that levels of FSH and LH should be above 50 mIU/mL for a diagnosis of POI. 

The ovarian dysfunction in Perrault syndrome is characterised by a very broad phenotypic range. 

In fact, in some families, women with Perrault syndrome are born without ovaries whereas many 

present with primary amenorrhea or secondary amenorrhea in their teens or early twenties. There 

has been one recorded case of an affected individual whose ovaries were functional enough to 

allow them to have two children before manifesting secondary amenorrhoea (Jenkinson et al., 

2013). To date, it is not possible to establish genotype-phenotype correlations between types and 

severity of ovarian dysfunction and any of the known Perrault syndrome genes to date (Zerkaoui 

et al., 2017).  

The diagnosis of Perrault syndrome is established by clinical findings, family history, and the 

exclusion of possible diagnoses with similar clinical features to Perrault syndrome. Perrault 

syndrome is characterised by POI accompanied by a 46,XX karyotype, which is a critical element, 

from a clinical perspective, to distinguish Perrault syndrome from Turner syndrome (Newman et 
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al., 2018). Women affected with Turner syndrome manifest gonadal insufficiency in combination 

with hypergonadotropic hypogonadism and more than 60% of them have high-frequency SNHL. 

Women with Turner syndrome also have karyotype 45,X or 45,X/46,XX mosaicism (Gravholt et 

al., 2019; Morimoto et al., 2006). 

The pathophysiology of POI in Perrault syndrome is not known. During ovarian development, 

which begins in the foetus, initiation of the resting primordial follicle occurs. At initiation, about 

100-2,000 primordial germ cells occupy the genital ridges where the ovaries will form. As 

gestation progresses, the primordial germ cells proliferate, resulting in up to 7 million potential 

oocytes at mid-gestation. After week 20, oocyte number will have declined by 85% before birth 

and the decline in the number of follicles continues throughout reproductive life until menopause 

(Donnez and Dolmans, 2013). It is thought that in Perrault syndrome a more conspicuous oocyte 

loss takes place. This oocyte loss might be because, based on the idea that individuals with 

Perrault syndrome have mitochondrial dysfunction, the ovarian follicles select against oocytes 

with poorly functioning mitochondria during atresia (Pierce et al., 2011). Follicular atresia is the 

process by which ovarian follicles fail to develop to ovulate and release eggs (McGee and Horne, 

2018). Because one individual with Perrault syndrome had children and others have had 

secondary amenorrhoea, it was suggested that the pathophysiology of Perrault syndrome can 

allow ovaries to be functional before the onset of POI. If the mechanism whereby ovarian follicles 

undergo excessive apoptosis, selecting against cells with dysfunctional mitochondria, were to be 

confirmed to be true, it would explain why male individuals with Perrault syndrome have very 

rarely been reported to have gonadal dysfunction as opposed to females (Jenkinson et al., 2013; 

Pierce et al., 2011). 

1.2.3 Additional features of Perrault syndrome 

Additional features of Perrault Syndrome, not present in all cases, include neurological 

presentations such as learning difficulties and developmental delay, cerebellar ataxia, epilepsy, 

nystagmus, and motor and sensory peripheral neuropathy. However, these symptoms are not 

present in every individual with Perrault syndrome. Each affected individual would typically 

manifest their unique combination of additional clinical features associated with Perrault 

syndrome with different levels of severity. Perrault syndrome is clinically heterogeneous to the 

extent that the clinical presentation of Perrault syndrome in affected individuals is not identical, 
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both between and within families (Fiumara et al., 2004; Gottschalk et al., 1996; Newman et al., 

2018). 

1.2.4 More severe phenotypes of Perrault syndrome 

Some isolated individuals with Perrault syndrome have been reported to have additional, more 

deleterious features, which, in combination with the classic features of Perrault syndrome (SNHL 

and POI), constitute a more severe phenotype in correlation with this condition (Table 1.1). 

Table 1.1 Details of individuals with more severe phenotypes consistent with Perrault 
syndrome 

Family No. of 
affected 
individuals 

Disease variants Phenotype Reference 

L1 1 LARS2 NP_056155.1: 
p.(Ala430Val);  
LARS2 NP_056155.1: 
p.(Thr522Asn). 

Born prematurely with severe 
lactic acidosis, hydrops, 
sideroblastic anaemia and 
multisystem failure. Died at 5 
days of age. 

Riley et al. 
(2016) 

L2 1 LARS2 NP_056155.1: 
p.(Arg228His);  
LARS2 NP_056155.1: 
p.(Asp438Gly). 

Lactic acidosis, sideroblastic 
anaemia, neonatal 
cholestasis, micropenis and 
severe hypospadias. 

Riley et al. 
(2020) 

L3 2 LARS2 NP_056155.1: 
p.(Ala130Thr);  
LARS2 NP_056155.1: 
p.(Thr700Ile). 

Lactic acidosis, sideroblastic 
anaemia, cerebral atrophy. 

Riley et al. 
(2020) 

C1 2 Two homozygous 
CLPP NP_006003.1: 
p.(Ala10ProfsTer117). 
 

Congenital sensorineural 
deafness, psychomotor 
retardation, ataxia, epilepsy 
and small stature. 

Theunissen 
et al. (2016) 

C2 1 One hemizygous for 
CLPP NP_006003.1: 
p.(Gly162Ser), in trans 
with a deletion. 

Early onset sensorineural 
deafness, psychomotor 
retardation, sensorimotor 
neuropathy. 

Theunissen 
et al. (2016) 

C3 2 Two hemizygous for 
CLPP NP_006003.1: 
p.(Pro142Leu) in trans 
with a deletion. 

Early onset sensorineural 
deafness, psychomotor 
retardation, stunted growth. 

Theunissen 
et al. (2016) 

D2 1 DAP3 NP_004623.1: 
p.(Thr132Ile) in trans 
with a deletion. 

Profound SNHL in high 
frequencies, primary ovarian 
failure, ketosis, lactic acidosis, 
hypoglycaemia, mild 
intellectual disability, and 
dyslexia. 

Unpublished 

P3 1 PRORP NP_055487.2: 
p.(Arg445Gln);  
PRORP NP_055487.2: 
p.(Ser400IlefsTer6). 

Cerebral cysts, dysmorphic 
features, severe gastro-
oesophageal reflux, persistent 
lymphopenia, mild global 
developmental delay and 
generalised hypertonia, lactic 
acidosis. 

Hochberg et 
al. (2021) 
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1.2.5 Summary of clinical features recorded in association with Perrault 

syndrome 

The clinical features identified in published individuals with Perrault syndrome and a confirmed 

molecular basis as per Faridi et al. (2022) are summarised in Table 1.2. 

Table 1.2 Summary of Perrault syndrome clinical features individuals in published affected 
individuals 

Gene Sex  
(female:male) 

Degree of 
sensorineural 
hearing loss 
(m-m:m-s:s-p) 

Gonadal 
dysfunction  
(present:NR) 

Neurological 
features 
(present:absent/NR) 

HSD17B4 5:2 2:4:1 3:4 6:1 (ataxia, 
sensorimotor 
neuropathy) 

HARS2 9:8 (1 NR) 4:6:8 8:10 0:18 
LARS2 13:10 6:3:7 (5 NR) 11:12 5:18 (seizures, 

cerebral atrophy, 
leukodystrophy) 

CLPP 15:10 0:4:13 (8 NR) 12:13 13:12 (epilepsy, 
learning difficulties, 
white matter loss, 
spastic diplegia) 

TWNK  5:0 1:1:1 (2 NR) 5:0 5:0 (ataxia, axonal 
neuropathy, 
hyporeflexia) 

ERAL1 3:0 NR 3:0 0:3 
GGPS1 3:0 NR 2:1 3:0 (myopathy) 

Summary of clinical features in published molecularly defined individuals with Perrault syndrome. 
All individuals reported with gonadal dysfunction were female. m-m mild to moderate; m-s 
moderate to severe and s-p severe to profound SNHL. NR - not recorded. The data reported in 
this table was collected from Faridi et al. (2022). 
 

1.3 The molecular aspects of Perrault syndrome 

Biallelic hypomorphic variants have been identified in eight confirmed genes in association with 

Perrault syndrome. All these genes, except for HSD17B4 and GGPS1, are known to be involved 

in the mitochondrial translation pathway, suggesting that the majority of cases of Perrault 

syndrome are caused by a defect of mitochondrial translation (Table 1.3). 
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Table 1.3 Details of confirmed genes in association with Perrault syndrome 

Gene 
name 

MIM 
number 

Function No. of 
published 
cases 

Main publications 

HSD17B4 233400 Catabolism of fatty acids into 
Acetyl-CoA in the peroxisomal 
beta-oxidation pathway (Jiang 
et al., 1996). 

7 Chen et al. (2017); 
Kim et al. (2013); 
Pierce et al. (2010) 

HARS2 614926 Addition of histidine to its 
cognate tRNA molecule for 
mitochondrial translation 
(Diodato et al., 2014). 

17 Lerat et al. (2016); 
Pierce et al. (2011) 

LARS2 615300 Addition of leucine to its 
cognate tRNA molecule for 
mitochondrial translation 
(Diodato et al., 2014). 

23 Kosaki et al. 
(2018); Pierce et al. 
(2013) 

CLPP 614129 Regulation of mitochondrial 
ribosome biogenesis through 
its target-substrate ERAL1 
(Szczepanowska et al., 2016). 

25 Brodie et al. (2018); 
Demain et al. 
(2017); Jenkinson 
et al. (2013) 

TWNK 616138 Replication of mitochondrial 
DNA (mtDNA) (Morino et al., 
2014). 

5 Demain et al. 
(2017); Morino et 
al. (2014) 

ERAL1 607435 GTPase is involved in 
mitochondrial ribosomal 
subunit assembly 
(Chatzispyrou et al., 2017; 
Dennerlein et al., 2010). 

3 Chatzispyrou et al. 
(2017) 

GGPS1 606982 Protein prenylation (Kuzuguchi 
et al., 1999). 

3 Foley et al. (2020); 
Tucker et al. (2020) 

RMND1 614917 Mitochondrial protein 
translation (Oziębło et al., 
2020). 

3 Demain et al. 
(2018); Oziębło et 
al. (2020) 

All the genes associated with Perrault syndrome to date are in an autosomal recessive pattern of 
inheritance. 

 

Although there is clear evidence of the association of eight genes confirmed to be implicated in 

Perrault syndrome, there are still some unresolved cases, i.e. affected individuals for whom no 

rare, damaging, homozygous or compound heterozygous, hypomorphic variants were identified 

in the confirmed genes. Unresolved cases amount to approximately 60% of all individuals with 

Perrault syndrome (Newman et al., 2018). The potential reasons for the presence of unresolved 

cases are many. Firstly, because Perrault syndrome is a genetically heterogeneous condition, it 

is rare to find more than one case with variants in the same gene and a similar phenotype. 

Secondly, non-coding variants and structural variants, which may remain undetected when whole-

exome sequencing (WES) is used as the discovery method, could also cause Perrault syndrome. 

Whole-genome sequencing (WGS) may detect such non-coding and structural variants in future 

studies. Thirdly, there is evidence of under-ascertainment of cases of Perrault syndrome, 

especially if male, as males present with non-syndromic hearing loss. In addition, under-
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ascertainment is likely to occur in conditions like Perrault syndrome, which can be manifested in 

a wide range of phenotypes that are not always recognised. Fourthly, there may be cases with a 

blended phenotype, i.e. individuals with independent causes of POI and hearing loss. 

1.3.1 HSD17B4 

The gene HSD17B4 encodes the peroxisomal multifunctional enzyme type 2, also named 17β-

hydroxysteroid dehydrogenase type 4, or D-bifunctional protein (DBP). The symptoms of DBP 

deficiency include hypotonia and seizures in the first month of life. Other clinical features include 

nystagmus, strabismus, optic nerve atrophy, cataracts, and/or progressive vision loss, 

progressive hearing loss, failure to achieve developmental milestones, distinct facial features, 

hepatomegaly, and brain abnormalities, i.e. polymicrogyria, and demyelination. DBP is involved 

in the peroxisomal beta-oxidation pathway leading to the catabolism of fatty acids into Acetyl-CoA 

(Jiang et al., 1996). The encoded enzyme has both dehydrogenase and hydratase activities. 

Biallelic hypomorphic variants of human HSD17B4 have been reported to cause DBP deficiency, 

which consists of the loss of either dehydrogenase or hydratase function of DBP, depending on 

the variant causing the condition (Ferdinandusse et al., 2006). DBP deficiency can be manifested 

in a broad spectrum of severity. However, four types of DBP deficiency have been described to 

facilitate its diagnosis. Interestingly, patients diagnosed with DBP deficiency type IV present 

symptoms overlapping with Perrault Syndrome, as the condition is characterised by normal early 

childhood followed by SNHL, progressive cerebellar and sensory ataxia and subclinical retinitis 

pigmentosa (McMillan et al., 2012) and was formally associated with Perrault syndrome by Pierce 

et al. (2010). 

1.3.2 HARS2 

Aminoacyl-transfer RNA (tRNA) synthetases (aaRS) are a class of enzymes involved in 

cytoplasmic and mitochondrial protein synthesis. They catalyse the addition of the appropriate 

amino acid to the corresponding tRNA molecule, making them important elements of the 

translation machinery (Konovalova and Tyynismaa, 2013). HARS2 encodes the mitochondrial 

histidyl-tRNA synthetase, which belongs to the class II family of aaRS. Class II aaRS are 

specialised aaRS that are responsible for adding the appropriate amino acid to the cognate tRNA 

for mitochondrial translation. HARS2 functions in the addition of histidine to the mitochondrial 

histidyl-tRNA and plays an accessory role in the regulation of protein biosynthesis (Diodato et al., 
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2014). Biallelic variants in HARS2 have been associated with Perrault syndrome (Pierce et al., 

2011). 

1.3.3 LARS2 

LARS2 encodes the mitochondrial leucyl-tRNA synthetase and it is involved in adding leucine to 

the appropriate tRNA molecule for mitochondrial translation (Diodato et al., 2014). Biallelic 

variants in LARS2 have been associated with Perrault syndrome (Pierce et al., 2013) and, in one 

case, with a multisystem disorder displaying features including hydrops, lactic acidosis and 

sideroblastic anaemia (Riley et al., 2016). 

1.3.4 CLPP 

Mitochondrial ATP-dependent Clp protease proteolytic subunit (CLPP) encodes the protease 

component of the Clp complex (ClpP), which interacts with ClpX, forming a dimer responsible for 

degrading ClpX-specific misfolded protein substrates. The ability of mitochondria to degrade 

misfolded and, thus, non-functional proteins is important to maintain mitochondria function (Kang 

et al., 2002). However, another function of CLPP, which is consistent with the known aetiology of 

Perrault syndrome, is the biogenesis of the mitochondrial ribosome. CLPP is implicated in the 

maturation of the mitochondrial ribosome, likely by the removal of ERAL1, a putative 12S 

ribosomal RNA (rRNA) chaperone. In absence of CLPP, ERAL1 interacts with the mitoribosomal 

small subunit (28S), thus inhibiting its assembly with the large subunit (Szczepanowska et al., 

2016). Different biallelic variants in CLPP were reported in three consanguineous Pakistani 

families with Perrault syndrome by Jenkinson et al. (2013). 

1.3.5 TWNK 

The gene TWNK, also named C10orf2 (chromosome 10 open reading frame 2), encodes the 

mitochondrial protein Twinkle, a primase-helicase functioning in the replication of mitochondrial 

DNA (mtDNA) (Morino et al., 2014). Twinkle is suggested to be an adenine nucleotide-dependent 

DNA helicase, and plays an essential role in mammalian mtDNA replication function, which is 

crucial for the maintenance of mtDNA integrity. Apart from Perrault syndrome (Morino et al., 

2014), pathogenic variants of TWNK are responsible for multiple severe phenotypes including 

dominant progressive external ophthalmoplegia type 3 (PEOA3, MIM: 609286) and recessive 

mtDNA depletion syndrome 7 (MTDPS7, MIM: 271245), also known as infantile-onset 

spinocerebellar ataxia (IOSCA) (Spelbrink et al., 2001). MTDPS7 is an autosomal recessive 
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condition characterised by ophthalmoplegia, hearing loss, ataxia, epilepsy, sensory neuropathy, 

hypergonadotropic hypogonadism in females and cerebellar atrophy (Nikali et al., 2005). PEOA3 

is an autosomal dominant disorder characterised by ptosis, ophthalmoplegia and exercise 

intolerance. Additional clinical manifestations can include depression, neuropathy, ataxia and 

hearing loss (Fratter et al., 2010).  

1.3.6 ERAL1 

The gene ERAL1 encodes the mitochondrial ERA-like protein 1, which is suggested to be a 

GTPase involved in mitochondrial ribosomal subunit assembly. ERAL1 promotes the assembly 

of the small 28S subunit of the mitochondria by binding the 16S rRNA subunit to the tRNA 3’ 

terminal stem-loop region. A homozygous missense variant was identified in three Dutch families 

with Perrault syndrome (Chatzispyrou et al., 2017; Dennerlein et al., 2010). 

1.3.7 GGPS1 

GGPS1 (MIM: 606982) encodes geranylgeranyldiphosphate synthetase, which is involved in 

protein prenylation as it performs the function of catalysing the addition of one geranylgeranyl 

group to farnesyl pyrophosphate (FPP), converting FPP into geranylgeranyl pyrophosphate 

(GGPP), in the mevalonate metabolic pathway. Two groups described individuals with features 

of Perrault syndrome and myopathy with biallelic variants in GGPS1 (Foley et al., 2020; Tucker 

et al., 2020). 

1.3.8 RMND1 

The gene RMND1 (required for meiotic nuclear division 1 homolog) encodes a component of a 

large mitochondrial inner membrane complex involved in the mitochondrial translation of oxidative 

phosphorylation (OXPHOS) complex proteins. It is thought that RMND1 is involved in tethering 

mitochondrial ribosomes to the mitochondrial messenger RNA (mRNA) processing sites localised 

in discrete foci within the mitochondria (Oziębło et al., 2020). Demain et al. (2017) demonstrated 

that individuals with variants in RMND1 can have POI and overlap with a clinical presentation of 

Perrault syndrome. 
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1.4 Novel genes associated with Perrault Syndrome 

Additional families with affected individuals were identified using a variety of approaches, 

including presentation to clinicians, reviewing the 100,000 Genomes Project data (100,000 

Genomes Project Pilot Investigators, 2021), submitting information through GeneMatcher 

(Sobreira et al., 2015), and taking part in international collaborations. Through exome and 

genome sequencing, the additional genes in which candidate variants have been identified in 

Perrault syndrome patients by William Newman’s Laboratory team are PRORP (MRPP3) (MIM: 

609947), NOP14 (MIM: 611526), MRPL49 (MIM: 606866), GPN2 (HGNC: 25513), and DAP3 

(MRPS29) (MIM: 602074). 

 

1.5 Synopsis of the Perrault syndrome gene functions in the 

mitochondrial translation pathway 

All the genes known to be responsible for the development of Perrault syndrome are mapped out 

in the diagram reproduced from Demain (2017) and updated here by adding the novel genes 

identified since Dr Leigh Demain completed her PhD programme (Figure 1.3).   
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Figure 1.3 Functions of known and novel Perrault syndrome genes in relation to human mitochondrial translation 
The genes highlighted in green are those confirmed to be in correlation with Perrault syndrome; the genes highlighted in red are the novel candidate genes. Figure 
reproduced and edited from Demain (2017).
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The main steps in the mitochondrial translation pathway are mitochondrial DNA replication, where 

TWNK plays a role as a DNA helicase (Morino et al., 2014), transcription of mitochondrial DNA 

into polycistronic transcripts, transcript processing into rRNA, mRNA and tRNA, to which PRORP 

contributes as a subunit of mtRNase P (Bhatta et al., 2021), and mitochondrial ribosome 

assembly, in which DAP3 (mS29) (O'Brien et al., 2005) and mL49 (Brown et al., 2014) act as its 

components. Mature tRNAs are aminoacylated by proteins such as HARS2 and LARS2 (Diodato 

et al., 2014). Mature mRNA is translated and RMND1 anchors mitochondrial ribosomes to mRNAs 

encoding essential structural components of the OXPHOS complexes (Garcia-Diaz et al., 2012; 

Janer et al., 2012; Oziębło et al., 2020). Finally, post-translational modification and folding of 

mitochondrially encoded proteins occurs. If translated proteins happen to be misfolded, post-

translational modifications set the fate of these proteins up for degradation, which is catalysed by 

proteases, such as CLPP (Kang et al., 2002). Another function of CLPP involves the regulation 

of mitochondrial ribosome biogenesis through its target-substrate ERAL1 (Brodie et al., 2018; 

Szczepanowska et al., 2016). Correctly folded OXPHOS proteins are incorporated into the 

electron transport chain. HSD17B4 is involved in the peroxisomal β-oxidation of fatty acids (Jiang 

et al., 1996), the end-product of which is acetyl-CoA, which is the precursor of the mevalonate 

metabolic pathway in mitochondria. GGPS1 catalyses the synthesis of geranylgeranyl 

pyrophosphate in the mevalonate pathway (Foley et al., 2020; Tucker et al., 2020). 

The only two proteins encoded by genes associated with Perrault syndrome, the functions of 

which have not yet been linked to mitochondrial pathways, are NOP14, which is involved in 

biogenesis of cytosolic ribosomes (Liu and Thiele, 2001), and GPN2, required for the assembly 

of the RNA polymerase II holoenzyme (Zeng et al., 2018). 

 

1.6 Modelling human inherited disorders 

Investigating and modelling human inherited diseases in the laboratory requires selecting the 

most suitable model depending on the genetic basis and the phenotypic features of the disorder 

that one wishes to recreate. The yeast system, animal models and cell lines are some of the main 

disease models, which are being used in the research environment. Using a combination of 

systems to model disease variants is the most informative approach to unravelling new 

associations of genes with diseases (Dabas et al., 2017; Lind and Semsarian, 2006). Each model 
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has its own advantages and limitations, which need to be taken into account when planning a 

study to investigate the molecular and cellular basis of an inherited disorder. Because of the 

limitations that each system features, it is important to combine the results obtained from studying 

multiple models to translate the results obtained in the laboratory to the patient’s condition. This 

thinking is true especially when studying rare diseases, where the combined work on an animal 

or eukaryotic model, cell lines and in vitro assays are required to generate enough compelling 

evidence of the discovery of a novel disease gene. 

1.6.1 Yeast models 

The model organism Saccharomyces cerevisiae, more commonly known as brewer’s yeast, is a 

single-celled eukaryote, classified as a fungus or mould. Yeast cells divide as rapidly as once 

every 90 min under optimal laboratory conditions. It is easy and cheap to culture yeast, which can 

be grown, stored and genetically manipulated without ethical limitations (Dabas et al., 2017; Duina 

et al., 2014; Mohammadi et al., 2015). Humans have 21,306 protein-coding genes, according to 

the most updated count, vs. a total of 6,275 genes in yeast (Liu et al., 2017; Salzberg, 2018). Only 

23% (approximately 1,443) of the total number of genes in yeast are homologous to human 

genes, but they are highly conserved between yeast and human (Liu et al., 2017). Essential 

genes, i.e. genes encoding proteins serving fundamental cellular functions required for the 

viability of an organism, are typically conserved across multiple species (Bergmiller et al., 2012). 

This property explains why the yeast system is a useful tool to study many fundamental molecular 

and cellular processes, including DNA replication and repair, transcription, RNA processing, 

protein folding and degradation, intracellular protein trafficking and cell cycle control (Dabas et 

al., 2017). Furthermore, S. cerevisiae has good fermenting capacity, rendering tolerance to 

mutations that inactivate oxidative phosphorylation and to complete loss of mitochondrial DNA, 

making this species particularly useful for conducting research on mitochondrial disorders (Malina 

et al., 2018). 

The advantages and disadvantages of using the yeast system for modelling human genetic 

disorders are listed in Table 1.4. 
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Table 1.4 Advantages and disadvantages of using yeast as a model organism 

Advantages Disadvantages 
Genomic conservation between yeast and 
human in a variety of essential genes. 

The functional effect of variants introduced in 
a yeast gene may not predict the effect of 
variants on the homologous human gene. 

Simple eukaryotic organism to genetically 
manipulate. 

The complex phenotypes of some human 
disorders cannot be measured easily. 

Used in several areas of biological research 
(aminoacylation, protein characterisation, 
mitochondrial diseases, splicing, etc.). 

The yeast system does not allow to 
investigate the tissue-specific effect of 
disease variants. 

Red/white colony colour detection in selected 
Saccharomyces cerevisiae strains can be 
used to study mitochondrial activity. 

The yeast system does not take into account 
the patient’s genetic background. 

Budding yeast used for its ability to form 
haploid cells by sporulation. 

 

Yeast cells are able to grow on fermentable 
and non-fermentable carbon sources. 

 

There are no ethical limitation to using yeast.  
 

The yeast cells used in this study (YPH500/YPH501) have the ability to accumulate a cell-limited 

red pigment due to specific mutations in the ade1 and/or ade2 genes affecting the adenine 

biosynthetic pathway. Therefore, such mutant strains form red colonies (Ugolini and Bruschi, 

1996). However, when mitochondria become dysfunctional, these cells turn white (Kim et al., 

2002). 

1.6.1.1 CRISPR/Cas9 mutagenesis in yeast 

Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 genome editing is a 

precise and efficient technology allowing selective perturbation of individual genetic elements. 

The complex containing Cas9 and a non-coding single guide RNA (sgRNA) generates double-

strand breaks in eukaryotic genomes at sites specified by a twenty-nucleotide (20-nt) guide 

sequence at the 5’ end of the sgRNA. The guide sequence of the sgRNA is complementary to the 

protospacer DNA sequence preceded by a protospacer adjacent motif (PAM) in the yeast genome 

(Ryan and Cate, 2014). CRISPR/Cas9 genome editing introduces variants in the yeast genome, 

thus retaining their own promoter to express the mutated gene and solving any variable 

expression issues encountered when transforming plasmids containing the wild-type or variant 

gene of interest into the cells. The CRISPR/Cas9 system uses a repair template to introduce one 

or more variants in the targeted genomic location by homology-directed repair (HDR) (Cong et 

al., 2013). Two feasible approaches of CRISPR/Cas9 mutagenesis in yeast are figuratively 

displayed in Figure 1.4. 
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Figure 1.4 Schematics of two approaches of CRISPR/Cas9 mutagenesis in the yeast 
system 
A. One approach involves perfoming a PCR amplification of a plasmid template containing either 
the wild-type target sequence or the desired variants. A mutagenising forward primer is used to 
intoduce synonymous variants in the repair fragment, in addition to the disease variant, to disrupt 
the target DNA region and the PAM site (or the synonymous variants alone to generate a wild-
type strain). However, the efficiency of this approach is dependent on the genetic distance 
between the PAM site and the variant of interest, i.e. the shorter the distance, the more efficient 
the editing. B. Alternatively, an oligonucleotide, which can be ordered from a supplier, is used as 
a repair fragment, containing a cluster of synonymous silent amino-acid substitutions in a 
heterology block (displayed as a pink box) surrounding the point mutation and eliminating the 
PAM sequence (Horwitz et al., 2015).  

 

1.6.2 Disease modelling using cell lines 

In this project, the use of human cell lines, particularly the use of immunoblotting approaches can 

provide an insight into the translation levels of mitochondrially encoded proteins, as a proxy for 

mitochondrial translation activity. In addition, immunofluorescence staining techniques can be 

informative to determine the localisation of disease-associated proteins within the cell and 

whether such proteins are localised in the mitochondria. 

 

1.7 Discovery of novel genomic variants in Perrault syndrome 

The recent advances in high-throughput sequencing approaches (both exome and whole-

genome) are expanding the horizons of rare disease diagnosis by allowing the identification of 

novel genes or novel variants in known genes in correlation with very rare inherited conditions, 

such as Perrault syndrome. In addition, the introduction of large projects employing high-

throughput sequencing have allowed great strides in the field of rare disease research and 

particularly in the Perrault syndrome spectrum.  
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The recruitment of cases of Perrault syndrome has been performed using a mixed approach. 

Patients presenting with clinical features in correlation with Perrault syndrome are referred to St 

Mary’s Hospital Genetic Medicine for genetic testing. Once the genomic variant(s) responsible for 

the conditions are identified, the gene affected by the identified variants would be used as a 

criterion for searching new patients in large genomic projects such as the 100,000 Genomes 

Project (100,000 Genomes Project Pilot Investigators, 2021) and the Deciphering Developmental 

Disorders (DDD) project (Wright et al., 2022). This last approach is known as reverse 

phenotyping. 

A gene panel for POI has been developed in the research environment, and a gene panel for 

hearing loss was developed for the 100,000 Genomes Project (100,000 Genomes Project Pilot 

Investigators, 2021) and is still being used for the participants in the project.  

However, more genes in correlation with Perrault syndrome-like clinical features are being 

identified every year via online tools, such as GeneMatcher (Sobreira et al., 2015), indicating that 

the search for new genes with variants explaining the manifestation of Perrault syndrome is far 

from being completed. 

1.7.1 The Deciphering Developmental Disorders study 

The DDD study is a UK-wide project spanning across all 24 regional genetic services. The DDD 

study aims to recruit trios (affected child and both parents) and perform a range of genomic 

approaches including high-resolution array-comparative genomic hybridisation, common 

variant/single nucleotide polymorphism (SNP) genotyping and WES on over 12,000 children in 

the UK with severe undiagnosed developmental disorders. The children recruited to the DDD 

study were clinically ascertained, undiagnosed and presented with the following clinical features: 

neurodevelopmental disorder; congenital anomalies; abnormal growth parameters; dysmorphic 

features; unusual behavioural phenotype; genetic disorder of significant impact for which the 

molecular basis is currently unknown (Wright et al., 2022). 

1.7.2 The 100,000 Genomes Project 

The 100,000 Genomes Project is a collaborative undertaking resulting from a partnership 

between NHS England and Genomics England. This project aimed to perform WGS of 100,000 

genomes from patients in the NHS in England (100,000 Genomes Project Pilot Investigators, 

2021). The two areas which this project focussed on are rare diseases and cancer (Marx, 2015). 
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1.7.3 GeneMatcher 

GeneMatcher is an online tool developed with support from the Baylor-Hopkins Center for 

Mendelian Genomics as part of the Centers for Mendelian Genomics network. GeneMatcher was 

made to connect patients and their families with clinicians and researchers from anywhere in the 

world who share interest in the same gene to solve unsolved exomes. Users also have the option 

to employ additional matching criteria, including putative pathogenic variants, diagnosis based 

upon OMIM® number and clinical features of the patient (Sobreira et al., 2015).  

1.7.4 Classification of disease-causing variants based on genetic and 

experimental evidence  

The extensive use of high-throughput sequencing in the last decade has made rare disease 

diagnosis and gene discovery more achievable than ever. However, the ability to discern true 

disease-causing variants from variants affecting functional domains, but not proven pathogenic, 

is crucial to unlock the full potential of modern genomic approaches. Both gene-level and variant-

level evidence is required to confidently determine that a variant identified in a family presenting 

with clinical features that are consistent with the condition being studied is causative of such 

condition. The most robust guidelines available in the literature to support with making these 

variant-disease associations are those of MacArthur et al. (2014) and Richards et al. (2015). 

 

1.8 Hypothesis and aims 

The primary focus of this project was to provide functional evidence to support the hypothesis that 

variants in three genes are associated with Perrault syndrome. 

GPN2 is implicated in Perrault syndrome, based on the prior identification of a variant in GPN2 in 

three independent families with similar phenotype. In addition, the fact that GPN2 does not have 

any known function in the mitochondria, but was found in correlation with Perrault syndrome, 

which is known to be caused by a defect in mitochondrial translation, encouraged investigation of 

this gene further. Therefore, it was aimed to introduce the variants identified in the reported 

individuals with Perrault syndrome in yeast and human cell lines to determine if such variants 

affected cell growth and mitochondria function.  
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This project also focussed on investigating the relationship between DAP3 and Perrault 

syndrome. The justifications for including the study of DAP3 in this project were multiple. Firstly, 

the identification of variants in DAP3 consisted of an element of novelty, as no other genetic 

disease has been associated with DAP3 to date. Secondly, four independent families with variants 

in DAP3 and similar phenotypes were ascertained, thus conferring increased significance to the 

correlation between DAP3 and Perrault syndrome. Thirdly, there has been good communication 

with the associated clinicians, making it easier to obtain samples and clinical information from the 

patients. Fourthly, some functional work on patient cells and the yeast system had already been 

undertaken, increasing the chance of having the results supporting the role of DAP3 published. 

The aim of this study was to demonstrate that disease variants found in the ascertained families 

negatively impacted on the GTPase activity of DAP3. 

The third study of this project involved finalising a seven-year-long effort to demonstrate the 

association of PRORP with Perrault syndrome. The aim of the study described in this thesis was 

to confirm the impact of a missense change identified in one family with Perrault syndrome on 

mtRNase P tRNA processing activity (Hochberg et al., 2017). At the time when this study was 

conducted, three additional independent families with variants in PRORP and similar phenotypes 

were ascertained. Therefore, this study also aimed to expand the work on determining the impact 

of the variants identified in the additional families on mtRNase P tRNA processing activity. 

To summarise, the aims of this project were to: 

1. Confirm the identification and segregation of variants in novel disease-associated genes 

in families with Perrault syndrome; 

2. Perform studies aimed to elucidate the functional characterisation of variants in novel 

disease-causing genes; 

3. Expand the current knowledge on the molecular basis of Perrault syndrome. 
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2 Materials and methods 

2.1 Ethical approval 

All patients provided written informed consent in accordance with local regulations. Ethical 

approval for this study was granted by the National Health Service (NHS) Ethics Committee 

(16/WA/0017) and University of Manchester. 

2.2 Patient samples 

Patient samples were provided from the referring clinicians as blood (for DNA extraction only), 

primary fibroblast cultures or genomic DNA (gDNA). The families that were part of the project 

presented in this thesis and the samples and sample types used are listed in Table 2.1. The 

families listed here are the ones that were ascertained until September 2021, when I stopped the 

laboratory work related to this project. The samples listed here are also the ones collected until 

September 2021. 

Table 2.1 List of families and samples  

Family ID G1 G2 G3 D1 D2 D3 P1 P2 P3 P4 
Ethnicity Irish Australian Israeli English Scottish Kazakh Palestinian Nigerian Canadian Spanish 
Sample 
type 1 

gDNA gDNA gDNA gDNA gDNA N/A gDNA gDNA gDNA gDNA 

Family 
members 

Proband 
(II-2) and 
affected 

sister 

Proband 
(II-1) and 
parents 

Proband 
(II-1) and 

five 
unaffected 

siblings 

Proband 
(II-1) and 
mother 

Proband 
(II-1), 

mother 
and 

father 

N/A Proband 
(II-4) and 

six siblings 

Proband 
(II-1), 

unaffected 
sister and 
parents 

Proband 
(II-1) and 
parents 

Proband 
(II-2), 
two 

siblings 
and 

parents 
Sample 
type 2 

N/A N/A N/A Fibroblasts N/A N/A Fibroblasts N/A Fibroblasts N/A 

Family 
members 

N/A N/A N/A Proband 
(II-1) 

N/A N/A Proband 
(II-4) 

N/A Proband 
(II-1) 

N/A 

 

2.3 Genetic characterisation of families with variants in GPN2 

2.3.1 Exome sequencing 

The two sisters of family G1, referred to as P2 by Jenkinson et al. (2012), were referred for genetic 

testing by Professor Andrew Green in the Republic of Ireland. The sisters were listed for exome 

sequencing on 4 February 2015 and the sequencing was completed in July 2015 at the 

Manchester Centre for Genomic Medicine in St Mary’s Hospital in Manchester, UK. The genotype 

of both affected sisters for the variant GPN2 NM_018066.4:c.664A>G was confirmed to segregate 

with the phenotype using Sanger sequencing by Dr Leigh Demain within the Manchester Centre 

for Genomic Medicine.  
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The proband of family G2, the report of whom remains unpublished to date, was referred to 

genetic testing by Dr Mathilda Wilding from the Northern Sydney Local Health District, Sydney, 

Australia. Exome sequencing of the proband and the parents’ DNA was performed by BGI Group. 

The segregation of the variant GPN2 NM_018066.4:c.664A>G in the family was confirmed by 

standard PCR and Sanger sequencing by Dr Leigh Demain. 

2.3.2 Variant filtering 

The exome data generated from the proband (II-1) in families G1 and G2 was processed by Dr 

Leigh Demain through the Golden Helix® VarSeq™ v2 software to generate a list of variants, 

which I received when I took over the study. I filtered the variants from genes known to be 

commonly associated with hearing loss to exclude the association of any of those genes with the 

hearing loss found in families G1 and G2. The filtering pipeline that I used is outlined in Figure 

2.1. 

 

Figure 2.1 Filtering strategy used for exome sequencing data analysis 

 

After applying the filters listed in Figure 2.1, I selected the variants found in the genes contained 

in a non-syndromic deafness (NSD) gene panel list, which was curated by Thomas Cullup from 

the NHS Diagnostic Laboratory at Great Ormond Street Hospital, London. The list of genes used 

can be found in Appendix I. 

2.3.3 Disproving the association between hearing loss-causing genes and the 

phenotypes of families G1 and G2 

I identified the variants MYO15A NM_016239.4:c.6614C>T, p.(Thr2205Ile) and MYO15A 

NM_016239.4:c.7679G>A, p.(Arg2560Gln) in individual G2, II-1 by variant filtering. I confirmed 

the variants, which I identified by standard PCR, agarose gel electrophoresis and Sanger 
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sequencing. The primers used for both the PCR amplification and Sanger sequencing are listed 

in Appendix II, Table 1. 

The initial PCR amplification of the exons 31 and 40 encompassing the variants MYO15A 

NM_016239.4:c.6614C>T and NM_016239.4:c.7679G>A, respectively, was performed following 

the reaction set-up listed in Table 2.2. 

Table 2.2 MYO15A exons 31 and 40 standard PCR reaction set-up 

Reaction component Volume 
Promega GoTaq® Green Master Mix (Cat. ID: M712) 10 μL 
Nuclease-free Water (ddH2O) 7 μL 
Patient DNA template (10 ng/µL)  1 μL 
Forward primer (5 µM) 1 μL 
Reverse primer (5 µM) 1 μL 

 

The thermal cycler used for the PCR amplification was the Applied Biosystems™ Veriti™ 96-Well 

Fast Thermal Cycler (Cat. ID: 4375305). The PCR cycling conditions used to amplify exons 31 

and 40 of MYO15A are listed in Table 2.3. 

Table 2.3 MYO15A exons 31 and 40 PCR cycling conditions 

Step Temperature Time Cycles 
Initial denaturation  95 °C 3 min 1 
Denaturation 95 °C 30 sec 

40 Annealing 60 °C 30 sec 
Extension 72 °C 30 sec 
Final Extension 72 °C 5 min 1 

 

To confirm the correct amplification of the MYO15A exons, agarose gel electrophoresis was 

performed using 1% agarose run at 120 V for 20 min using the Bio-Rad PowerPac™ Basic Power 

Supply (Cat. ID: 1645050). The gel was visualised using the Bio-Rad Gel Doc XR+ System (Cat. 

ID: 1708195). The PCR product was purified by adding the Beckman Coulter AMPure XP clean-

up reagent (Cat. ID: A63881) at a ratio of 1.8x the remaining volume of PCR product. Solid phase 

reverse immobilisation was performed by the NHS Diagnostics team at Manchester Centre for 

Genomic Medicine in St Mary’s Hospital to complete PCR product purification.  

The purified PCR product was used to perform a further PCR amplification in preparation of 

Sanger sequencing. The sequencing reaction set-up is listed in Table 2.4. 
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Table 2.4 MYO15A exons 31 and 40 sequencing reaction set-up 

Reaction component Volume 
Sterile distilled water 4.275 μL 
Applied Biosystems™ BigDye™ Terminator v3.1 Sequencing Buffer, 
5X (Cat. ID: 4337457) 

1.875 μL 

Forward/reverse primer mix (2 µM each) 1.6 μL 
Applied Biosystems™ BigDye™ Terminator v3.1 Ready Reaction Mix 
(Cat. ID: 4337457) 

0.25 μL 

Purified PCR product 2 μL 
 

The PCR cycling conditions used for the amplification prior to the sequencing step are listed in 

Table 2.5. 

Table 2.5 MYO15A exons 31 and 40 sequencing cycling conditions 

Step Temperature Time Cycles 
Initial denaturation  98 °C 30 sec 1 
Denaturation 98 °C 10 sec 

32 Annealing 55 °C 10 sec 
Extension 60 °C 4 min 

An aliquot of 5 μL of the Beckman Coulter CleanSEQ Dye-Terminator Removal Kit (Cat. ID: 

A29154) was added to each sequencing reaction before submission to the NHS Diagnostics 

team. 

2.3.4 Confirming genetic variants in family G3 

The affected individual in family G3 was recruited through GeneMatcher (Sobreira et al., 2015) 

from Dr Ruth Sheffer of Hadassah Centre of Clinical Genetics in Jerusalem, Israel. Exome 

sequencing identified the homozygous variant GPN2 NM_018066.4:c.827C>G. I received the 

DNA samples of the parents and their six children, including the affected individual, within the 

Newman Laboratory. I confirmed the segregation of the variant in the family by PCR amplification 

and Sanger sequencing. The primers used for both the PCR amplification and Sanger sequencing 

were GPN2_Hum_S276C_Fw and GPN2_Hum_S276C_Rv (Appendix II, Table 1). The initial 

PCR amplification of the region encompassing the variant GPN2 NM_018066.4:c.827C>G was 

performed following the reaction set-up listed in Table 2.6. 
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Table 2.6 GPN2 S276C standard PCR reaction set-up 

Reaction component Volume 
Promega GoTaq® Green Master Mix (Cat. ID: M712) 5 μL 
Nuclease-free Water (ddH2O) 3 μL 
Patient DNA template (10 ng/µL)  1 μL 
Forward and reverse primer mix (5 µM each) 1 μL 

The PCR cycling conditions used are listed in Table 2.7. 

Table 2.7 GPN2 S276C PCR cycling conditions 

Step Temperature Time Cycles 
Initial denaturation  94 °C 15 min 1 
Denaturation 96 °C 10 sec 

10 Annealing 65-55 °C (decrease 1 °C/cycle) 30 sec 
Extension 72 °C 1 min 
Denaturation 96 °C 10 sec 

27 Annealing 55 °C 30 sec 
Extension 72 °C 1 min 
Final Extension 72 °C 10 min 1 

The PCR products were run on 1% agarose at 120 V for 20 min. The gel was visualised and the 

PCR product was purified by adding the Beckman Coulter AMPure XP clean-up reagent (Cat. ID: 

A63881) at a ratio of 1.8x the remaining volume of PCR product. Solid phase reverse 

immobilisation was performed by the NHS Diagnostics. The purified PCR product was used to 

perform a further PCR amplification in preparation of Sanger sequencing. The sequencing 

reaction set-up is listed in Table 2.4. The PCR cycling conditions used for the amplification prior 

to the sequencing step are listed in Table 2.5. An aliquot of 5 μL of the Beckman Coulter 

CleanSEQ Dye-Terminator Removal Kit (Cat. ID: A29154) was added to each sequencing 

reaction before submission to the NHS Diagnostics team. 

 

2.4 Genetic characterisation of families with variants in DAP3 

2.4.1 Family D1 – Exome sequencing and multiplex ligation-dependent probe 

amplification 

The first family (D1) with genetic changes in DAP3 in correlation with Perrault syndrome was 

characterised by Professor Gerard Conway and Professor Henry Houlden from University College 

London Hospitals NHS Foundation Trust and Professor William Newman from Manchester 

University NHS Foundation Trust. Exome sequencing was performed on the proband by Dr Emma 

Jenkinson from the University of Manchester with the support of Dr Christian Beetz from the 
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University of Jena, Germany. No putative pathogenic variants in the known genes associated with 

Perrault syndrome were identified. A rare putative homozygous variant, DAP3 

NM_004632.4:c.1184G>A, p.(Cys395Tyr), was identified in the proband. From the coverage data 

of the exome this was presumed to be a hemizygous variant in trans with a deletion. Multiplex 

ligation-dependent probe amplification (MLPA) was employed by Dr Christian Beetz to confirm 

the proband to be hemizygous for the variant, which was maternally inherited. The deletion was 

verified with PCR by Dr Leigh Demain, who confirmed the identification of the fusion product from 

the joining of the ends of the deletion and narrowed down the breakpoints of the recombination 

to Chr1(GRCh37):g.155,747,068-155,747,546 and Chr1(GRCh37):g.155,611,487-155,611,965. 

I, then, confirmed the deletion in this family by PCR amplification and Sanger sequencing as 

described in Table 2.4, Table 2.5, Table 2.6 and Table 2.7, using the primers DAP3_BP-SeqInt_f 

and DAP3_BP-SeqInt_r (Appendix II, Table 1), which were designed by Dr Christian Beetz. 

2.4.2 Family D2 – Recruitment through the DDD project and exome data analysis 

A second family (D2) with genetic changes in DAP3 in correlation with Perrault syndrome was 

characterised by Dr Shelagh Joss, a Consultant Geneticist from Glasgow, UK. The proband was 

recruited to the DDD project (Wright et al., 2022) as a part of a trio and the trio exome data was 

supplied. The DDD project exome data was analysed by Dr Leigh Demain. The variant call format 

(VCF) file was annotated using the Golden Helix® VarSeq™ v2 software. The trio exome data 

was filtered by Dr Leigh Demain to only include homozygous or compound heterozygous variants 

with a gnomAD (Karczewski et al., 2020) MAF of <0.01 and a homozygous count of 2 or less. 

The most compelling variants were in the candidate gene DAP3. The proband presented with a 

maternally inherited missense change DAP3 NM_004632.4:c.395C>T, p.(Thr132Ile) in trans with 

a possible paternally inherited deletion, which was indicated by decreased coverage data across 

the gene. From the exome data, the deletion seemed to be within the region 

Chr1(GRCh37):g.155,292,770-155,924,859, but did not narrow down the region further. I 

confirmed the segregation of the deletion and the variant in family D2 by PCR amplification and 

Sanger sequencing using the primers DAP3_BP-SeqInt_f and DAP3_BP-SeqInt_r (Appendix II, 

Table 1), previously used to define the deletion in family D1. 

2.4.3 Family D3 – Ascertainment of the family  

The proband of family D3 was characterised by Dr Christian Beetz’s group, who had exome 

sequencing performed on the proband’s DNA and carried out exome data analysis and variant 
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identification. I could not confirm the variant identified in this family due to lack of availability of a 

DNA sample from this patient. 

 

2.5 Genetic characterisation of families with variants in PRORP 

2.5.1 Exome sequencing and data analysis  

Autozygosity mapping, exome sequencing, variant identification and confirmation were performed 

on families P1, P2, P3 and P4 as described by Hochberg et al. (2021). I received buccal swabs 

collected from the proband (II-1) of family P2, his parents (I-1 and I-2) and his two sisters (not 

shown) into the Newman Laboratory at St Mary’s Hospital. The genomic DNA extraction was 

performed by Dr Glenda Beaman using the QIAGEN QIAamp® DNA Mini Kit (Cat. ID: 51304). I 

attempted to confirm the variants identified in family P2 by PCR amplification and Sanger 

sequencing as described in section 2.3.4 above using the primers MRPP3_N412S_For, 

MRPP3_N412S_Rev, MRPP3_A434D_For and MRPP3_A434D_Rev (Appendix II, Table 1). 

However, due to the poor quality of the samples, it was not possible to amplify the selected regions 

from patient DNA. 

 

2.6 Modelling protein residues in the protein 3D structures 

The residues Cys395, Thr132, Glu392 and Leu138 in DAP3 and Ala485, Ala434, Asn412, Arg445 

Arg421, Ala414 and Tyr365 in PRORP were analysed using a digital three-dimensional (3D) 

model. The Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) 

files with accession codes 6RW4 (Khawaja et al., 2020) for DAP3 and 7ONU (Bhatta et al., 2021) 

for PRORP were used. The software Chemical Computing Group Molecular Operating 

Environment (MOE), version 2020.09 was used to run the PDB files. The Sequence Editor 

function was used to locate the residues of interest. The atoms of the selected residues were 

highlighted by changing the display mode of the atoms and the colour of the carbon atoms. The 

proximity of the selected residues to the known protein ligands and the localisation of the residues 

within the protein 3D structure were taken into account to guide the prediction of the effect that 

variants affecting the selected residues may have on the protein structure and function. 
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2.7 Yeast 

2.7.1 Knock-out of GPN2 in yeast  

PCR amplification of the knock-out hphNT1 cassette from the pYM24 plasmid (Janke et al., 2004) 

was performed in 8x 50 µL reactions using the Bioline MyTaq™ Red Mix, 2x (Cat. ID: BIO-25043). 

The PCR reaction set-up is listed in Table 2.8. 

Table 2.8 hphNT1 deletion module PCR reaction set-up 

Reaction component Volume 
pYM24 plasmid template (10 ng/µL)  1 μL 
Forward primer (20 µM) 0.5 μL 
Reverse primer (20 µM) 0.5 μL 
MyTaq™ Red Mix, 2x 25 μL 
Nuclease-free Water (ddH2O) up to 50 μL 

The primers used for the amplification of hphNT1 were GPN2_S1 and GPN2_S2 (Janke et al., 

2004). The names and sequences of the primers used in this study are listed in Appendix II, Table 

2. The thermal cycler used for the PCR amplification was the Bio-Rad 96-well T100 (Cat. ID: 

1861096). The PCR cycling conditions used to amplify the hphNT1 deletion module were as per 

Table 2.9. 

Table 2.9 hphNT1 deletion module PCR cycling conditions 

Step Temperature Time Cycles 
Initial denaturation  95 °C 5 min 1 
Denaturation 95 °C 1 min 

35 Annealing 55 °C 1 min 
Extension 72 °C 3 min 
Final Extension 72 °C 10 min 1 

To confirm the correct amplification of the deletion module, agarose gel electrophoresis was 

performed using 0.8% agarose run at 75 V for 1 hour using the Bio-Rad PowerPac™ Basic Power 

Supply (Cat. ID: 1645050). The gel was visualised using the UVP MultiDoc-It Imaging System 

(Cat. ID: 97-0192-05). The PCR reactions containing the amplified deletion cassette were pooled 

together and purified using the QIAGEN QIAquick PCR Purification Kit (Cat. ID: 28104). 

The deletion cassette was transformed into the diploid strain YPH501 to generate a GPN2 knock-

out yeast strain. The names and genotypes of the yeast strains used in this study are listed in 

Table 2.10.
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Table 2.10 List of yeast strains  
Strain Name Genotype 

YPH501 MATa/MATα ura3-52/ura3-52 lys2-801_amber/lys2-801_amber ade2-101_ochre/ade2-101_ochre trp1-Δ63/trp1-Δ63 
his3-Δ200/his3-Δ200 leu2-Δ1/leu2-Δ1 

Diploid_GPN2_KO MATa/MATα ura3-52/ura3-52 lys2-801_amber/lys2-801_amber ade2-101_ochre/ade2-101_ochre trp1-Δ63/trp1-Δ63 
his3-Δ200/his3-Δ200 leu2-Δ1/leu2-Δ1 YOR262WΔ::hphNT1/YOR262W 

Diploid_GPN2_KO_ pRS416-GPN2 MATa/MATα ura3-52/ura3-52 lys2-801_amber/lys2-801_amber ade2-101_ochre/ade2-101_ochre trp1-Δ63/trp1-Δ63 
his3-Δ200/his3-Δ200 leu2-Δ1/leu2-Δ1 YOR262WΔ::hphNT1/YOR262W [pRS416-YOR262W] 

Haploid_GPN2_KO_ pRS416-GPN2 MATa (or MATα)* ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262WΔ::hphNT1 
[pRS416-YOR262W] 

Haploid_GPN2_KO_ pRS416-GPN2_ 
pRS413-GPN2 

MATa (or MATα)* ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262WΔ::hphNT1 
[pRS416-YOR262W pRS413-YOR262W] 

Haploid_GPN2_KO_ pRS416-GPN2_ 
pRS413-GPN2-L228P 

MATa (or MATα)* ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262WΔ::hphNT1 
[pRS416-YOR262W pRS413-YOR262W-L228P] 

Haploid_GPN2_KO_ pRS416-GPN2_ 
pRS413-GPN2-N222D 

MATa (or MATα)* ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262WΔ::hphNT1 
[pRS416-YOR262W pRS413-YOR262W-N222D] 

Haploid_GPN2_KO_ pRS413-GPN2 MATa (or MATα)* ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262WΔ::hphNT1 
[pRS413-YOR262W] 

Haploid_GPN2_KO_ pRS413-GPN2-
L228P 

MATa (or MATα)* ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262WΔ::hphNT1 
[pRS413-YOR262W-L228P] 

Haploid_GPN2_KO_ pRS413-GPN2-
N222D 

MATa (or MATα)* ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262WΔ::hphNT1 
[pRS413-YOR262W-N222D] 

YPH500 MATα ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 
CRISPR GPN2 MATα ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262W 
CRISPR GPN2-L228P MATα ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262W-L228P 
CRISPR GPN2-N222D MATα ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262W-N222D 
CRISPR GPN2-E276C MATα ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 YOR262W-E276C 
BJ2168 MATa prc1-407 prb1-1122 pep4-3 leu2 trp1 ura3-52 gal2 
Haploid_GPN2_TAP MATa prc1-407 prb1-1122 pep4-3 leu2 trp1 ura3-52 gal2 YOR262W::TAP 

*A mating type assay was never performed on this strain, as it was not relevant to the experiments carried out using this strain. 
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Yeast transformation was performed as described in the high-efficiency yeast transformation 

using the lithium acetate (LiAc)/single stranded carrier DNA/PEG method for a single plasmid by 

Gietz and Schiestl (2007). Yeast cells were streaked from a frozen stock on a yeast extract 

peptone dextrose (YPD) agar plate. The streaked plate was incubated at 30 °C for 3 days to allow 

colonies to form. Four single colonies were inoculated separately into 5 mL 5% YPD liquid 

medium and incubated with shaking at 30 °C overnight. After incubation, the absorbance at 600 

nm wavelength of the overnight cultures was measured using the spectrophotometer BOECO S-

22 UV/Vis, 230V (Cat. ID: BOE 8635001). The cultures were diluted to have an optical density 

(OD) of 0.5 at a wavelength of 600 nm (OD600) in 25 mL of YPD liquid medium pre-warmed to 

30 °C. The diluted cultures were incubated with shaking at 30 °C for 4 hours. After incubation, the 

cultures were centrifuged at 3000 rpm for 5 min using the swing-bucket centrifuge Thermo 

Scientific™ Sorvall™ Legend RT (Cat. ID: 75004373) with swing-out rotor (Cat. ID: 75006445) 

with buckets (Cat. ID: 75006441K) containing adaptors for 50 mL tubes. The supernatant was 

decanted and the cells were resuspended in 25 mL sterile distilled water. The tubes were 

centrifuged again at 3000 rpm for 5 min and the supernatant was decanted. The cells were 

resuspended in 700 µL 0.1 M LiAc, which was then transferred into 1.5 mL tubes. The cell 

suspensions were centrifuged at 13000 rpm for 15 sec using the microcentrifuge VWR Micro Star 

12 (Cat. ID: 521-1651). The supernatant was removed by aspiration, and the cells were 

resuspended in 200 µL 0.1 M LiAc. An aliquot of 50 µL of the cell suspension was added to each 

transformation mixture and the suspension was vortexed. Two transformation mixes were 

prepared using the composition in Table 2.11, one containing the deletion module PCR products 

and one containing sterile water. 

Table 2.11 Yeast transformation mix set-up for the deletion module hphNT1 

Transformation mix components Volume (μL) 
PEG 3350 (50% (w/v)) 240 
LiAc 1.0 M 36 
Single-stranded salmon sperm carrier DNA (2.0 mg mL-1) 50 
Deletion module purified PCR product (10 μg) 34 
Total volume 360 

The deletion module purified PCR product was replaced with the same volume of sterile water for 
one of the two transformation mixes, which was used as a control. PEG: polyethylene glycol; LiAc: 
lithium acetate. 

The tubes were then incubated at 30 °C for 30 min and subsequently at 42 °C for 30 min. The 

suspensions were centrifuged at 7000 rpm for 15 sec, the supernatant removed, resuspended in 

YPD, and transferred to 15 mL tubes for incubation at 30 °C with shaking for at least an hour. An 
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aliquot of 200 µL of each cell suspension was spread out on 300 µg/mL hygromycin YPD plates, 

which were incubated at 30 °C for 3 days.  

The genomic DNA of the transformed cells was extracted to use it as template for PCR 

confirmation of correct deletion cassette integration. Cells were prepared by making a 2 mL YPD 

liquid culture from a single colony, which was incubated at 30 °C with shaking overnight. An 

aliquot of 1.5 mL was spun down at 2000 rpm for 5 min using the microcentrifuge VWR Micro Star 

12 (Cat. ID: 521-1651). The supernatant was decanted and the pellet of cells was resuspended 

in 500 μL water. The cell suspension was spun down at 2000 rpm for 5 min and the supernatant 

was decanted. The cells were lysed using a lysis buffer prepared in-house. The formulation of the 

lysis buffer can be found in Table 2.12. All buffers made in-house were filtered using the Thermo 

Scientific™ Nalgene™ Rapid-Flow™ Sterile Single Use Vacuum Filter Unit with 0.2 μm cellulose 

nitrate membrane (Cat. ID: 450-0020). 

Table 2.12 Lysis buffer formulation 

Buffer sub-components Final concentrations 
Tris-HCl, pH 8.0 10 mM 
EDTA 1 mM 
NaCl 100 mM 
SDS 1% 
Triton X-100 2% 

Tris: tris(hydroxymethyl)aminomethane; HCl: Hydrochloric acid; EDTA: 
ethylenediaminetetraacetic acid; NaCl: sodium chloride; SDS: sodium dodecyl sulfate. 

Cell lysis was performed by adding 200 μL lysis buffer to resuspend the cells, 200-300 µL acid-

washed glass beads (Sigma-Aldrich, 425-600 μm, Cat. ID: G8772) and 200 μL of the Sigma-

Aldrich Phenol:Chloroform:Isoamyl Alcohol 25:24:1 Saturated with 10 mM Tris-HCl, pH 8.0, 1 mM 

EDTA (Cat. ID: P2069). The mixtures were vortexed at high power for 3 min and centrifuged at 

top speed for 5 min. The aqueous phase (approximately 150 μL), containing genomic DNA, was 

transferred to a new 1.5 mL tube and 300 μL of absolute ethanol was added to it and mixed. The 

tube containing the aqueous phase was spun at top speed for 5 min and the supernatant was 

decanted. The pellet was washed by adding 500 μL of 95% ethanol solution and the tube was 

spun again at top speed for 3 min. The supernatant was decanted and the pellet was let to dry. 

The pellet of DNA resuspended in 100 μL of 1X TE buffer, which was prepared in-house (Table 

2.13). 
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Table 2.13 TE buffer formulation, 1X 

Buffer sub-components Final concentrations 
Tris base, pH 8.0 10 mM 
EDTA, pH 8.0 1 mM 

The correct insertion of the deletion module into the yeast genome was confirmed by PCR 

amplification of the deletion cassette using the genomic DNA as template. One set of primers 

were designed to anneal ~200 base pairs (bp) upstream and downstream of the extremities of 

the yeast gene GPN2 (GPN2_F and GPN2_B, Appendix II, Table 2); another set was designed 

to anneal within the deletion module hphNT1 (hphNT1_F and hphNT1_B, Appendix II, Table 2). 

Two PCR reactions were prepared and the two sets of primers were used in combination with 

each other to confirm that the integration of the deletion occurred at the correct location in the 

yeast genome. The rationale of the PCR amplifications and primer design is schematised in 

Figure 2.2. 

 

Figure 2.2 Yeast GPN2 gene knock-out sequencing confirmation: primer design  
The gene GPN2 was replaced by the hphNT1 deletion module, represented by the blue box, by 
homologous recombination. PCR amplification of the regions comprising the deletion breakpoints 
was performed to confirm that hphNT1 was successfully inserted in the yeast genome in place of 
GPN2. The primers used for the amplification were GPN2_F and hphNT1_B in one reaction and 
hphNT1_F and GPN2_B in the other. 

The master mix used was the Bioline MyTaq™ Red Mix, 2x (Cat. ID: BIO-25043). The template 

used was gDNA template at 10 ng/µL concentration. The PCR set-up for these two reactions is 

listed in Table 2.8. The thermal cycler used for the PCR amplification was the Bio-Rad 96-well 

T100 (Cat. ID: 1861096). The PCR cycling conditions used to for the confirmation PCR were 

identical to those listed in Table 2.9. To confirm the correct amplification of the deletion module, 

agarose gel electrophoresis was performed using 0.8% agarose gel run at 75 V for 1 hour. The 

gel was visualised using the UVP MultiDoc-It Imaging System (Cat. ID: 97-0192-05). 

2.7.2 Cloning of yeast wild-type GPN2 in plasmids pRS416 and pRS413 

The wild-type GPN2 gene was cloned into both pRS416 and pRS413. The primers used to clone 

the gene into the plasmid vectors were GPN2_F-XbaI as a forward primer and GPN2_B-EcoRI 

as a reverse primer (Appendix II, Table 2). The GPN2_F-XbaI primer was designed to anneal to 
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chrXV: 816,793-816,812 (R64.1.1), which is located upstream of the yeast GPN2 gene, and to 

contain the restriction site of the endonuclease XbaI. The GPN2_B-EcoRI primer was designed 

to anneal to chrXV: 816,856-816,879 (R64.1.1), which is located downstream of GPN2, and to 

include the restriction site of the endonuclease EcoRI. The amplified region was 3,042 bp in size 

and had genomic coordinates chrXV: 816,813-819,855 (R64.1.1). Therefore, the amplified 

fragment encompassed the open reading frame (ORF) of GPN2, which is 1,044 bp in size and is 

located at chrXV:817,292-818,335 (R64.1.1), required for expression of the gene from a plasmid. 

The PCR reaction set-up is listed in Table 2.14. 

Table 2.14 Yeast GPN2 (XbaI/EcoRI) PCR reaction set-up 

Reaction component Volume 
Genomic DNA template (10 ng/µL)  1 μL 
5X Phusion HF Buffer 10 μL 
Forward primer (10 µM) 2.5 μL 
Reverse primer (10 µM) 2.5 μL 
Phusion® DNA Polymerase (2,000 units/mL) 0.5 μL 
Nuclease-free Water (ddH2O) up to 50 μL 

The DNA polymerase used was the New England Biolabs Phusion® High-Fidelity DNA 
Polymerase (M0530S). 

The thermal cycler used for the PCR amplification was the Bio-Rad 96-well T100 (Cat. ID: 

1861096). The PCR cycling conditions used to amplify the GPN2 gene were as per Table 2.15. 

Table 2.15 Yeast GPN2 (XbaI/EcoRI) PCR cycling conditions 

Step Temperature Time Cycles 
Initial denaturation  98 °C 30 sec 1 
Denaturation 98 °C 10 sec 

45 Annealing 70 °C 30 sec 
Extension 72 °C 20 sec 
Final Extension 72 °C 10 min 1 

Following amplification, the PCR product was purified using the QIAGEN QIAquick PCR 

Purification Kit (Cat. ID: 28104). The purified PCR product was digested using the restriction 

enzymes New England Biolabs XbaI (Cat. ID: R0145S) and New England Biolabs EcoRI – High-

Fidelity (HF)® (Cat. ID: R3101S) to generate sticky ends. The restriction digest set-up is listed in 

Table 2.16. 

Table 2.16 Yeast GPN2 insert restriction digest set-up 

Reaction component Volume 
Purified PCR product 17 μL 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 2 μL 
New England Biolabs XbaI (Cat. ID: R0145S) (20,000 units/mL) 0.5 μL 
New England Biolabs EcoRI-HF® (Cat. ID: R3101S) (20,000 units/mL) 0.5 μL 
Total volume 20 μL 



59 
 

The restriction digest reaction was incubated at 37 °C for 1 hr. The reaction was purified using 

the QIAGEN QIAquick PCR Purification Kit (Cat. ID: 28104). The plasmid vector pRS416 was 

digested with XbaI and EcoRI-HF®. The restriction digest set-up of the plasmid DNA is listed in 

Table 2.17. 

Table 2.17 Plasmid DNA restriction digest set-up 

Reaction component Volume 
Plasmid DNA 10 μL (1 μg) 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 5 μL 
New England Biolabs XbaI (Cat. ID: R0145S) (20,000 units/mL) 1 μL 
New England Biolabs EcoRI-HF® (Cat. ID: R3101S) (20,000 units/mL) 1 μL 
Nuclease-free Water (ddH2O) up to 50 μL 

The restriction digest reaction was incubated at 37 °C for 1 hr. The digested plasmid DNA was 

dephosphorylated by adding 1 μl of the New England Biolabs calf intestinal alkaline phosphatase 

(CIP) (Cat. ID: M0290) incubated at 37 °C for 30 min and purified using the QIAGEN QIAquick 

PCR Purification Kit (Cat. ID: 28104). The plasmid pRS416 and the wild-type yeast GPN2 insert 

were ligated together. The ligation reaction set-up is listed in Table 2.18. 

Table 2.18 Plasmid-Insert DNA ligation reaction set-up 

Reaction component Volume 
Plasmid DNA 1 μL (15 ng) 
Insert DNA 16 μL (40 ng) 
New England Biolabs T4 DNA Ligase Reaction Buffer, 10X (Cat. ID: B0202S) 2 μL 
New England Biolabs T4 DNA Ligase (Cat. ID: M0202S). 1 μL 
Total volume 20 μL 

 
Two ligation reactions were prepared, one containing 1 μL of plasmid DNA and 16 μL of insert 

DNA and the other containing 1 μL of plasmid DNA and 16 μL of nuclease-free water, instead of 

insert DNA. The reactions were incubated at room temperature for 1 hr. The two reactions were 

transformed into the Agilent XL1-Blue Competent Cells (Cat ID: 200249). The transformation 

reaction protocol is listed in Table 2.19. 
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Table 2.19 XL1-Blue Competent Transformation Protocol 

Transformation steps 
1. Thaw XL1-Blue Competent cells on ice and transfer two 25 μL aliquots to two separate 1.5 
mL tubes. 
2. Once thawed out, add 0.5 μL of β-mercaptoethanol to each tube and incubate on ice for 10 
min. 
3. Add 2.5 μL of the ligation reaction with insert DNA to one tube and 2.5 μL of the ligation 
reaction with water to the other tube. Incubate the tubes on ice for 30 min. 
4. Once thawed out, transfer an aliquot of 20 μL of cells to each tube.  
5. Incubate the reactions on ice for 30 min. 
6. Heat-shock the reactions in a 42 °C water bath for 1 min. 
7. Keep reactions on ice while adding 80 μL LB broth1 to each reaction. 
8. Incubate the reactions at 37 °C for 30 min on a dry block heater. 
9. After incubation, spread the whole reaction (100 μL) out on an LB agar plate2 containing 100 
μg/mL carbenicillin. 
10. Incubate plates at 37 °C overnight. 

1. LB broth was prepared in-house at 20 g/L concentration. 2. LB agar plates were prepared at 
20 g/L LB broth and 20 g/L Bacto™ agar. The plates were treated with 100 µL of 2% substrate 
bromochloroindoxyl galactoside (X-gal) and 100 µL of 40 mM inducer isopropyl β-D-1-
thiogalactopyranoside (IPTG).  

Four to six white colonies were picked from the transformation plates and inoculated in 2 mL LB 

medium with 100 µg/ml carbenicillin. The liquid cultures were incubated at 37 °C overnight. The 

pRS416 plasmid with the GPN2 insert, which will be called pRS416-GPN2 hereafter, was 

extracted from the overnight cultures using the Sigma-Aldrich GenElute™ Plasmid Miniprep Kit 

(Cat. ID: PLN350). The pRS416-GPN2 plasmid was digested using the restriction enzymes New 

England Biolabs BamHI-HF® (20,000 U/mL) (Cat. ID: R3136S), and New England Biolabs KpnI-

HF® (20,000 U/mL) (Cat. ID: R3142S) to confirm that the extracted plasmid contained the correct 

insert. The restriction digest set-up of the plasmid DNA is listed in Table 2.20. 

Table 2.20 Cloning confirmation restriction digest set-up 

Reaction component Volume 
Plasmid DNA 5 μL (1 μg) 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 2 μL 
New England Biolabs BamHI-HF® (20,000 U/mL) (Cat. ID: R3136S) 0.5 μL 
New England Biolabs KpnI-HF® (20,000 U/mL) (Cat. ID: R3142S) 0.5 μL 
Nuclease-free Water (ddH2O) up to 20 μL 

 

The restriction digest reaction was incubated at 37 °C for 1 hr. To confirm the correct insertion of 

the GPN2 gene, agarose gel electrophoresis was performed using 0.8% agarose gel run at 75 V 

for 1 hour. The plasmid samples which were digested into one fragment of 5439bp and one 

fragment of 1479bp and were sent to Eurofins Genomics GmbH for Sanger sequencing using 

primers T7 and T3 (Appendix II, Table 2) for confirmation. 
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2.7.3 Site-specific mutagenesis of pRS413-GPN2 

The yeast GPN2 gene was cloned into pRS413 following the same protocol used for cloning into 

pRS416 (section 2.7.2). The pRS413 plasmid containing GPN2 will be called pRS413-GPN2 

hereafter. The desired variants were introduced to pRS413 by site-specific mutagenesis (Kunkel 

et al., 1987). The synthetic oligonucleotides used to perform the mutagenesis were GPN2-L228P 

to introduce the variant p.(Leu228Pro) and GPN2-N222D for the variant p.(Asn222Asp) in the 

yeast GPN2 gene (Appendix II, Table 2). The plasmid vectors containing wild-type GPN2, and 

the GPN2 p.(Leu228Pro) and p.(Asn222Asp) variants will be called pRS413-GPN2, pRS413-

GPN2-L228P and pRS413-GPN2-N222D, respectively, hereafter. 

2.7.4 Diploid yeast sporulation  

The pRS416-GPN2 plasmid vector was transformed into the newly generated yeast GPN2-knock-

out strain as previously described (“Diploid_GPN2_KO” in Table 2.10). The type of solid medium 

used for the plates onto which the transformation reactions were spread out was the synthetic 

defined (SD) medium, omitting uracil (SD/-Ura) (Cold Spring Harbor Laboratory Press, 2015a). 

Sporulation of the “Diploid_GPN2_KO” strain containing pRS416-GPN2 

(“Diploid_GPN2_KO_pRS416-GPN2” in Table 2.10) was induced to generate a haploid strain. 

Freshly transformed cells were patched to a freshly prepared GNA pre-sporulation plate and 

incubated for 24 hrs at 30 °C. The composition of GNA pre-sporulation plates is listed in Table 

2.21. 

Table 2.21 GNA pre-sporulation plates formulation 

Medium components and final concentrations Recipe for 2 plates 
5% D-glucose 5 g 
3% Difco™ nutrient broth 3 g 
1% Difco™ yeast extract 1 g 
2% Bacto™ agar 2 g 
Sterile water up to 100 mL 

 

The following day, the cells were picked from the GNA plate and re-patched to another fresh GNA 

plate for 24 hrs at 30 °C. The cells grown from the second GNA plate were inoculated into 1 mL 

liquid sporulation medium and incubated on a rocking table for 5 days at 25 °C, followed by 3 

days at 30 °C. The composition of the sporulation medium is listed in Table 2.22. 
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Table 2.22 Liquid sporulation medium formulation 

Medium components and final concentrations Recipe for 200 mL 
1% Potassium Acetate 2 g 
0.005% Zinc Acetate 10 mg 
Ura supplement 4 mg 
His supplement 4 mg 
Leu supplement 6 mg 
Sterile water up to 200 mL 

An aliquot of 50 - 100 μL of the sporulated culture was transferred into a 1.5 mL tube and pulse-

spun until the centrifuge reached top speed and the supernatant decanted. The pellet was 

resuspended in 20 μL of 1.25 mg/mL lyticase solution and incubated at room temperature for 5 - 

10 min. The lyticase-treated culture was dribbled down the middle of a well-dried YPD plate, which 

was transferred to the Singer Instruments SporePlay+ dissection microscope (Cat. ID: SPO-002) 

for tetrad dissection. Following tetrad dissection, the plate was then incubated for 3 days at 30 °C 

to allow the spores to germinate into visible colonies. Following incubation, all colonies were 

picked and inoculated in 100 μL of distilled water, which was previously added to each well of a 

96-well plate. Using a multi-channel pipette, an aliquot of 2 μL was transferred from each cell 

suspension to Thermo Scientific™ Nunc™ OmniTray™ single-well plates (Cat. ID: 140156), 

containing five different types of solid medium. The germinated spores were grown on YPD plates 

containing 300 μg/mL hygromycin B (Cold Spring Harbor Laboratory Press, 2017), and SD plates 

omitting uracil (SD/-Ura), leucine (SD/-Leu), histidine (SD/-His) and tryptophan (SD/-Trp) (Cold 

Spring Harbor Laboratory Press, 2015a). The plates spotted with the germinated spores were 

incubated for 3 days at 30 °C. Only the cells which grew into visible colonies on all plates were 

selected and frozen 15% glycerol stocks of the selected cells were made. This newly made strain 

was a haploid strain containing pRS416-GPN2 and is referred to as 

“Haploid_GPN2_KO_pRS416-GPN2” in Table 2.10. 

2.7.5 Shuffling of plasmid containing wild-type GPN2 with plasmids containing 

mutant GPN2 

Five transformation reactions were prepared using the yeast strain “Haploid_GPN2_KO_pRS416-

GPN2” (Table 2.10). The plasmid DNA used for the transformation reaction was pRS413-GPN2 

(wild-type) in one reaction, pRS413-GPN2-L228P in another and pRS413-GPN2-N222D in 

another. Two more transformation reactions were prepared as control reactions: one contained 

the empty pRS413 vector, i.e., the vector without any additional insert, whereas in the other 

reaction DNA was replaced with sterile water. The solid medium used for the transformation plates 
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was SD medium without either uracil or histidine (SD/-Ura/-His) (Cold Spring Harbor Laboratory 

Press, 2015a). The strains generated from this transformation were named “Haploid_GPN2_KO_ 

pRS416-GPN2_pRS413-GPN2”, “Haploid_GPN2_KO_ pRS416-GPN2_pRS413-GPN2-L228P” 

and “Haploid_GPN2_KO_pRS416-GPN2_pRS413-GPN2-N222D” (Table 2.10). The pRS416-

GPN2 plasmid vector was removed from the cells, which were transformed with pRS413-GPN2, 

pRS413-GPN2-L228P and pRS413-GPN2-N222D by using 5-floroorotic acid (5-FOA) as a 

selective agent. The cells were inoculated in 2 mL SD/-Ura/-His liquid medium and incubated with 

shaking at 30 °C overnight. After incubation, 100 μL of each culture was transferred into a well of 

a 96-well plate. Using a multi-channel pipette, four 1:5 serial dilutions of the cultures were 

produced and 2 μL of the undiluted cultures and of each dilution was transferred to a plate 

containing 2X concentrate 5-FOA solid medium. The composition of the 5-FOA medium is listed 

in Table 2.23. 

Table 2.23 5-FOA solid medium formulation, 2X 

Medium components  Recipe for 500 mL 
Yeast Nitrogen 7 g 
Complete Supplement Mixture (CSM)/-His 0.77 g 
D-Glucose 20 g 
5-Floroorotic acid 1 g 
Bacto™ agar 20 g 
Sterile water up to 500 mL 

The 5-FOA plates were incubated at 30 °C for 3 days to allow the cells to grow into visible 

colonies. The colonies were then picked and inoculated in selective media and incubated at 30 

°C overnight. The saturated cultures were then used to make 15% glycerol stocks of the newly 

generated strains called “Haploid_GPN2_KO_pRS413-GPN2”, “Haploid_GPN2_KO_pRS413-

GPN2-L228P” and ”Haploid_GPN2_KO_pRS413-GPN2-N222D” (Table 2.10). 

2.7.6 Spot assays of yeast strains with mutant GPN2 on a plasmid 

A small amount of cells was scraped out of the freezer vials containing the glycerol stocks of the 

“Haploid_GPN2_KO_pRS413-GPN2”, “Haploid_GPN2_KO_pRS413-GPN2-L228P” and 

”Haploid_GPN2_KO_pRS413-GPN2-N222D” strains (Table 2.10), spread onto SD/-His plates 

and incubated at 30 °C for 3 days. The colonies that were formed on the plates were picked and 

inoculated in 2 mL SD/-His liquid media and incubated at 30 °C overnight. The OD of the cultures 

was measured using a spectrophotometer. The number of cells in each culture was normalised 

by diluting them in sterile water to OD600 = 1.0 and to a total volume of 200 μL in column 1 of a 
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96-well plate. The wells in the columns 2-5 were filled with 80 μL sterile water. A 1:5 serial dilution 

was performed by pipetting 20 μL of culture from each column on the left to the column 

immediately to the right. A 5 μL drop of diluted culture was transferred from each well onto dry 

SD/-His plates containing 2% glucose and SD/-His containing 2% ethanol in place of glucose. 

Two SD/-His plates with glucose and two SD/-His plates with ethanol were prepared. After all 

spotted liquid was absorbed, one plate of each type of media was incubated at 30 °C and one at 

35 °C for 2–5 days. 

2.7.7 CRISPR/Cas9 mutagenesis of yeast GPN2 

The variants GPN2 p.(Leu228Pro) and GPN2 p.(Asn222Asp) were introduced in the yeast 

genome by CRISPR/Cas9 genome engineering of the pCAS plasmid (Ryan et al., 2016). The 

primers used for inserting the correct guide RNA (gRNA) sequence into the pCAS plasmid were 

GPN2_pCAS_F (N222D and L228P) and GPN2_pCAS_B (Appendix II, Table 2). The yeast strain 

YPH500 (Table 2.10) was transformed with the pCAS plasmid together with the PCR-amplified 

repair fragment in the same transformation reaction using the method described in section 2.7.1 

above as per Gietz and Schiestl (2007). The repair fragment was amplified by standard PCR 

amplification. The plasmid template DNA that was used to produce the repair fragment containing 

with variant GPN2 p.(Asn222Asp) was pRS413-GPN2-N222D. The plasmid template used for the 

repair fragment containing the variant GPN2 p.(Leu228Pro) was pRS413-GPN2-L228P. The 

amount of plasmid DNA used in the PCR reaction was 100 ng. The primers used for the 

amplification of both repair fragments were GPN2_rep_Fmut and GPN2_repair_B (Appendix II, 

Table 2). The reaction mix used was the Bioline MyTaq™ Red Mix, 2x (Cat. ID: BIO-25043). The 

PCR reaction set-up was listed in Table 2.24. 

Table 2.24 N222D and L228P repair fragments PCR reaction set-up 

Reaction component Volume 
Plasmid template (100 ng)  0.9 μL 
GPN2_rep_Fmut (20 µM) 0.5 μL 
GPN2_repair_B (20 µM) 0.5 μL 
MyTaq™ Red Mix, 2x 12.5 μL 
Nuclease-free Water (ddH2O) 11.1 μL 
Total volume 25.5 μL 

 

The thermal cycler used for the PCR amplification was the Bio-Rad 96-well T100 (Cat. ID: 

1861096). The PCR cycling conditions used to amplify the GPN2 gene were as per Table 2.25. 
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Table 2.25 N222D and L228P repair fragments PCR cycling conditions 

Step Temperature Time Cycles 
Initial denaturation  95 °C 3 min 1 
Denaturation 95 °C 15 sec 

45 Annealing 47 °C 15 sec 
Extension 72 °C 1 min 
Final Extension 72 °C 5 min 1 

Aliquots of 5 μL of each PCR product were run on 0.8% agarose at 75 V for 45 min using the Bio-

Rad PowerPac™ Basic Power Supply (Cat. ID: 1645050) for confirmation. 

To introduce the GPN2 p.(Glu276Cys) variant in the yeast genome using the CRISPR/Cas9 

system, a PCR amplification of the pCAS plasmid was performed. The primers used for inserting 

the correct gRNA sequence into the pCAS plasmid were GPN2_pCAS_F (E276C) and 

GPN2_pCAS_B (Appendix II, Table 2). The yeast strain YPH500 (Table 2.10) was transformed 

with the pCAS plasmid together with the repair fragment using the method described in section 

2.7.1 above as per Gietz and Schiestl (2007). The repair fragment was made of forward and 

reverse oligonucleotide molecules, which were made anneal to form double-stranded DNA. The 

oligonucleotide molecules (Repair_E276C_top and Repair_E276C_bot, Appendix II, Table 2) 

were ordered and synthesised by Merck KGaA and, therefore, did not require any PCR 

amplification to obtain the required concentration. The oligonucleotide repair fragments contained 

a heterology block, i.e. a cluster of synonymous variants across the CRISPR 20-nt DNA target 

sequence and the PAM site, surrounded by 30-50 bp homology arms, which were identical to the 

reference sequence (Horwitz et al., 2015). Each oligonucleotide was resuspended in 1X 

annealing buffer, the composition of which is listed in Table 2.26, to produce an oligonucleotide 

solution of 1 µg/µL final concentration. 

Table 2.26 Annealing buffer formulation, 1X 

Buffer components Final concentration (mM) 
Tris-HCl Buffer, pH 7.5 10 
NaCl solution 50 
EDTA 1 

 

Aliquots of 5 µL (5 µg) of the forward and reverse oligonucleotide molecules were mixed in a PCR 

tube to give a total volume of 10 µL (10 µg). The molecules were annealed using the Bio-Rad 96-

well T100 (Cat. ID: 1861096), which was set up with the thermal profile listed in Table 2.27. 
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Table 2.27 Annealing thermal profile 

Step Final Temperature Time taken Cycles 
Heating at max ramp rate 95 °C 2 min 1 Cooling at approximately 1.6 °C/min 25 °C 45 min 

The whole volume of the annealing reaction was used together with the pCAS plasmid for the 

yeast transformation. The transformation reaction set-up for this set of experiments is listed in 

Table 2.28. 

Table 2.28 Transformation of pCAS plus repair template into yeast 

Transformation mix components Volume (μL) 
PEG 3350 (50% (w/v)) 240 
LiAc 1.0 M 36 
Single-stranded salmon sperm carrier DNA (2.0 mg ml-1) 50 
pCAS plasmid DNA (1 µg) + repair template DNA (10 µg) 34 
Total volume 360 

The plasmid DNA + repair template DNA was replaced with the same volume of sterile water for 
one of the two transformation mixes, which was used as a control. PEG: polyethylene glycol; LiAc: 
lithium acetate. 

The transformation reactions were plated out on YPD agar plates containing 300 µg/ml G418 

(geneticin) and incubated for exactly 48 hrs at 37 °C. After incubation, single colonies were picked, 

inoculated in liquid YPD medium containing 300 µg/ml G418 and incubated overnight at 30 °C. 

The overnight culture was streaked onto YPD agar plates without G418 and incubated for 3 days 

at 30 °C. After incubation, the newly formed colonies were streaked on YPD agar plates 

containing 300 µg/ml G418 to confirm the loss of the pCAS plasmid. Finally, the correct integration 

of the desired variants was confirmed by PCR amplification, performed in-house, and Sanger 

sequencing, performed by Eurofins Genomics GmbH. The primers used to sequence the region 

of the yeast GPN2 gene containing the variants p.(Asn222Asp) and p.(Leu228Pro) were 

GPN2_repair_F and GPN2_repair_B (Appendix II, Table 2). The primers used to sequence the 

region containing the variant GPN2 p.(Glu276Cys) were GPN2_E276C_Rep_F and 

GPN2_E276C_Rep_B (Appendix II, Table 2). 

2.7.8 Spot assays of yeast strains with GPN2 disease variants introduced in their 

genome 

The YPH500 strain and the newly generated “CRISPR GPN2”, “CRISPR GPN2-L228P”, 

“CRISPR GPN2-N222D” and “CRISPR GPN2-E276C” (Table 2.10) were spread onto YPD plates 

and incubated at 30 °C for 3 days. The colonies that were formed on the plates were picked, 

inoculated in 2 mL YPD liquid media and incubated at 30 °C overnight. Spot assays were 
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performed on SD/-His plates containing 4% ethanol and 3% glycerol using the strains mentioned 

above as per the protocol described in section 2.7.6 above. 

2.7.9 Tagging yeast GPN2 with a TAP tag  

PCR amplification of the TAP tagging cassette from the pYM13 plasmid (Janke et al., 2004) was 

performed in 8x 50 µL reactions using the Bioline MyTaq™ Red Mix, 2x (Cat. ID: BIO-25043). 

The primers used for this PCR amplification were GPN2_TAP_F and GPN2_TAP_B (Appendix 

II, Table 2). The PCR reaction set-up is listed in Table 2.29.  

Table 2.29 TAP tagging module PCR reaction set-up 

Reaction component Volume 
pYM13 plasmid template (10 ng/µL)  5 μL 
Forward and reverse primer mix (10 µM) 5 μL 
Bioline MyTaq™ Red Mix, 2x (Cat. ID: BIO-25043) 25 μL 
Nuclease-free Water (ddH2O) up to 50 μL 

The thermal cycler used for the PCR amplification was the Bio-Rad 96-well T100 (Cat. ID: 

1861096). The PCR cycling conditions used to amplify the TAP tagging module are listed in Table 

2.7. To confirm the correct amplification of the deletion module, agarose gel electrophoresis was 

performed using 0.8% agarose run at 75 V for 1 hour using the Bio-Rad PowerPac™ Basic Power 

Supply (Cat. ID: 1645050). The gel was visualised using the UVP MultiDoc-It Imaging System 

(Cat. ID: 97-0192-05). The PCR reactions containing the amplified tagging cassette were pooled 

together and purified using the QIAGEN QIAquick PCR Purification Kit (Cat. ID: 28104). The 

purified PCR product of the TAP tagging cassette was transformed into the strain BJ2168 as 

described above. The transformation reactions were plated out on YPD agar plates containing 

300 µg/ml G418 and incubated for 3 days at 30 °C to let visible colonies form. The TAP-tagged 

strain was named “Haploid_GPN2_TAP” (Table 2.10).  

2.7.10 Immunoblotting of yeast TAP-tagged GPN2, ZWF1, ADH1 and HSP60 in 

both whole-cell and mitochondria extracts 

Yeast whole-cell protein extraction was performed as described by Zhang et al. (2011). The newly 

formed colonies were picked, inoculated in liquid YPD medium containing 300 µg/ml G418 and 

incubated overnight at 30 °C. After incubation, the cells were harvested by centrifuging at 3000 

rpm for 5 min. The cells were first pre-treated with 2.0 M LiAc and then 0.4 M NaOH for 5 min on 

ice. After each incubation, the cells were centrifuged at 3000 rpm for 5 min before replacing 

solutions. The cells were resuspended in 100 μL of 2X sodium dodecyl sulfate-polyacrylamide 
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gel electrophoresis (SDS-PAGE) sample buffer and boiled for 5 min. The formulation of 2X SDS-

PAGE sample buffer is listed in Table 2.30. 

Table 2.30 SDS-PAGE Sample Buffer formulation, 2X 

Buffer component Final concentration 
Tris-HCl, pH 6.8 0.15 M 
β-mercaptoethanol 10% 
Sodium dodecyl sulfate 1.2% 
Glycerol 30% 
Bromphenol blue 0.04% 

The cell lysate was centrifuged at top speed for 5 min to clear cellular debris. The supernatant 

containing yeast whole-cell protein extract was transferred to a fresh tube and stored at 80 °C. 

Mitochondria isolation of the “Haploid_GPN2_TAP” strain (Table 2.10) was performed as 

described by Dannenmaier et al. (2018). The buffers used for this procedure are listed in Table 

2.31. 

Table 2.31 Yeast mitochondria isolation buffer formulations  

Buffer name Component Name Final concentration 
DTT buffer Tris/H2SO4 [pH 9.4] 100 mM  
 DTT 10 mM  
Zymolyase buffer Potassium phosphate [pH 7.4] 20 mM 
 Sorbitol 1.2 M 
Homogenisation buffer* Tris/HCl [pH 7.4] 10 mM  
 Sorbitol 0.6 M 
 EDTA 1 mM 
SEM buffer Sucrose 250 mM 
 MOPS-KOH [pH 7.2] 10 mM  
 EDTA 1 mM 

*PMSF protease inhibitor listed in Dannenmaier et al. (2018) was not included because the yeast 
strain used contained mutations in the genes encoding two of the main proteases. 

Immunoblotting of TAP-GPN2, ZWF1, ADH1 and HSP60 was performed on the whole-cell protein 

extract and the mitochondria extract of the “Haploid_GPN2_TAP” yeast strain (Table 2.10). SDS-

PAGE was performed to separate the protein components of the samples on a gel. A 

discontinuous polyacrylamide gel comprising a separating gel and a stacking gel was prepared 

applying the formulation listed in Table 2.32. 

 

 

 



69 
 

Table 2.32 Discontinuous polyacrylamide gel formulation 

Gel type Component Name Volume 
Separating 
gel 

Distilled water 1.675 mL  
Bio-Rad Resolving Gel Buffer for PAGE (Cat. ID: 1610798) 1.25 mL 
10% Sodium dodecyl sulfate  50 μL 
Scientific Laboratory Supplies ProtoGel 30% Solution (Cat. ID: 
NAT1260) 

2 mL 

10% Ammonium persulfate (freshly made) 25 μL 
Sigma-Aldrich N,N,N′,N′-Tetramethylethylenediamine (Cat. ID: 
T22500) 

15 μL 

Stacking gel Distilled water 1.525 mL  
Bio-Rad Stacking Gel Buffer for PAGE (Cat. ID: 1610799) 0.625 mL 
10% Sodium dodecyl sulfate  25 μL 
Scientific Laboratory Supplies ProtoGel 30% Solution (Cat. ID: 
NAT1260) 

333 μL 

10% Ammonium persulfate (freshly made) 12.5 μL 
Sigma-Aldrich N,N,N′,N′-Tetramethylethylenediamine (Cat. ID: 
T22500) 

15 μL 

The samples were run on a freshly prepared discontinuous polyacrylamide gel at 200V for 45-60 

min using the Bio-Rad Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Cat. ID: 1658004), 

linked to the Bio-Rad PowerPac™ Basic Power Supply (Cat. ID: 1645050). The 1X SDS-PAGE 

running buffer was used to fill up the gel tank. The formulation of the 10X stock SDS-PAGE 

running buffer is listed in Table 2.33. 

Table 2.33 SDS-PAGE Running Buffer formulation, 10X 

Buffer component Final concentration 
Glycine 190 mM 
Tris base 25 mM 
Sodium dodecyl sulfate 0.1% 

Two pieces of 3MM paper and one piece of the Bio-Rad nitrocellulose membrane with 0.45 µm 

pore size (Cat. ID: 1620115) were cut to the size of the gel and soaked in SDS-PAGE transfer 

buffer for 5 min. The formulation of the transfer buffer is listed in Table 2.34. 

Table 2.34 SDS-PAGE Transfer Buffer formulation 

Buffer component Final concentration 
Glycine 190 mM 
Tris base 25 mM 
Methanol 20% 

The Bio-Rad Trans-Blot® SD Semi-Dry Transfer Cell (Cat. ID: 1703940) was set up with one piece 

of 3MM paper, then the nitrocellulose membrane, then the gel, then the other piece of 3MM paper 

and run at 10 V for 1 hr. The nitrocellulose membrane was rinsed in the Sigma-Aldrich Dulbecco′s 

Phosphate-Buffered Saline (PBS) (Cat. ID: D8537) and incubated on a rocking table for 30 min 
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at room temperature with 10 mL of Western blot blocking buffer. The formulation of the blocking 

buffer is listed in Table 2.35. 

Table 2.35 Western blot blocking buffer formulation 

Buffer component Volume/mass 
Sigma-Aldrich Phosphate-Buffered Saline, 10X (Cat. ID: P7059) 15 mL 
Nonfat-dried milk powder 7.5 g 
Distilled water 135 mL 
Sigma-Aldrich TWEEN® 20 (Cat. ID: P7949) 150 μL 

The membrane was incubated for 1 hr with 10 mL of fresh blocking buffer with a 1:5000 dilution 

of the Invitrogen rabbit anti-TAP polyclonal antibody (Cat. ID: CAB1001) as primary antibody. In 

separate immunoblotting experiments, other primary antibodies for the yeast housekeeping 

proteins were used: Sigma-Aldrich anti-Glucose-6-Phosphate Dehydrogenase (G-6-PDH) 

antibody produced in rabbit (Cat. ID: A9521) for yeast ZWF1; Chemicon anti-Alcohol 

Dehydrogenase produced in rabbit for yeast ADH1 (no catalogue number is available for this item, 

because this antibody is not being produced any longer); anti-HSP60 antibody produced in rabbit, 

which was received from Dr Martin Poole of The University of Manchester. The membrane was 

washed with 20 mL of blocking buffer 3 times for 5 min each time, and incubated for 30 min with 

10 mL of fresh blocking buffer with a 1:10000 dilution of the Sigma-Aldrich goat anti-rabbit IgG 

antibody, peroxidase conjugated (Cat. ID: A9169), as secondary antibody. The membrane was 

washed with 25 mL of blocking buffer 2 times for 15 min each time and with 25 mL of Sigma-

Aldrich Dulbecco′s PBS (Cat. ID: D8537) with 0.1% Sigma-Aldrich TWEEN® 20 (Cat. ID: P7949) 

3 times for 5 min each time. An aliquot of 1 mL of the Millipore Immobilon™ Western Horseradish 

Peroxidase (HRP) Substrate Peroxide Solution (Cat. ID: WBKLS0050) and an aliquot of 1 mL of 

the Millipore Immobilon™ Western HRP Substrate Luminol Reagent (Cat. ID: WBKLS0050) were 

mixed together. The membrane was placed on a sheet of Saran wrap, treated with the mixture 

and incubated for 2 min at room temperature. The membrane was placed inside a film cassette 

and moved to a dark room with film sheets. The film was exposed to the membrane inside the 

locked cassette anywhere between a few seconds to a maximum of 15 minutes. The film was 

developed using an automatic film processor to visualise the bands. 

2.7.11 Immunoprecipitation of yeast TAP-tagged GPN2  

The beads of the Sigma-Aldrich rabbit IgG−Agarose saline suspension (Cat. ID: A2909) were 

resuspended by pipetting up and down. An aliquot of 50 μL of suspension was transferred to a 
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fresh tube. The beads were washed 3 times with IPP150 buffer. The formulation of IPP150 buffer 

is listed in Table 2.36.  

Table 2.36 IPP150 buffer formulation 

Buffer component Final concentration 
Tris-HCl, pH 8.0 10 mM 
Sodium chloride (NaCl) 150 mM 
Sigma-Aldrich IGEPAL® CA-630 0.1% 

An aliquot of 100 μL of yeast whole-cell protein extract (section 2.7.10) was mixed with an aliquot 

of equal volume of IPP150 buffer. The mixture of protein extract and IPP150 was added to the 

previously washed beads and agitated with a tube rotator at 4 °C for 45 min. The beads were 

washed 4 times with 500 µL IPP150 buffer for at least 15 min each time. An aliquot of 30 μL of 

2X SDS-PAGE sample buffer (Table 2.30) was added to the beads, which were then boiled for 5 

min and spun at top speed for 2 min. The precipitated sample was run on a protein gel (Table 

2.32) at 200 V for 2 min for sample submission to Biological Mass Spectrometry services within 

the University of Manchester for mass spectrometry analysis.  

 

2.8 HEK-293 cells 

2.8.1 Human GPN2 coding region PCR amplification 

The human GPN2 coding region was amplified by standard PCR using the primers 

GPN2_Human_F and GPN2_Human_B (Appendix II, Table 2) and human fibroblast 

complementary DNA (cDNA), which was available in the O’Keefe Laboratory. The 

GPN2_Human_F primer was designed to anneal to Chr1(GRCh38):g.26,890,093-26,890,109, 

which is located immediately downstream of the start codon, and to contain the restriction site of 

the endonuclease EcoRI. The GPN2_Human_B primer was designed to anneal to 

Chr1(GRCh38):g.26,879,698-26,879,671, which is located at the 3’ terminal region of the coding 

sequence (CDS) of GPN2, ending with the stop codon included, and to contain the restriction site 

of the endonuclease BamHI. The amplified region was 930 bp in size and had genomic 

coordinates Chr1(GRCh38):g.26,890,093-26,879,671. Therefore, the amplified fragment 

encompassed the coding region of GPN2 required for expression of the gene from a plasmid. The 

PCR reaction set-up is listed in Table 2.37.  
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Table 2.37 Human GPN2 coding region PCR reaction set-up 

Reaction component Volume 
New England Biolabs Phusion® GC Buffer, 5X (Cat. ID: B0519S) 5 μL 
Sigma-Aldrich dNTP Mix (10 mM) (Cat. ID: 71004-M) 0.5 μL 
Forward primer (10 µM) 1.25 μL 
Reverse primer (10 µM) 1.25 μL 
cDNA template 1 μL 
New England Biolabs Phusion® High-Fidelity DNA Polymerase (Cat. ID: 
M0530S) 

0.25 μL 

New England Biolabs DMSO (100%) (Cat. ID: B0515A) 0.75 μL 
Nuclease-free Water (ddH2O) up to 25 μL 

Two PCR reactions were prepared: one containing template cDNA and one containing ddH2O 

instead of template DNA. The thermal cycler used for the PCR amplification was the Bio-Rad 96-

well T100 (Cat. ID: 1861096). The PCR cycling conditions used to amplify the TAP tagging 

module are listed in Table 2.38. 

Table 2.38 Human GPN2 coding region PCR cycling conditions 

Step Temperature Time Cycles 
Initial denaturation  98 °C 30 sec 1 
Denaturation 98 °C 10 sec 35 Annealing and Extension 72 °C 35 sec 
Final Extension 72 °C 5 min 1 

To confirm the correct amplification of the deletion module, agarose gel electrophoresis was 

performed using 0.8% agarose run at 75 V for 1 hour using the Bio-Rad PowerPac™ Basic Power 

Supply (Cat. ID: 1645050). The gel was visualised using the UVP M-26V Benchtop 

Transilluminator (Cat. ID: 95-0458-02) and the band of the correct size containing the GPN2 

cDNA was excised and the DNA was isolated using the QIAGEN QIAquick Gel Extraction Kit 

(Cat. ID: 28706X4). To check for correct amplification, an aliquot of the purified PCR product was 

sent to Eurofins Genomics GmbH for Sanger sequencing using primers GPN2_Human_F and 

GPN2_Human_B (Appendix II, Table 2).  

2.8.2 Cloning of human GPN2 in plasmid pBlueScript II SK (+) 

A restriction digest of the purified PCR product was performed to generate sticky ends. The 

restriction digest set-up is listed in Table 2.39. 
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Table 2.39 Human GPN2 insert restriction digest set-up 

Reaction component Volume 
Purified PCR product 50 μL 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 6 μL 
New England Biolabs BamHI-HF® (Cat. ID: R3136S) (20,000 units/mL) 1 μL 
New England Biolabs EcoRI-HF® (Cat. ID: R3101S) (20,000 units/mL) 1 μL 
Nuclease-free Water (ddH2O) 2 μL 
Total volume 60 μL 

The restriction digest reaction was incubated at 37 °C for 1 hr. The reaction was purified using 

the QIAGEN QIAquick PCR Purification Kit (Cat. ID: 28104). The plasmid vector pBlueScript II 

SK (+) was digested with BamHI-HF® and EcoRI-HF® using the digest set-up listed in . The 

restriction digest reaction was incubated at 37 °C for 1 hr. The digested plasmid DNA was 

dephosphorylated by adding 1 μl of the New England Biolabs CIP (Cat. ID: M0290), incubated at 

37 °C for 30 min and purified using the QIAGEN QIAquick PCR Purification Kit (Cat. ID: 28104). 

The plasmid pBlueScript II SK (+) and the human GPN2 coding DNA insert were ligated together. 

The ligation reaction set-up is listed in Table 2.18. Two ligation reactions were prepared, one 

containing 2 μL of plasmid DNA and 15 μL of insert DNA and the other containing 2 μL of plasmid 

DNA and 15 μL of nuclease-free water instead of insert DNA. The ligation reactions were 

incubated at room temperature for 1 hr. The two reactions were transformed into the Agilent XL1-

Blue Competent Cells (Cat ID: 200249). The transformation reaction protocol is listed in Table 

2.40. 

Table 2.40 XL1-Blue competent Transformation Protocol 

Transformation step 
1. Thaw XL1-Blue Competent cells on ice and transfer two 25 μL aliquots to two separate 1.5 
mL tubes. 
2. Once thawed out, add 0.5 μL of β-mercaptoethanol to each tube and incubate on ice for 10 
min. 
3. Add 2.5 μL of the ligation reaction with insert DNA to one tube and 2.5 μL of the ligation 
reaction with water to the other tube. Incubate the tubes on ice for 30 min. 
4. Once thawed out, transfer an aliquot of 20 μL of cells to each tube.  
5. Incubate the reactions on ice for 30 min. 
6. Heat-shock the reactions in a 42 °C water bath for 1 min. 
7. Keep reactions on ice while adding 225 μL New England Biolabs SOC Outgrowth Medium, 
1X (Cat. ID: B9020S) to each reaction. 
8. Incubate the reactions at 37 °C for 30 min on a dry block heater. 
9. After incubation, spread 200 μL of the transformation reaction out on an LB agar plate 
containing 100 μg/mL carbenicillin. 
10. Incubate plates at 37 °C overnight. 

The plates were treated with 100 µL of 2% substrate X-gal and 100 µL of 40 mM inducer IPTG. 

Four to six white colonies were picked from the transformation plates and inoculated in 2 mL LB 

medium with 100 µg/mL carbenicillin. The liquid cultures were incubated at 37 °C overnight. The 
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pBlueScript II SK (+) plasmid with the GPN2 insert, which will be called pBSIISK+-GPN2 hereafter, 

was extracted from the overnight cultures using the Sigma-Aldrich GenElute™ Plasmid Miniprep 

Kit (Cat. ID: PLN350). Two restriction digests of the pBSIISK+-GPN2 plasmid were performed to 

confirm that the extracted plasmid contained the correct insert. The restriction digest set-ups of 

the plasmid DNA are listed in Table 2.41 and Table 2.42. 

Table 2.41 Cloning confirmation restriction digest set-up (1) 

Reaction component Volume 
Plasmid DNA 15 μL (1 μg) 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 2 μL 
New England Biolabs HindIII-HF® (Cat. ID: R3104S) (20,000 units/mL) 0.5 μL 
Nuclease-free Water (ddH2O) up to 20 μL 

Table 2.42 Cloning confirmation restriction digest set-up (2) 

Reaction component Volume 
Plasmid DNA 15 μL (1 μg) 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 2 μL 
New England Biolabs BamHI-HF® (Cat. ID: R3136S) (20,000 units/mL) 0.5 μL 
New England Biolabs EcoRI-HF® (Cat. ID: R3101S) (20,000 units/mL) 0.5 μL 
Nuclease-free Water (ddH2O) up to 20 μL 

The restriction digest reactions were incubated at 37 °C for 1 hr. To confirm the correct insertion 

of the GPN2 gene, agarose gel electrophoresis was performed using 0.8% agarose gel run at 75 

V for 1 hour. The plasmid samples which were digested into one fragment of 3058bp and one 

fragment of 824bp (set-up 1; Table 2.41) or 2943bp and 939bp (set-up 2; Table 2.42) were sent 

to Eurofins Genomics GmbH for Sanger sequencing using primers T7 and T3 (Appendix II, Table 

2) for confirmation. 

2.8.3 Cloning of human GPN2 in plasmid FLAG3x-RAMX-NLS-stop 

The plasmids that were cloned correctly were digested with the BamHI-HF® and EcoRI-HF® 

restriction enzymes and run on an agarose gel. The gel band containing the GPN2 insert was 

excised and purified with the QIAGEN QIAquick Gel Extraction Kit (Cat. ID: 28706X4). The 

plasmid FLAG3x-RAMX-NLS-stop, obtained from Dr Chris Smith from the University of 

Cambridge, was digested with the BamHI-HF® and EcoRI-HF® endonucleases (Table 2.17) and 

CIP-treated (section 2.7.2). Both plasmid and insert were purified with the QIAGEN QIAquick PCR 

Purification Kit (Cat. ID: 28104) and ligated. The ligation reaction was transformed into competent 

bacteria, which were grown in 2 mL LB liquid medium with 100 µg/mL carbenicillin. The plasmid 
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containing the GPN2 insert, which will be called p3XFLAG-GPN2 hereafter, was extracted and 

purified with the Sigma-Aldrich GenElute™ HP Plasmid Midiprep Kit (Cat. ID: NA0200). 

2.8.4 Transfection of HEK-293 cells with plasmid FLAG3x-RAMX-NLS-stop 

containing the GPN2 coding region 

Human embryonic kidney 293 (HEK-293) cells were passaged from a fully confluent Corning® 

100 mm TC-treated Culture Dish (Cat. ID: 430167). All the media contained in the culture dish 

was aspirated and the cells were washed twice with 10 mL of Sigma-Aldrich Dulbecco′s PBS 

(Cat. ID: D8537). The adherent cells were dissociated by adding 2 mL of the Gibco™ Trypsin-

EDTA (0.05%) (1X), phenol red (Cat. ID: 25300054) by dripping on the whole plate surface. The 

cells were incubated at 37 °C for 2-5 min. The cell culture media was prepared by adding the 

Milllipore Fetal Bovine Serum (FBS), US Origin (Cat. ID: 6D1940) to a fresh bottle of the Gibco 

Dulbecco's Modified Eagle Medium (DMEM) (Cat. ID: D5796) to give a 10% FBS final 

concentration. An aliquot of 6.7 mL of culture media was transferred to two new culture dishes. 

After incubation, the trypsinised cells were resuspended in 10 mL of culture media and 3.3 mL of 

cell culture was transferred to each dish. The cell cultures were incubated at 37 °C until the cells 

are 80-90% confluent and passaged to two 6-well Corning® Costar® TC-treated plate (Cat. ID: 

CLS3516) to have 7.5 x 105 cells in each well. The cell cultures were incubated at 37 °C for 24 

hrs. For each plate of cells to be transfected, 3 μg of the p3XFLAG-GPN2 plasmid DNA was 

diluted in 1.5 mL of the Gibco™ Opti-MEM™ I Reduced Serum Medium (Cat. ID: 31985062). For 

each well of cells, 15 μL of Invitrogen™ Lipofectamine™ LTX Reagent (Cat. ID: A12621) was 

added to the media containing the plasmid DNA. The mixture was incubated for 30 min at room 

temperature to form complexes of DNA and Lipofectamine™. After incubation, 1.5 mL of the 

mixture containing the complexes was added to each well containing the cells, which were 

incubated for 18-24 hrs at 37 °C. 

2.8.5 Protein extraction from transfected HEK-293 cells and immunoblotting of 

FLAG-tagged GPN2 

Whole-cell protein extraction from the transfected cells was performed. An aliquot of 1 mL of the 

Thermo Scientific™ RIPA Lysis and Extraction Buffer (Cat. ID: 89901) was mixed with 20 μL of 

the Promega Protease Inhibitor Cocktail, 50X (Cat. ID: G6521). The cell culture dishes were 
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placed on ice, the medium in the dishes was discarded and the adherent cells were washed with 

ice-cold Sigma-Aldrich Dulbecco′s PBS (Cat. ID: D8537). The PBS was discarded and the cells 

were lysed by adding the freshly made lysis buffer. The cells were scraped off the dish surface 

using a cold plastic cell scraper and transferred into 1.5 mL tubes. The contents of the tubes were 

agitated with a tube rotator at 4 °C for 30 min and the tubes were spun at 4 °C for 30 min at top 

speed. An aliquot of the extract from the cells transfected with the plasmid p3XFLAG-GPN2 and 

an aliquot of the extract from the cells transfected with no DNA were mixed with 2X SDS-PAGE 

sample buffer (Table 2.30) and used for SDS-PAGE and immunoblotting of FLAG-tagged GPN2.  

2.8.6 Immunofluorescence of FLAG-tagged GPN2 in HEK-293 cells 

Immunofluorescence of FLAG-tagged GPN2 in HEK-293 cells was performed. Acid-washed 

coverslips were flamed and laid on a Corning® 35 mm TC-treated Culture Dish (Cat. ID: 430165). 

The cells were passaged to the plate containing the coverslips and incubated for 24 hrs at 37 °C 

to let the cell adhere to the coverslips. The cells were washed with Sigma-Aldrich Dulbecco′s PBS 

(Cat. ID: D8537) twice, fixed with 2 mL of PBS containing 2% formaldehyde for 15 min at room 

temperature and washed three times with 2 mL of PBS for 5 min each time. The cells were 

permeabilised with 2 mL of PBS containing 0.2% Triton X-100 for 5 min at 4 °C and washed twice 

with PBS for 5 min each time. The cells were washed again with 2 mL of PBS containing 5% 

Sigma-Aldrich Normal Goat Serum (Cat. ID: NS02L) to eliminate background fluorescence. The 

cells were treated with 100 μL of PBS with a 1:500 dilution of the Sigma-Aldrich monoclonal ANTI-

FLAG® M2 antibody produced in mouse (Cat. ID: F3165) by incubating in a humidity chamber at 

room temperature for 1 hr. The humidity chamber was prepared using a Thermo Scientific™ 

Nunc™ OmniTray™ single-well plate (Cat. ID: 140156) by laying sterile wipes soaked in distilled 

water and Sigma-Aldrich PARAFILM® M (Cat. ID: P7793) on the wipes. The humidity chamber 

was kept closed during incubation. The coverslips were transferred back to the cell culture dish 

and washed three times with PBS for 10 min each time. The cells were treated with 100 μL of 

PBS with a 1:500 dilution of the Jackson ImmunoResearch anti-mouse secondary antibody 

produced in rabbit, conjugated with ALEXA Fluor 488® (Cat. ID: 115-545-003), by incubating in a 

humidity chamber at room temperature for 1 hr. The coverslips were transferred back to the cell 

culture dish and washed three times with PBS for 10 min each time. The coverslips were dried 

on 3MM paper and placed face-down on a drop of Invitrogen™ ProLong™ Gold Antifade 

Mountant with DAPI (Cat. ID: P36931), which was previously added on a glass slide with the 
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frosted end facing up. Images were collected on a Zeiss Axioimager.D2 upright microscope using 

a 20x / 0.5 EC Plan-neofluar objective and captured using a Coolsnap HQ2 camera 

(Photometrics) through Micromanager software v1.4.23. Specific band pass filter sets for DAPI 

and FITC were used to prevent bleed-through from one channel to the next. 

2.8.7 Immunoprecipitation of human FLAG-tagged GPN2 

The HEK-293 whole-cell protein extract, prepared as per section 2.8.5, was used to perform 

immunoprecipitation of the FLAG-tagged GPN2 fusion protein with the Sigma-Aldrich FLAG® 

Immunoprecipitation Kit (Cat. ID: FLAGIPT1). The method used for FLAG immunoprecipitation is 

described in the kit Product Information sheet (ID: DJ/MAM 08/10-1). The elution of the 

precipitated sample was performed using the Sigma-Aldrich Elution Buffer (Cat. ID: E6150). The 

precipitated sample was run on a protein gel (Table 2.32) at 200 V for 2 min for sample submission 

to Biological Mass Spectrometry services for mass spectrometry analysis.  

 

2.9 Protein expression and purification 

2.9.1 Human DAP3Δ46 coding region PCR amplification 

The coding region of the human genome encoding DAP3 with 46 N-terminal amino acids removed 

was amplified by standard PCR using the primers DAP3_del46_F and DAP3_del46_B (Appendix 

II, Table 3) at 5 µM concentration and fibroblast cDNA, which was available in the O’Keefe 

Laboratory at the University of Manchester, as template at 10 ng/µL concentration.  

The DAP3_del46_F primer was designed to anneal to Chr1(GRCh38):g.155,717,099-

155,717,119, which is located immediately downstream of codon 46, and to contain the restriction 

sites of the endonucleases EcoRI and NdeI. The DAP3_del46_B primer was designed to anneal 

to Chr1(GRCh38):g.155,738,222-155,738,242, which is located at the 3’ terminal region of the 

coding sequence (CDS) of DAP3, ending with the stop codon included, and to contain the 

restriction site of the endonuclease EcoRI. The amplified region was 1,058 bp in size and had 

genomic coordinates Chr1(GRCh38):g.155,717,099-155,738,242. Therefore, the amplified 

fragment encompassed the coding region of DAP3, excluding the first 46 codons, required for 

expression of the gene from a plasmid. The PCR reaction set-up is listed in Table 2.29. Two PCR 

reactions were prepared: one containing template cDNA and one containing ddH2O instead of 
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template DNA. The thermal cycler used for the PCR amplification was the Bio-Rad 96-well T100 

(Cat. ID: 1861096). The PCR cycling conditions used to amplify the DAP3Δ46 coding region are 

listed in Table 2.7. To confirm the correct amplification of the DAP3Δ46 coding region, agarose 

gel electrophoresis was performed using 0.8% agarose run at 120 V for 20 hour using the Bio-

Rad PowerPac™ Basic Power Supply (Cat. ID: 1645050). The gel was visualised using the UVP 

M-26V Benchtop Transilluminator (Cat. ID: 95-0458-02). The PCR product was purified using the 

QIAGEN QIAquick PCR Purification Kit (Cat. ID: 28104). 

2.9.2 Cloning of human DAP3Δ46 in plasmid pBlueScript II SK (+) 

The purified PCR product was digested using the EcoRI-HF® endonuclease to generate sticky 

ends. The restriction digest set-up is listed in Table 2.43. 

Table 2.43 Human DAP3Δ46 insert restriction digest set-up 

Reaction component Volume 
Purified PCR product 44 μL 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 5 μL 
New England Biolabs EcoRI-HF® (Cat. ID: R3101S) (20,000 units/mL) 1 μL 
Total volume 50 μL 

The restriction digest reaction was incubated at 37 °C for 1 hr. The reaction was purified using 

the QIAGEN QIAquick PCR Purification Kit (Cat. ID: 28104). The plasmid pBlueScript II SK (+) 

was digested with EcoRI-HF® using the digest set-up listed in Table 2.44. 

Table 2.44 Plasmid pBlueScript II SK (+) restriction digest set-up 

Reaction component Volume 
Plasmid DNA 6 μL (2 μg) 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 5 μL 
New England Biolabs EcoRI-HF® (Cat. ID: R3101S) (20,000 units/mL) 1 μL 
Nuclease-free Water (ddH2O) up to 50 μL 

The restriction digest reaction was incubated at 37 °C for 1 hr. The digested plasmid DNA was 

dephosphorylated by adding 1 μl of the New England Biolabs CIP (Cat. ID: M0290), incubated at 

37 °C for 30 min and purified using the QIAGEN QIAquick PCR Purification Kit (Cat. ID: 28104). 

The human DAP3Δ46 coding DNA insert was ligated to the plasmid pBlueScript II SK (+). The 

ligation reaction set-up is listed in Table 2.18. Two ligation reactions were prepared, one 

containing 1 μL of plasmid DNA and 16 μL of insert DNA and the other containing 1 μL of plasmid 

DNA and 16 μL of nuclease-free water, instead of insert DNA. The ligation reactions were 

incubated at room temperature for 1 hr. The two reactions were transformed into the Agilent XL10-



79 
 

Gold Ultracompetent Cells (Cat ID: 200315). The transformation reaction protocol is listed in Table 

2.45. 

Table 2.45 XL10-Gold Ultracompetent Transformation Protocol 

Transformation steps 
1. Thaw XL10-Gold Ultracompetent cells on ice and transfer two 25 μL aliquots to two separate 
1.5 mL tubes. 
2. Once thawed out, add 1 μL of β-mercaptoethanol to each tube and incubate on ice for 10 
min. 
3. Add 2.5 μL of the ligation reaction with insert DNA to one tube of cells and 2.5 μL of the 
ligation reaction with water to the other tube.  
4. Incubate the reactions on ice for 30 min. 
5. Heat-shock the reactions in a 42 °C water bath for 30 sec. 
6. Incubate the reactions on ice for 2 min.  
7. Add 225 μL NZY medium1 to each reaction. 
8. Incubate the reactions at 37 °C for 1 hr. 
9. After incubation, spread 200 μL of the transformation reaction out on an LB agar plate2 
containing 100 μg/mL carbenicillin. 
10. Incubate plates at 37 °C overnight. 

1. NZY broth was prepared in-house at 21 g/L concentration. 2. LB agar plates were prepared at 
20 g/L LB broth and 20 g/L Bacto™ agar. The plates were treated with 100 µL of 2% substrate X-
gal and 100 µL of 40 mM IPTG.  

Three white colonies were picked from the transformation plates and inoculated in 2 mL Terrific 

Broth (TB) medium with carbenicillin at 100 µg/mL concentration. The TB medium was prepared 

in-house following the formulation listed by Cold Spring Harbor Laboratory Press (2015b). The 

liquid cultures were incubated at 37 °C overnight. The pBlueScript II SK (+) plasmid with the 

DAP3Δ46 insert was extracted from the overnight cultures using the Sigma-Aldrich GenElute™ 

Plasmid Miniprep Kit (Cat. ID: PLN350). The extracted plasmid was digested with the New 

England Biolabs NdeI (Cat. ID: R0111S) (20,000 units/mL) and EcoRI-HF® endonucleases to 

confirm that the plasmid contained the correct insert. The restriction digest set-up of the plasmid 

DNA is listed in Table 2.46.  

Table 2.46 Plasmid pBlueScript II SK (+) cloning confirmation restriction digest set-up 

Reaction component Volume 
Plasmid DNA 17 μL (1 μg) 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 2 μL 
New England Biolabs NdeI (Cat. ID: R0111S) (20,000 units/mL) 0.5 μL 
New England Biolabs EcoRI-HF® (Cat. ID: R3101S) (20,000 units/mL) 0.5 μL 

The restriction digest reaction was incubated at 37 °C for 1 hr. To confirm the correct insertion of 

the DAP3Δ46 coding DNA, agarose gel electrophoresis was performed using 0.8% agarose gel 

run at 120 V for 20 min. The gel was visualised using the UVP M-26V Benchtop Transilluminator 

(Cat. ID: 95-0458-02) and the band of the correct size containing the DAP3Δ46 cDNA was excised 

and the DNA was isolated using the QIAGEN QIAquick Gel Extraction Kit (Cat. ID: 28706X4).  
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2.9.3 Cloning of human DAP3Δ46 in plasmid pET-28 a (+) 

The plasmid vector pET-28 a (+) was digested with NdeI and EcoRI-HF® using the digest set-up 

listed in Table 2.47. 

Table 2.47 Plasmid pET-28 a (+) restriction digest set-up 

Reaction component Volume 
Plasmid DNA 10 μL (3 μg) 
New England Biolabs CutSmart® Buffer, 10X (Cat. ID: B7204) 5 μL 
New England Biolabs NdeI (Cat. ID: R0111S) (20,000 units/mL) 1 μL 
New England Biolabs EcoRI-HF® (Cat. ID: R3101S) (20,000 units/mL) 1 μL 
Nuclease-free Water (ddH2O) up to 50 μL 

The digested plasmid DNA was incubated at 37 °C for 1 hr, CIP-treated and purified using the 

QIAGEN QIAquick PCR Purification Kit (Cat. ID: 28104). The plasmid pET-28 a (+) and the human 

DAP3Δ46 coding DNA insert were ligated together. The ligation reaction set-up is listed in Table 

2.18. Two ligation reactions were prepared, one containing 3 μL of plasmid DNA and 14 μL of 

insert DNA and the other containing 3 μL of plasmid DNA and 14 μL of nuclease-free water, 

instead of insert DNA. The two reactions were transformed into the Agilent XL10-Gold 

Ultracompetent Cells (Cat ID: 200317) following the protocol listed in Table 2.45 with the only 

difference that the transformation plate contained 50 μg/mL kanamycin instead of 100 μg/mL 

carbenicillin. Four colonies were picked from the transformation plates and inoculated in 2 mL TB 

medium (Cold Spring Harbor Laboratory Press, 2015b) with kanamycin at 50 µg/mL 

concentration. The liquid cultures were incubated at 37 °C overnight. The pET-28 a (+) plasmid 

with the DAP3Δ46 insert was extracted from the overnight cultures using the Sigma-Aldrich 

GenElute™ Plasmid Miniprep Kit (Cat. ID: PLN350). The extracted plasmid was digested with the 

NdeI and EcoRI-HF® endonucleases to confirm that the plasmid contained the correct insert. The 

restriction digest set-up of the plasmid DNA is listed in . The plasmid was sent to Eurofins 

Genomics GmbH for Sanger sequencing to confirm the correct mutagenisation using the petup 

primer (Appendix II, Table 3). 

2.9.4 Cloning of human PRORP in plasmid pET-28 b (+) 

The wild-type proteins TRMT10C, SDR5C1 and PRORP had been produced as described by 

Holzmann et al. (2008) before I was involved in the study revolving PRORP. The desired variants 

had been introduced into the PRORP gene, which had previously been cloned into the plasmid 
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pET-28 b (+), by site-specific mutagenesis (Kunkel et al., 1987) using the synthetic 

oligonucleotides listed in Appendix II, Table 4. 

2.9.5 Human DAP3Δ46 protein expression using Rosetta™ 2(DE3) bacterial cells 

The pET-28 a (+) plasmid with the DAP3Δ46 insert was transformed into the Sigma-Aldrich 

Rosetta™ 2(DE3) Singles™ Competent Cells – Novagen (Cat. ID: 71400). The protocol is listed 

in Table 2.48. 

Table 2.48 Rosetta™ 2(DE3) Transformation Protocol 

Transformation steps 
1. Thaw Rosetta™ 2(DE3) cells on ice and transfer two 10 μL aliquots to two separate 1.5 mL 
tubes. 
2. Once thawed out, add 1 μL of β-mercaptoethanol to each tube and incubate on ice for 10 
min. 
3. Add 0.5 μL (10-50 ng) of plasmid DNA to one tube of cells and 0.5 μL of water to the other 
tube.  
4. Incubate the reactions on ice for 5 min. 
5. Heat-shock the reactions in a 42 °C water bath for 30 sec. 
6. Incubate the reactions on ice for 2 min.  
7. Add 40 μL New England Biolabs SOC Outgrowth Medium, 1X (Cat. ID: B9020S) to each 
reaction. 
8. Incubate the reactions at 37 °C for 1 hr. 
9. After incubation, spread the transformation reaction out on an LB agar plate containing 50 
μg/mL kanamycin and 34 μg/mL chloramphenicol. 
10. Incubate plates at 37 °C overnight. 

The Merck Millipore Novagen™ Overnight Express™ Instant TB Medium (Cat. No.: 71300) was 

used to prepare the medium used to grow the transformed cells for protein expression. Each 

culture required 500 mL of medium, which was prepared with 30 g of the Overnight Express™ 

medium, 5 mL of 100% glycerol and distilled water up to 500 mL, as well as kanamycin to 50 

μg/mL and chloramphenicol to 34 μg/mL. Colonies from the transformation plate were picked and 

inoculated in 30 mL of media. The cultures were incubated with shaking at 37 °C for 6 hrs. The 

cultures were then transferred to 500 mL media and incubated with shaking at 19 °C for 48 hrs. 

The cells were pelleted using the Beckman Avanti J-20 High Speed Centrifuge (Cat. ID: 

JLY99F17) with the Beckman High Speed Fixed Angle F10BCL 6x500y (Cat. ID: 6060678) rotor 

at 7,000rpm for 10 min at 4 °C. The cell pellets were stored at -80 °C overnight. The pellets were 

thawed out on ice and resuspended in 15 mL lysis/wash buffer, which was made in-house using 

the formulation listed in Table 2.49. 
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Table 2.49 Lysis/wash buffer formulation 

Component name Final concentration 
Tris-HCl, pH 7.4 20 mM 
NaCl 150 mM 
DTT 1 mM 
Sigma-Aldrich TWEEN® 20 (Cat. ID: P7949) 0.02% 
Imidazole 20 mM 
Glycerol 15% 

The cell lysate was sonicated with 3 bursts of 10 seconds each with a tapered microtip at 30% 

amplitude. The lysate was centrifuged at 17,000 rpm for 15 mins at 4 °C using the Beckman 

Avanti J-25 High Speed Centrifuge (Cat. ID: JHY99E02) with the Beckman JA25.50 High Speed 

Fixed Angle rotor (Cat. ID: 10E1179).  

2.9.6 Human PRORP protein expression using Rosetta™ 2(DE3) bacterial cells 

At the time when I was involved in this study, the purified wild-type TRMT10C, SDR5C1 and 

PRORP proteins were available in the O’Keefe Laboratory. Therefore, I performed expression 

and purification of the proteins containing the variants of interest.  

The plasmids containing the variant versions of the PRORP gene were transformed into the 

Agilent XL10-Gold Ultracompetent Cells (Cat ID: 200317) to produce a larger quantity of plasmid 

following the protocol listed in Table 2.45. 

Four colonies were picked from the transformation plates and inoculated in 2 mL TB medium 

(Cold Spring Harbor Laboratory Press, 2015b) with kanamycin at 50 µg/mL concentration. The 

liquid cultures were incubated at 37 °C overnight. The pET-28 b (+) plasmid with the PRORP 

insert was extracted from the overnight cultures using the Sigma-Aldrich GenElute™ Plasmid 

Miniprep Kit (Cat. ID: PLN350). The plasmids were sent to Eurofins Genomics GmbH for Sanger 

sequencing to confirm the correct mutagenisation using the petup primer (Appendix II, Table 3). 

The pET-28 b (+) plasmids with the PRORP inserts were transformed into the Sigma-Aldrich 

Rosetta™ 2(DE3) Singles™ Competent Cells – Novagen (Cat. ID: 71400) for protein expression. 

The protocol used to transform the plasmids into the Rosetta™ cells is listed in Table 2.48.  

The Merck Millipore Novagen™ Overnight Express™ Instant TB Medium (Cat. No.: 71300) was 

used to grow the transformed cells for protein expression. Each culture required 500 mL of 

medium, which was prepared with 30 g of the Overnight Express™ medium, 5 mL of 100% 

glycerol and distilled water up to 500 mL, as well as kanamycin to 50 μg/mL and chloramphenicol 

to 34 μg/mL. Colonies from the transformation plate were picked and inoculated in 30 mL of 
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media. The cultures were incubated with shaking at 37 °C for 6 hrs. The cultures were then 

transferred to 500 mL media and incubated with shaking at 19 °C for 48 hrs. The cells were 

pelleted using the Beckman Avanti J-20 High Speed Centrifuge (Cat. ID: JLY99F17) with the 

Beckman High Speed Fixed Angle F10BCL 6x500y (Cat. ID: 6060678) rotor at 7,000rpm for 10 

min at 4 °C. The cell pellets were stored at -80 °C overnight. The pellets were thawed out on ice 

and resuspended in 15 mL lysis/wash buffer (Table 2.49). The cell lysate was sonicated with 3 

bursts of 10 seconds each with a tapered microtip at 30% amplitude. The lysate was centrifuged 

at 17,000 rpm for 15 mins at 4 °C using the Beckman Avanti J-25 High Speed Centrifuge (Cat. 

ID: JHY99E02) with the Beckman JA25.50 High Speed Fixed Angle rotor (Cat. ID: 10E1179). 

2.9.7 Human DAP3Δ46 protein purification by gravity-flow Nickel Affinity Gel 

column 

A gravity-flow column was prepared by adding approximately 1 mL of the Millipore HIS-Select® 

Nickel Affinity Gel (Cat. ID: P6611) to the column. The gel was washed with 10 mL of lysis/wash 

buffer. The clear cell lysate was added to the column and let flow through. The gel was washed 

with 10 mL of lysis/wash buffer. The purified protein was eluted by adding 10 mL of elution buffer, 

which was made in-house using the formulation listed in Table 2.50.  

Table 2.50 Elution buffer formulation 

Component name Final concentration 
Tris-HCl, pH 7.4 20 mM 
NaCl 150 mM 
DTT 0.1 mM 
Sigma-Aldrich TWEEN® 20 (Cat. ID: P7949) 0.02% 
Imidazole 250 mM 
Glycerol 15% 

Six fractions of 1 mL each were collected and 10 μL of each fraction was mixed with 10 μL of 2X 

SDS-PAGE sample buffer (Table 2.30). The samples were heated at 95 °C for 2 min and run on 

a 12% SDS polyacrylamide gel for 60 min at 200 V. The gel was stained by incubating it in 

approximately 20 mL of the Expedeon InstantBlue® Protein Gel Stain (Cat. ID: ISB1L) on a rocking 

table for 60 min. After the correct bands were visualised, the protein fractions were pooled 

together in some 10 kDa tubing, which was sealed and incubated in 1 L of dialysis buffer with 

gentle mixing using a magnetic stirring bar at 4 °C overnight. The formulation of the dialysis buffer 

is listed in Table 2.51.  

 



84 
 

Table 2.51 Dialysis buffer formulation 

Component name Final concentration 
Tris-HCl, pH 8.0 20 mM 
NaCl 200 mM 
DTT 2 mM 
Glycerol 15% 

 

Following incubation, the dialysed protein was spun at top speed for 10 min at 4 °C using the 

microcentrifuge VWR Micro Star 12 (Cat. ID: 521-1651). Protein aliquots of 50-100 μL were snap-

frozen in liquid nitrogen and stored at -80 °C.  

2.9.8 Human PRORP protein purification by gravity-flow Nickel Affinity Gel 

column 

A gravity-flow column was prepared by adding approximately 1 mL of the Millipore HIS-Select® 

Nickel Affinity Gel (Cat. ID: P6611) to the column. The gel was washed with 10 mL of lysis/wash 

buffer. The clear cell lysate was added to the column and let flow through. The gel was washed 

with 10 mL of lysis/wash buffer. The purified protein was eluted by adding 10 mL of elution buffer 

(Table 2.50). Six fractions of 1 mL each were collected and 10 μL of each fraction was mixed with 

10 μL of 2X SDS-PAGE sample buffer (Table 2.30). The samples were heated at 95 °C for 2 min 

and run on a 12% SDS polyacrylamide gel for 60 min at 200 V. The gel was stained by incubating 

it in approximately 20 mL of the Expedeon InstantBlue® Protein Gel Stain (Cat. ID: ISB1L) on a 

rocking table for 60 min. After the correct bands were visualised, the protein fractions were pooled 

together in some 10 kDa tubing, which was sealed and incubated in 1 L of dialysis buffer (Table 

2.51) with gentle mixing using a magnetic stirring bar at 4 °C overnight. Following incubation, the 

dialysed protein was spun at top speed for 10 min at 4 °C using the microcentrifuge VWR Micro 

Star 12 (Cat. ID: 521-1651). Protein aliquots of 50-100 μL were snap-frozen in liquid nitrogen and 

stored at -80 °C. 

2.10 In vitro assays 

2.10.1 Intrinsic GTPase activity assay 

Intrinsic GTPase activity assay was performed using the Promega GTPase-Glo™ Assay (Cat. ID: 

V7681) to test whether the wild-type DAP3 purified protein had functional enzymatic properties. 

The protocol used to perform the assay preparation is listed in the Technical Manual no. TM452 

· 9/15. The GTPase reaction was prepared in six replicates after 2 hrs and 4 hrs of incubation 
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from the addition of the GTPase-Glo™ Reagent on a 96-well white polystyrene plate. The 

luminescence of each reaction was measured using the Agilent Synergy™ HTX Multi-Mode 

Microplate Reader. 

2.10.2 mtRNase P complex reconstitution and (mt)pre-tRNAIle in vitro processing 

assay  

Pre-tRNA processing reaction mixtures were prepared by assembling the reaction buffer, the 

mtRNA substrate and the mtRNase P protein mixture, which were all produced in-house, and the 

Promega Recombinant RNasin® Ribonuclease Inhibitor (40 U/μL) (Cat. ID: N2511). The reaction 

buffer formulation is listed in Table 2.52. 

Table 2.52 Pre-tRNA processing reaction buffer formulation, 5X 

Component name Volume 
Tris-HCl, pH 8.0 150 mM 
NaCl 200 mM 
MgCl2 22.5 mM 
DTT 10 mM 
Jena Bioscience BSA Solution (10 mg/mL) (Cat. ID: BU-102) 100 μg/mL 

The template for (mt)pre-tRNAIle, namely phI2, had been cloned into the XbaI/EcoRI sites of the 

pGEM-1 plasmid (Promega), which had been linearised by restriction digest with XbaI (Holzmann 

et al., 2008). Therefore, I performed in vitro transcription of the (mt)pre-tRNAIle by preparing the 

transcription reaction in accordance with the formulation listed in Table 2.53. 

Table 2.53 (mt)pre-tRNAIle in vitro transcription reaction formulation 

Component name Volume 
Promega RiboMAX™ Express T7 2X Buffer (Cat. ID: P164A) 10 μL 
phI2 XbaI digest (822 ng/μL) 2 μL 
Jena Bioscience Aminoallyl-UTP-ATTO-680 (Cat. ID: NU-821-680) 1 μL 
Distilled water 5 μL 
Promega Enzyme Mix, T7 Express (Cat. ID: P132A) 2 μL 

The transcription reaction was incubated at 37 °C for 3.5 hrs. An aliquot of 1 μL of the RQ1 RNase-

Free DNase (Cat. ID: M610A) was added to the reaction, which was then incubated at 37 °C for 

an additional 15 min. An aliquot of 1 μL of 0.5 M EDTA, one of 90 μL of distilled water and one of 

100 μL of the Sigma-Aldrich Phenol:Chloroform:Isoamyl Alcohol 25:24:1 Saturated with 10 mM 

Tris-HCl, pH 8.0, 1 mM EDTA (Cat. ID: P2069), were added to the reaction. The mtRNA was 

precipitated by vortexing at high power for 3 min and centrifuged at top speed for 5 min. The 

aqueous phase (approximately 90 μL), containing the transcribed mtRNA, was transferred to a 

new 1.5 mL tube and 18 μL of ammonium acetate and 270 μL of absolute ethanol were added to 
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it and mixed. The reaction was incubated at -20 °C for at least 30 min and centrifuged at top 

speed for 5 min. The supernatant was decanted. The pellet was washed by adding 500 μL of 95% 

ethanol solution and the tube was spun again at top speed for 3 min. The supernatant was 

decanted and the pellet was let to dry. The pellet was resuspended in 40 μL of distilled water. An 

aliquot of 1 μL of (mt)pre-tRNAIle was mixed with 2.5 μL of TBE-Urea PAGE sample buffer, 2X, 

which was made as per Table 2.54. 

Table 2.54 TBE-Urea PAGE sample buffer formulation, 2X 

Buffer component Final concentration 
Tris-HCl, pH 6.8 0.15 M 
β-mercaptoethanol 10% 
Sodium dodecyl sulfate 1.2% 
Glycerol 30% 
Bromphenol blue (without Xylene Cyanol) 0.04% 

The (mt)pre-tRNAIle was run on a 6% Urea denaturing polyacrylamide gel at 22 W for 45 min to 

confirm correct transcription. The formulation of the denaturing gel is listed in Table 2.55. 

Table 2.55 Urea (6%) denaturing polyacrylamide gel formulation 

Component name Volume  
Scientific Laboratory Supplies UreaGel™ 6 (Cat. ID: EC-836) 12 mL 
Tris/Borate/EDTA (TBE), 5X 3 mL 
Ammonium persulfate, 25% 30 μL 
Sigma-Aldrich N,N,N′,N′-Tetramethylethylenediamine (Cat. ID: T22500) 30 μL 

The gel was visualised using the LI-COR Biosciences Odyssey® CLx Infrared Imaging System. 

The recombinant mtRNase P complex was reconstituted in vitro by mixing the co-expressed 

TRMT10C and SDR5C1 with either wild-type or variant PRORP. The protein mixture contained 

TRMT10C, SDR5C1 and PRORP in a 2:4:1 molar ratio and was dissolved in dialysis buffer. Six 

protein mixtures, containing the wild-type PRORP protein and five variant PRORP proteins, were 

prepared. The formulation of the protein mixtures is listed in Table 2.56. 

Table 2.56 mtRNase P protein mixture formulation 

Protein name Volume  Stock concentration 
TRMT10C/SDR5C1 1 μL 102,940 nM 
PRORP 1 μL 2,000 nM 
Dialysis buffer 3 μL N/A 

The TRMT10C/SDR5C1 protein complex was added neat, whereas the PRORP protein was 
diluted to 2,000 nM in dialysis buffer. 
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The protein mixtures (5 μL) were prepared on ice and, then, incubated at room temperature for 

30 min before use. Six pre-tRNA processing reactions, one for each protein mixture, were 

prepared on ice using the formulation listed in Table 2.57. 

Table 2.57 Pre-tRNA processing reaction mixture formulation  

Component name Volume 
Reaction buffer, 5X 2 μL 
(mt)pre-tRNAIle substrate 2.75 μL 
Promega Recombinant RNasin® Ribonuclease Inhibitor (40 U/μL) (Cat. ID: N2511)  0.25 μL 
mtRNase P protein mixture 5 μL 

The reactions were incubated at 21 °C for 1 hr. Three timepoints were selected: 0 min, 30 min 

and 60 min. At each timepoint, 2 μL of each reaction was transferred to a separate tube containing 

2 μL TBE-Urea PAGE sample buffer, 2X, and kept on ice and in the dark. After the aliquots were 

collected at all timepoints, they were run on a 6% Urea denaturing polyacrylamide gel at 22 W for 

45 min. The gel was visualised using the LI-COR Biosciences Odyssey® CLx Infrared Imaging 

System. Visible bands of processed tRNA were measured after 30 min and 60 min from the start 

of the incubation as a proxy for mtRNase P activity. 
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3 Building the foundations on the association between 
GPN2 and Perrault syndrome by demonstrating the 
involvement of GPN2 in mitochondria function 

3.1 Contribution to this chapter 

I filtered the variants extracted from the exome data of the affected individuals in families G1 and 

G2 (section 3.4.2). I identified and confirmed the variants in the gene MYO15A in family G2 

(section 3.4.3). I confirmed the identification of the variant in the gene GPN2 in family G3 and 

determined the segregation of the variant in the family (section 3.4.5). I performed the in silico 

predictions of the variants in GPN2 identified in the affected families (section 3.4.7). I generated 

all the raw experimental data for this chapter (sections 3.4.8 - 3.4.12) with the exception of the 

data for Table 3.4 and Table 3.5, which was generated by the Biological Mass Spectrometry team 

within the University of Manchester. I wrote the entire chapter and produced all the figures and 

tables included in the chapter. 

 

3.2 Abstract 

Perrault syndrome is a genetically heterogeneous condition characterised by SNHL and POI. To 

date, biallelic hypomorphic variants have been identified in association with Perrault syndrome in 

eight genes. Variants in the known Perrault syndrome genes were not detected in all cases of 

Perrault syndrome. Previous exome sequencing had identified potentially relevant variants in 

GPN2 as a cause of Perrault syndrome. GPN2 is involved in RNA polymerase II holoenzyme 

assembly. Here, two non-consanguineous families with POI, SNHL and neurological features in 

correlation with the same homozygous missense nucleotide change GPN2 

NM_018066.4:c.664A>G, p.(Asn222Asp) and a family with the homozygous missense variant 

NM_018066.4:c.827C>G, p.(Ser276Cys) and a more severe phenotype were reported. The yeast 

system was employed to model the variants identified in the affected families using both site-

specific and CRISPR/Cas9 mutagenesis approaches. The genetic manipulation of yeast cells to 

generate strains with variant and wild-type GPN2 affected the adenine biosynthesis pathway, 

which requires functional mitochondria to be active. I present data that reveals that GPN2 may 



89 
 

have a role in mitochondria. The identification of variants in GPN2 in affected individuals provides 

the basis of a novel characterisation of this gene as being implicated in Perrault syndrome.  

 

3.3 Gene summary for GPN2 

Glycine-proline-asparagine motif (GPN)-loop GTPase 2 (GPN2) belongs to the GPN family of 

proteins and does not have a known function in the mitochondria. GPN2 is involved in RNA 

polymerase II holoenzyme assembly. RNA polymerase II (RNAPII) is an enzyme which plays a 

crucial role in gene expression and cell growth because it catalyses the synthesis of mRNAs and 

5’-capped non-coding RNAs in eukaryotes (Zeng et al., 2018). Although GPN2 is not known to 

be involved in the mitochondria, previous studies revealed the localisation of GPN2 within the 

yeast mitochondrial proteome (Morgenstern et al., 2017). GPN2 is a member of a deeply 

evolutionarily conserved family of three paralogous small GTPases, i.e. Gpn1, Gpn2 and Gpn3. 

Gpn2 interacts directly with Gpn1 and Gpn3 (Minaker et al., 2013; Minaker et al., 2021). 

Therefore, given the presence of cases with Perrault syndrome carrying rare variants in GPN2, 

which are discussed below, it is sensible to consider that rare variants in GPN1 and GPN3 genes 

could lead to genetic conditions similar to Perrault syndrome. However, no coding variants in 

either GPN1 or GPN3 have been reported in any individuals affected by a clinical condition either 

on ClinVar (Landrum et al., 2018) or in the literature. 

 

3.4 Results 

3.4.1 Clinical reports of families G1 and G2 

The genetic evidence for the correlation between GPN2 and Perrault syndrome consists of three 

independent families with biallelic variants in GPN2. One Irish family (G1) has two affected sisters, 

and, at last assessment, they both presented with SNHL, POI and cerebellar hypoplasia, whereas 

the younger sister also had ataxia and dyspraxia (Figure 3.1A).  
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Figure 3.1 A biallelic variant in GPN2 in families G1 and G2 
A. The pedigree for a family (G1) with a homozygous variant in GPN2. B. The pedigree for family 
G2. 

The younger sister (G1, II-2) had a brain magnetic resonance scan at the age of 5 years. The 

scan showed normal internal auditory meatus, cochlea and auditory nerves with a marked degree 

of cerebellar atrophy. Subsequently, the older sister (G1, II-1) had an MR brain scan aged 10 

years with the same finding. The younger sister (II-2) had an ovarian ultrasound scan aged 8 

years, which showed a prominent right ovary with a 1.5 cm cyst. The older sister (II-1) had a 

laparoscopy in her teenage years, which indicated that no ovarian tissue was present. The 

hormone levels of both sisters were consistent with hypergonadotropic hypogonadism (Table 

3.1). 

Table 3.1 Hormone profile for individual G1, II-1 and II-2 

 II-1 (aged 16 years) II-2 (aged 17 years) 
Follicle Stimulating Hormone (IU/L) 50.7 [0.3-10] 13.6 
Luteinising Hormone (IU/L)  27.9 [1.37-9] 9.8 
Oestradiol <50 [30-450] μmol/L 0.7 [2-25] ng/mL 

 

The other family (G2) is from Australia, of likely Irish descent, and includes one female affected 

individual with profound congenital SNHL, primary ovarian dysgenesis, mild intellectual disability 

and mild ataxic gait (Figure 3.1B).  

3.4.2 Variant characterisation in families G1 and G2 

A homozygous variant in GPN2 NM_018066.4:c.664A>G, p.(Asn222Asp) was identified in the 

affected individuals of two unrelated families G1 and G2 by exome sequencing. Variant filtering 
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of the exome data from the probands of family G1 (II-1) and G2 (II-1), who presented with the 

same homozygous variant, was performed by Dr Leigh Demain. I, then, joined the laboratory, 

where I wanted to substantiate the finding of the variant with further evidence to prove that no 

other hearing loss-associated gene was responsible for the phenotype found in the families.  

3.4.3 Disproving the association of known hearing loss-causing genes with 

phenotype in families G1 and G2 

I performed variant filtering of the exome variants of the probands from families G1 and G2 to 

confirm that the loss of hearing in the affected individuals presented here was caused not by any 

of the genes known to contribute to autosomal recessive non-syndromic hearing impairment, but 

by GPN2. The process of variant filtering of the exome data involved applying the filtering pipeline 

as per section 2.3.2 and isolating the variants located in genes know to be associated with NSD 

as listed in Appendix I. Variant filtering revealed two heterozygous variants in the Australian 

affected individual (G2, II-1): MYO15A NM_016239.4:c.6614C>T, p.(Thr2205Ile), and MYO15A 

NM_016239.4:c.7679G>A, p.(Arg2560Gln) (Table 3.2).  

Table 3.2 Analysis of variants in hearing loss-associated genes in the Irish (G1, II-1) and 
Australian (G2, II-1) affected individuals 

Patient Gene Variant Transcript Zygosity gnomAD MAF ExAC MAF EVS MAF 

G1, II-1 
LARS2 c.1552G>A, p.(Asp518Asn) NM_015340.3 Heterozygous 0.003920 0.003666 0.592 
HSD17B4 c.1471G>A, p.(Ala491Thr) NM_000414.3 Heterozygous 0.003344 0.003116 0.3923 
TMPRSS3 c.208delC, p.(His70Thrfs) NM_024022.2 Heterozygous 0.0004812 Not Present Not Present 

G2, II-1 

KCNQ4 c.1267A>C, p.(Ser423Arg) NM_004700.3 Heterozygous 0.00001926 0.0001014 0.0238 
MYO3A c.3859C>A, p.(Pro1287Thr) NM_017433.4 Heterozygous 0.009209 0.009871 0.7919 
TECTA c.2700G>A, p.(Ser900=) NM_005422.2 Heterozygous 0.0002739 0.0003956 0.0308 
P2RX2 c.211G>A, p.(Glu71Lys) NM_174873.2 Heterozygous 0.001565 0.001523 0.2076 
MYO15A c.6614C>T, p.(Thr2205Ile) NM_016239.4 Heterozygous 0.004494 0.004208 0.2824 
MYO15A c.7679G>A, p.(Arg2560Gln) NM_016239.4 Heterozygous 0.00006052 Not Present Not Present 

GnomAD: Genome Aggregation Database (Karczewski et al., 2020); ExAC: Exome Aggregation 
Consortium (Lek et al., 2016); EVS: NHLBI Exome Sequencing Project Exome Variant Server 
(NHLBI GO Exome Sequencing Project (ESP), 2022); MAF: Minor Allele Frequency. 

I confirmed the variants MYO15A NM_016239.4:c.6614C>T, p.(Thr2205Ile) and MYO15A 

NM_016239.4:c.7679G>A, p.(Arg2560Gln), highlighted by the red rectangle in Table 3.2, by 

Sanger sequencing of exons 31 and 40 in MYO15A to determine the pattern of inheritance of 

these variants (Figure 3.2).  
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Figure 3.2 Confirmation of heterozygous variants in MYO15A in family G2 
Sanger sequencing traces for the variants NM_016239.4:c.6614C>T and NM_016239.4: 
c.7679G>A (highlighted in red) in the affected proband (G2, II-1), her father (G2, I-1) and her 
mother (G2, I-2). 

I genotyped the two variants in MYO15A in the parents and the proband of family G2 and the 

variants were not in trans with each other. The mother (G2, I-2) was found to carry both variants 

in MYO15A, ruling out the possibility of the affected individual being compound heterozygous for 

the variants identified. 

3.4.4 Clinical report of family G3 

Another family (G3) comprises an individual with Perrault syndrome-like features. The proband, 

an 11-year-old girl from Israel, is the only affected individual among eight family members. She 

presented with the homozygous variant GPN2 NM_018066.4:c.827C>G, p.(Ser276Cys). She 

was reported with ataxia, seizures, dysarthria and mental retardation. The girl had normal hearing 

at last assessment. No information about ovarian function or development has been disclosed. 

However, it is worth considering that hearing loss can be of later onset in individuals with Perrault 

syndrome, and that ovarian insufficiency cannot be ascertained before puberty and might 

manifest progressively and to a mild degree (Newman et al., 2018).  

3.4.5 Confirmation of disease variant in family G3 

I confirmed the genotypes of the affected sister and five unaffected siblings by standard PCR and 

Sanger sequencing (Figure 3.3). 
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Figure 3.3 A biallelic variant in GPN2 in family G3 
A. The pedigree for family G3 with a homozygous variant in GPN2. B. Sanger sequencing traces 
displaying the variant NM_018066.4:c.827C>G (highlighted in black) in the proband (G3, II-1) and 
her five siblings (G3, II-2 – II-6). 

The variant segregated with the manifestation of the phenotype in a homozygous recessive 

fashion. The genetic evidence presented so far, involving three families with biallelic variants in 

GPN2 in correlation with clinical features consistent with Perrault syndrome, consist of the genetic 

basis for the functional work that I performed following the genetic analysis of the families 

presented here. The identification of independent cases with similar phenotypes consists of the 

most valuable piece of evidence to implicate a gene in a genetic condition (MacArthur et al., 

2014). Such evidence is currently embodied by the presence of three independent families (Irish, 

Australian and Israeli) with similar phenotypes consistent with Perrault syndrome and variants in 

the same gene: GPN2. 

3.4.6 Ascertainment of an additional family 

Finally, a fourth, Pakistani family was identified at the end of my PhD programme through 

GeneMatcher (Sobreira et al., 2015) from Isabelle Schrauwen from Columbia University Medical 

Center, New York, NY, USA. This family presented with six affected individuals (3 male and 3 

female), who were all homozygous for the variant GPN2 NM_018066.4:c.363C>A, p.(His121Gln). 

All six siblings presented with congenital hearing loss. One of the affected females (aged 18 years 

at last assessment) presented with amenorrhea. The other two affected females were 3 and 4 

years of age at last assessment, so no pubertal condition could be diagnosed. However, pelvic 
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ultrasound scans confirmed agenesis/hypoplasia of the uterus and ovaries in two affected sisters. 

We are currently awaiting more clinical details on these individuals. 

3.4.7 In silico predictions of disease-associated variants in GPN2 

Multiple online in silico prediction tools were employed to estimate whether the variants GPN2 

NP_060536.3:p.(Asn222Asp), p.(Ser276Cys) and p.(His121Gln) could be damaging or benign at 

a protein level. The predictions obtained provide an insight into the impact of the variant on protein 

structure and conservation from human to yeast sequence (Table 3.3). 

Table 3.3 In silico predictions of GPN2 variants 

Variant GPN2 c.664A>G 
p.(Asn222Asp) 

GPN2 c.827C>G 
p.(Ser276Cys) 

GPN2 c.363C>A 
p.(His121Gln) 

Location Chr1(GRCh38):g. 
26886038A>G 

Chr1(GRCh38):g. 
26884195C>G 

Chr1(GRCh38):g. 
26889734C>A 

Transcript NM_018066.4 NM_018066.4 NM_018066.4 
Zygosity Homozygous Homozygous Homozygous 
gnomAD MAF 
(homs) 

0.0002 (0) Not present in gnomAD Not present in gnomAD 

SIFT Damaging  
(score 0.05) 

Damaging  
(score 0.033) 

Damaging  
(score 0.028) 

Polyphen-
2_HDIV 

Benign (0.215) Probably damaging 
(0.998) 

Benign (0.098) 

Mutation 
Taster 

Disease causing 
(prob. 0.999) 

Probably damaging 
(prob. 0.998) 

Disease causing (prob. 
0.999) 

CADD Damaging (25.8) Damaging (28.4) Damaging (23.6) 
ClinPred Pathogenic (0.683) Pathogenic (0.964) Pathogenic (0.989) 
REVEL Damaging (0.429) Tolerable (0.337) Tolerable (0.112) 
Conservation 
(yeast) 

Weakly similar 
properties 

Weakly similar 
properties 

Conserved in yeast 

GnomAD: Genome Aggregation Database (Karczewski et al., 2020); MAF: Minor Allele 
Frequency; SIFT: Sorting Intolerant From Tolerant (Ng and Henikoff, 2001); HumDiv (HDIV)-
trained Polymorphism Phenotyping v2 (PolyPhen-2) is used to evaluate rare alleles at loci 
potentially involved in complex phenotypes (Adzhubei et al., 2010); MutationTaster Database 
(Flicek et al., 2012); CADD: Combined Annotation Dependent Depletion (Kircher et al., 2014); 
ClinPred is an online tool for identifying disease-relevant non-synonymous variants (Alirezaie et 
al., 2018); REVEL (rare exome variant ensemble learner) is an ensemble method for predicting 
the pathogenicity of missense variants on the basis of individual tools (Ioannidis et al., 2016); 
conservation analysis on affected residues comparing the human with the yeast protein sequence 
was performed using Clustal Omega (Sievers et al., 2011). 

Four out of six prediction tools predicted the variant GPN2 NP_060536.3:p.(Asn222Asp) to be 

damaging and no individual homozygous for this variant was reported on gnomAD (Karczewski 

et al., 2020). Five out of six tools predicted the variant GPN2 NP_060536.3:p.(Ser276Cys), which 

was not present on gnomAD, to be damaging. The variant GPN2 NP_060536.3:p.(His121Gln) 

was predicted to be damaging according to four out of six tools. 
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3.4.8 Suggesting function of GPN2 in mitochondria from yeast spot assays using 

strains with GPN2 on a plasmid 

GPN2 knock-out haploid yeast cells derived from the YPH501 diploid strain (Table 2.10) were 

constructed with a vector containing the wild-type or mutant GPN2 gene. Two different mutant 

strains were constructed. One strain was transformed with the vector containing the variant GPN2 

p.(Thr222Asp), which affected the residue in the yeast protein located at the same amino acid 

sequence locus disrupted by the variant found in families G1 and G2. The other strain was 

transformed with the vector containing the variant GPN2 p.(Leu228Pro), which was created by 

Minaker et al. (2013) and was shown to cause reduced growth in yeast when exposed to 

hydroxyurea and UV light. The variant p.(Leu228Pro) was included in the genetic manipulation 

steps and functional assays to compare its known effect with the unknown effects of the disease-

associated variants. A spot assay was performed to test the effect of the introduced variants on 

growth and pigmentation as a proxy for mitochondria function (Figure 3.4).  

 

Figure 3.4 Yeast spot assay of haploid GPN2 wild-type and mutant strains 
The cells were grown using a saturated cell suspension (100%) and four 1:5 serial dilutions of it 
(20%, 4%, 0.8%, 0.16%), which were loaded on the plate in decreasing order from left to right. 
The growth media used were the fermentable SD/-His D-glucose (A and B) and the non-
fermentable SD/-His 2% ethanol (C and D). The temperatures of the incubation steps during 
which the cells grew to visible spots were 30 °C (A and C) and 35 °C (B and D). 

No significant difference between wild-type and mutant strains was identified. Furthermore, loss 

of mitochondria function was manifested in both wild-type and mutant strains, as shown by the 
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white colour of the spotted yeast cells (Figure 3.4A and Figure 3.4D). It was suggested that these 

results were caused by upregulation or downregulation of GPN2 protein expression due to the 

presence of the gene on a plasmid.  

3.4.9 Yeast spot assays using wild-type and mutant strains generated by 

CRISPR/Cas9 mutagenesis 

To overcome the limitations of plasmid complementation of GPN2 function, CRISPR/Cas9 

mutagenesis of yeast cells was performed. CRISPR genome editing is a precise and efficient 

technology allowing selective perturbation of individual genetic elements. In addition, 

CRISPR/Cas9 genome editing introduces variants in genes that retain their own promoter to 

express the mutated gene, thus solving any variable expression encountered with the method of 

introducing GPN2 variants on a plasmid. The Cas9 endonuclease and a non-coding sgRNA, 

which in this set of experiments were expressed from a single plasmid (pCAS), form a complex, 

and cleave the genomic DNA at a specific target sequence. The CRISPR/Cas9 system uses a 

repair template to introduce one or more variants in the targeted genomic location by HDR (Cong 

et al., 2013).  

The first approach used was to introduce only the nucleotide changes required for the desired 

amino acid variant in a ~200 bp repair fragment. However, this method was not successful, 

probably because of the lack of a system preventing the Cas9 machinery from binding again after 

HDR had occurred, causing the introduction of non-synonymous variants within the target DNA 

region. Interestingly, the yeast colonies with a reference genotype were red, whereas the colonies 

carrying the variants of interest in combination with the additional variants were white (figure not 

shown). A plausible explanation for such striking phenotypic difference could be that the 

combination of the introduced variant of interest and the additional non-synonymous variant(s) in 

GPN2, which occurred accidentally, may have led to a complete loss of mitochondria, explaining 

the white colour. Instead, the red colonies would keep their mitochondria intact, because the 

accidental variant(s) that occurred were tolerated well enough not to disrupt mitochondria 

function. However, because it was impossible to determine if the variant of interest, accidental 

variants or the combination of targeted and accidental variants caused the phenotypic change, a 

different CRISPR/Cas9 approach needed to be developed. 
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The second approach was to introduce synonymous variants in addition to the variants of interest 

(or the synonymous variants alone to generate a wild-type strain) aimed to change the target DNA 

region and the PAM site, into the repair fragment Figure 3.5 (A1). This method was successful 

and it was used to generate the strains containing the variant GPN2 p.(Thr222Asp), the variant 

GPN2 p.(Leu228Pro), and no disease-causing variant, i.e. only the synonymous variants. 

However, the efficiency of this approach was dependent on the genetic distance between the 

PAM site and the variant of interest Figure 3.5 (A2), i.e. the shorter the distance, the more efficient 

the editing. After transforming pCAS into yeast, Sanger sequencing of PCR products from re-

streaked colonies was performed to check that mutagenesis occurred successfully. The 

sequencing traces from the colonies in the quadrants on the right-hand side of Figure 3.5 (A1 and 

A2) demonstrated the successful introduction of the disease-causing variants in the mutant 

strains and of the desired synonymous variants in all three strains. 

The third plan, which was only applied to generate the strain containing the variant GPN2 

p.(Glu276Cys), involved the introduction of a heterology block containing the variant of interest 

and synonymous variants, which disrupt the PAM site, with ~100 nucleotide (nt) homology arms 

upstream and downstream (Figure 3.5, B1). This method was successful and the most efficient 

among the three methods attempted. The sequencing trace from the strain with the variant GPN2 

p.(Glu276Cys) indicated the successful introduction of the heterology block (Figure 3.5, B2).  

Overall, three wild-type strains (synonymous variants only), six strains containing the variant 

GPN2 p.(Thr222Asp), five containing the variant GPN2 p.(Leu228Pro), and six containing GPN2 

p.(Glu276Cys) were generated by the CRISPR technique. All the generated strains were spotted 

and grown on plates with 4% ethanol 3% glycerol at 30 °C for three days to visualise any 

differences in growth and mitochondria function (Figure 3.5, A3).  

The strain featured with the variant GPN2 p.(Thr222Asp) showed growth almost identical to wild-

type when grown on 4% ethanol 3% glycerol at 30 °C (Figure 3.5, A3, third row). The strain 

containing the variant GPN2 p.(Leu228Pro) showed almost no growth compared to wild-type 

when grown on 4% ethanol 3% glycerol at 30 °C (Figure 3.5, A3, fourth row). The strain with the 

variant GPN2 p.(Glu276Cys) showed a very mild reduction in growth compared to wild-type when 

grown on 4% ethanol 3% glycerol at 30 °C (Figure 3.5, B3). 
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Figure 3.5 CRISPR/Cas9 mutagenesis workflow, confirmation of successful mutagenesis and spotting of mutant vs. wild-type yeast strains 
A1. Schematic of a CRISPR/Cas9 mutagenesis approach. A2. Sanger sequencing traces of wild-type GPN2, mutant GPN2 p.(Thr222Asp) and mutant GPN2 
p.(Leu228Pro). The CRISPR 20-nt DNA target sequence and the NGG protospacer adjacent motif (PAM), ~3-4 nt upstream of which cleavage occurs, are shown in 
green and magenta, respectively. The locations of the variants p.(Thr222Asp) (ACt>GAt) and p.(Leu228Pro) (cTa>cCa) are shown in red and blue, respectively. A3. 
Spotting of yeast strains 1. with no genetic alteration (wild-type YPH500), 2. with synonymous variants only (non-mutant), 3. with disease-variant GPN2 p.(Thr222Asp) 
plus non synonymous variants and 4. with growth-reducing variant GPN2 p.(Leu228Pro) grown on agar containing 3% glycerol and 4% ethanol. B1. Schematic of a 
CRISPR/Cas9 mutagenesis approach. B2. Sanger sequencing trace of the yeast genomic region containing the variant GPN2 p.(Glu276Cys). The heterology block 
is shown in lilac and, within its region, the PAM site and the variant location are shown in pale cyan and green, respectively. B3. Spotting of yeast strains 1. with 
synonymous variants only (non-mutant), 2. with disease-variant GPN2 p.(Glu276Cys) plus non synonymous variants (#1, #2 and #3) grown on agar containing 3% 
glycerol and 4% ethanol.  
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3.4.10 Detection of mitochondrial and cytoplasmic markers in yeast whole-cell vs. 

mitochondria extracts 

The gene GPN2 was tagged with a TAP cassette by homology directed repair in the BJ2168 yeast 

strain (Janke et al., 2004). This newly generated strain was used to prepare whole-cell and 

mitochondria extracts. Immunoblotting of TAP-tagged GPN2 (Figure 3.6A), as well as two 

exclusively cytoplasmic proteins, i.e. glucose-6-phosphate dehydrogenase (ZWF1) (Figure 3.6B) 

and alcohol dehydrogenase (ADH1) (Figure 3.6C), and an exclusively mitochondrial protein, i.e. 

the mitochondrial chaperonin HSP60 (Figure 3.6D), was performed on the yeast extracts. These 

experiments were performed as an attempt to provide evidence that GPN2 is localised within the 

mitochondria, as well as in the cytoplasm. Antibodies specific for ZWF1, ADH1 and HSP60 were 

used to identify differences between the proteomic composition of the whole-cell and the 

mitochondria extracts. In particular, it was expected to see that the lane in which the mitochondrial 

extract was run presented a signal for HSP60 at the same or higher intensity compared to the 

whole-cell extract as a proxy for purity of the mitochondrial extract. Conversely, it was expected 

to see a weak signal or no signal in the lane with the isolated mitochondria for the typically 

cytoplasmic markers, i.e. ZWF1 and ADH1. 

A signal for TAP-GPN2 was detected in both whole-cell and mitochondria isolate, although the 

whole-cell extract presented a stronger band than the mitochondrial isolate (TAP tag + GPN2 

molecular weight: 60.7 kDa) (Figure 3.6A). A strong band with size specific to ZWF1 was detected 

in the whole-cell extract, while a fainter band of the same size was present in the mitochondria 

extract (ZWF1 molecular weight: 57.5 kDa) (Figure 3.6B). The main band in the lane relative to 

the whole-cell extract approximately corresponded to the expected size of ADH1 (36.8 kDa). A 

band of slightly smaller size, yet specific to the expected size of ADH1, was present in the lane 

relative to the mitochondria extract (Figure 3.6C). A strong signal corresponding to the expected 

molecular weight of HSP60 (60.7 kDa) was detected in the whole-cell extract, whereas no signal 

was detected in the mitochondria at the same lane height (Figure 3.6D). 
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Figure 3.6 Detection of cytoplasmic and mitochondrial markers, including GPN2 in whole-
cell vs. mitochondria extract of yeast cells with TAP-tagged GPN2 
A. Immunoblot analysis of GPN2 from TAP-tagged GPN2 yeast whole-cell and mitochondria 
extracts using anti-TAP antibody. B. Immunoblot analysis of ZWF1 from TAP-tagged GPN2 yeast 
using anti-ZWF1 antibody. C. Immunoblot analysis of ADH1 from TAP-tagged GPN2 yeast using 
anti-ADH1 antibody. D. Immunoblot analysis of HSP60 from TAP-tagged GPN2 yeast using anti-
HSP60 antibody. 

The detection of a signal for TAP-GPN2 in the yeast mitochondrial extract might point towards 

the localisation of GPN2 within the mitochondria. However, the absence of a size-specific band 

for mitochondrial protein HSP60 in the mitochondria extract could indicate that the quality of the 

mitochondrial sample used was not high enough for the analysis performed. 

3.4.11 Analysis of mass spectrometry data obtained from yeast strain BJ2168 with 

TAP-tagged GPN2 

I prepared one sample containing the mitochondria extract of yeast cells with the TAP-tagged 

GPN2 after TAP immunoprecipitation using IgG agarose beads. I submitted the sample to 

Biological Mass Spectrometry services, where mass spectrometry was performed on the sample 

(Table 3.4). After the Biological Mass Spectrometry team analysed the raw data, I received a 

spreadsheet containing the entries of all the proteins identified within the sample that I submitted 

and the number of peptides matched to the same entry. The purpose of this experiment was to 
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show that GPN2 could be found within the yeast mitochondria proteome, in line with the findings 

of Morgenstern et al. (2017), and to identify its protein interactors within the mitochondria. The 

expected outcome of this experiment was to see GPN2 as an entry with a number of matched 

peptides among the highest in the list, providing further evidence that GPN2 is present in the 

mitochondria. 

Table 3.4 Proteins identified by mass spectrometry after immunoprecipitation of TAP-
GPN2 

Rank Identified proteins Number of matched peptides 
1 Plasma membrane ATPase  15 
2 Chaperone ATPase 13 
3 Mitochondrial chaperone 11 
4 Pet9p 9 
5 Pyruvate kinase 8 
6 Elongation factor 1-alpha 8 
7 Ketol-acid reductoisomerase 7 
8 ATP synthase subunit alpha 7 
9 Tif4631p 7 
10 Ade6p 6 

 

The analysis of the mass spectrometry data led to the identification of 456 proteins. GPN2 was 

not among the identified proteins. Considering the top ten entries with the highest number of 

matched peptides (15), only three out of ten entries were of known mitochondrial proteins, namely 

mitochondrial chaperone, pet9p and ketol-acid reductoisomerase. Furthermore, the highest 

number of matched peptides was very low, compared to the expected outcome. 

3.4.12 Immunoblotting and immunofluorescence of FLAG-tagged GPN2 in HEK-

293 cells 

The rationale for using human cell lines to perform functional work on GPN2 is mentioned in 

section 1.6.2. Immunoblotting of recombinant wild-type GPN2 was performed using HEK-293 

whole-cell lysate from cells transfected with p3X-FLAG-STOP-NLS with GPN2 to confirm that the 

FLAG-tagged GPN2 was expressed and that the primary antibody would specifically bind to the 

tag. A visible band of the size corresponding to the expected size of human GPN2 (34.6 kDa) 

indicated that FLAG-tagged GPN2 was correctly expressed and detected (Figure 3.7A). 

Immunofluorescence of FLAG-tagged GPN2 in HEK-293 cells was performed as an initial step 

towards determining the subcellular localisation of GPN2. The purpose of this experiment was to 

demonstrate that GPN2 is not only present in the cytosol but also in the mitochondria. Although 
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the attempts that were performed did not yield a high transfection efficiency, it was possible to 

see that GPN2 was localised ubiquitously in the transfected cells (Figure 3.7B). 

 

Figure 3.7 GPN2 expression and localisation in HEK-293 cells 
A. Immunoblot analysis of GPN2 in HEK-293 cells transfected with the FLAG3x-RAMX-NLS-stop 
vector containing the wild-type human GPN2 gene, cells transfected with the empty FLAG3x-
RAMX-NLS-stop vector (no gene insert) and cells that were not transfected with any DNA. B. 
Immunofluorescence microscopy of HEK-293 cells transfected with FLAG3x-RAMX-NLS-stop 
containing the wild-type human GPN2 gene and treated with ANTI-FLAG® M2 primary antibody 
and a secondary antibody conjugated with ALEXA Fluor 488® (green). DAPI staining (blue) was 
used to highlight the cell nuclei. The scale bar represents approximately 50 μm length. 

 

3.4.13 Analysis of mass spectrometry data obtained using HEK-293 cell 

transfected with plasmid with FLAG-tagged GPN2 

I prepared one sample of whole HEK-293 cell extract from cells transfected with the vector 

containing the FLAG-tagged GPN2 gene and one sample from cells containing an empty vector. 

I submitted the samples to Biological Mass Spectrometry services, after performing FLAG 

immunoprecipitation. I received a list of entries of identified proteins and arranged the entries in 

order of number of matched peptides in the sample with FLAG-GPN2 (Table 3.5). The purpose 

of this experiment was to identify the protein interactors of GPN2 within the mitochondria. The 

expected outcome of this experiment was to see GPN2 as an entry with a number of matched 

peptides among the highest in the list relative to the sample with FLAG-GPN2. It was not expected 

to see GPN2 among the top entries in the list relative to the sample obtained from cells with the 

empty vector. 
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Table 3.5 Proteins identified by mass spectrometry after immunoprecipitation of FLAG-
GPN2 

Rank Identified proteins Number of matched 
peptides (empty 
vector) 

Number of matched 
peptides (FLAG-
GPN2 vector) 

1 Desmoplakin 24 34 
2 Epidermal cytoskeletal keratin 2, 

type II  26 29 
3 Keratin 1 19 27 
4 Cytoskeletal keratin 9, type I 19 25 
5 Cytoskeletal keratin 14, type I 16 19 
6 Cytoskeletal keratin 5, type II 15 18 
7 Cytoskeletal keratin 10, type I 13 17 
8 Junction plakoglobin 9 15 
9 Cytoskeletal keratin 17, type I 4 12 
10 Cuticular keratin, type II 13 11 
…    
65 GPN-loop GTPase 2 0 3 

The analysis of the mass spectrometry data led to the identification of 1003 proteins. All the top 

entries of the list obtained from the mass spectrometry raw data analysis were several 

contaminants, such as keratin peptides and desmoplakin, a core element of desmosomes in cell 

adhesion links binding to intermediate filaments in the cytoplasm, which are themselves made of 

keratin. GPN2 was the 65th protein, in order of number of matched peptides, to be identified in the 

sample with FLAG-tagged GPN2. 

3.4.14 Evidence of the implication of GPN2 variants in Perrault syndrome 

The evidence, both at gene and variant levels, of the association between GPN2 and Perrault 

syndrome was gathered following the guidelines by MacArthur et al. (2014) for investigating the 

implication of variants in human disease and is listed in Table 3.6. 

.  
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Table 3.6 Gene-level and variant-level evidence of causality between GPN2 variants and 
Perrault syndrome 

Evidence level Evidence class Examples 

Gene level 

Genetic GPN2 has never been associated 
with disease. 

Experimental GPN2 is not known to interact with 
any protein involved in 
mitochondria. 

Variant level 

Genetic  The variants identified in the 
affected individuals are all very rare 
in the population. 

Informatic The sites of the variants display 
evolutionary conservation. 
However, the variants affect a 
region of the protein, which has not 
been assigned to a known domain. 

Experimental The yeast spot assays performed 
here demonstrated the involvement 
of GPN2 in the mitochondria, 
pointing towards the association of 
the disease variants, identified in the 
affected individuals, with Perrault 
syndrome from a biological 
standpoint. 

 

3.5 Discussion 

The identification of three families with two different homozygous variants, which were confirmed 

by exome sequencing and Sanger sequencing and segregate with the clinical phenotypes, 

demonstrates strong genetic evidence that GPN2 is associated with Perrault syndrome. 

The main features of Perrault syndrome are SNHL, POI and neurological features in some cases. 

The individuals G1, II-1 and II-2 presented with SNHL, ovarian insufficiency and cerebellar 

hypoplasia and were homozygous for the variant GPN2 c.664A>G, p.(Asn222Asp) (Jenkinson et 

al., 2012). Among the individuals with Perrault syndrome reported in the literature, cerebellar 

hypoplasia was also reported by Chen et al. (2017) in individual IV-2, who was homozygous for 

HSD17B4 c.298G>T (p.Ala100Ser). The individual G2, II-1 presented with SNHL, primary ovarian 

dysgenesis, mild intellectual disability and mild ataxic gait. Spastic-ataxic gait was also identified 

by Theunissen et al. (2016) in individuals 1.1 and 1.2, who were homozygous for the frameshift 

with nonsense variant CLPP c.21delA p.(Ala10ProfsTer117). In addition to the core features of 

Perrault syndrome, the newly reported individuals presented with features that were overlapping 

with the phenotype of individuals who were previously confirmed as being affected with the 

condition. Together with the identification of a rare homozygous variant in a fourth family which 
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segregates with the Perrault syndrome phenotype, the genetic data supports the association of 

biallelic hypomorphic variants in GPN2 as being causative for Perrault syndrome. 

Glycine-proline-asparagine motif (GPN)-loop GTPase 2 (GPN2) belongs to the GPN family of 

proteins and does not have a known function in the mitochondria. GPN2 is involved in RNA 

polymerase II holoenzyme assembly. RNA polymerase II (RNAPII) is an enzyme which plays a 

crucial role in gene expression and cell growth because it catalyses the synthesis of mRNAs and 

5’-capped non-coding RNAs in eukaryotes (Zeng et al., 2018). Although GPN2 was not previously 

known to be involved in the mitochondria, studies have shown localisation of GPN2 within the 

yeast mitochondrial proteome (Morgenstern et al., 2017). GPN2 is a member of a deeply 

evolutionarily conserved family of three paralogous small GTPases, i.e. GPN1, GPN2 and GPN3. 

GPN2 was shown to interact with the other two members of the same protein family (Minaker et 

al., 2013). Previous studies showed strong mis-localisation for multiple RNA polymerase II and III 

subunits in mutant gpn2-2 yeast cells, while the vast majority of nuclear proteins were unaffected 

by mutations in GPN2, linking GPN protein function to RNA polymerase biogenesis and transport 

(Minaker et al., 2021).  

Yeast growth assays of YPH501 haploid wild-type and mutant GPN2 strains revealed that when 

grown on ethanol, a non-fermentable carbon source, the cells did not assume the nominal red 

colouration for strains with the ade2-101_ochre genotype. Red colouration in strains with this 

genotype is indicative of proper mitochondria function. The yeast strain used for this assay was a 

GPN2 knock-out strain transformed with the yeast centromeric plasmid (YCp) pRS413 containing 

the yeast GPN2 ORF. YCps exploit the cell’s endogenous replication and chromosome 

segregation machinery, so they act in yeast cells like mini-chromosomes and are maintained in 

the host cells with about one to two copies per haploid genome, controlled by the CEN and ARS 

sequences (Gnügge and Rudolf, 2017). However, because GPN2 is an essential gene in the 

yeast system, it is possible that the cells are very sensitive to the number of copies of GPN2, 

regardless of being in its wild-type or variant form, making even one extra copy of the centromeric 

plasmid per haploid genome a factor contributing to disrupting mitochondria function. Moreover, 

the observation of the cells lacking their nominal red pigmentation indicates that GPN2 is involved 

in mitochondria function. 

Biallelic variants have been identified in correlation with Perrault syndrome in eight confirmed 

associated genes, five of which, i.e., CLPP, HARS2, LARS2, ERAL1, and TWNK, are known to 
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be involved in mitochondrial translation. Therefore, it is reasonable to explore the hypothesis that 

GPN2 may have a role in mitochondria. I presented functional evidence of the involvement of 

GPN2 in mitochondria by performing growth assays on ade2-101_ochre yeast GPN2 wild-type 

and mutant strains showing reduced or absent red pigmentation when grown on non-fermentable 

carbon sources. The involvement of GPN2 in mitochondria was not investigated with published 

functional experiments before. The specific role of GPN2 in mitochondria is not known. Disrupting 

GPN2 leads to the disruption of mitochondria. Because GPN2 is known to be involved in RNA 

polymerase II holoenzyme assembly and RNA polymerase biogenesis and transport, it could be 

speculated that GPN2 may have a role in mitochondrial RNA polymerase assembly or biogenesis. 

According to the repository for quantitative genetic interaction data for Saccharomyces cerevisiae, 

TheCellMap.org (Usaj et al., 2017), GPN2-5001 interacts with PET309, mRNA-binding 

mitochondrial translation regulator of Cytochrome c oxidase I (COX1), one of three mitochondrial 

DNA (mtDNA) encoded subunits (MT-CO1, MT-CO2, MT-CO3) of respiratory complex IV. 

PET309 physically interacts with the COX1 mRNA before precursor transcript maturation occurs 

and such interaction is mediated by the PET309 pentatricopeptide repeat (PPR) motifs, which 

are, therefore, necessary for translation of COX1 mRNA (Zamudio-Ochoa et al., 2014). Therefore, 

if GPN2 was actually involved in regulating COX1 mRNA translation, it would be possible to test 

COX1 levels in yeast whole-cell extracts by immunoblotting, using both wild-type strains and 

strains containing the variants identified in the patients, as a proxy for mitochondrial translation 

efficiency. The hypothesis of GPN2 being involved in COX1 mRNA translation would be confirmed 

if lower COX1 protein levels were recorded in the variant strain whole-cell extract compared with 

the wild-type strain. 

No coding variants in either GPN1 or GPN3 were found in any individual with a clinical condition 

either on ClinVar (Landrum et al., 2018) or in the literature. If GPN2 was confirmed to have a 

function within the mitochondria that did not involve GPN1 and GPN3, disease-causing variants 

in GPN1 and GPN3, if ever identified, would not be expected to cause conditions similar to 

Perrault syndrome. GPN1 and GPN3 would be expected to be associated with conditions similar 

to Perrault syndrome if the assembly configuration of GPN1, GPN2 and GPN3 was mirrored 

between the cytoplasmic and the mitochondrial spaces. However, we know that mitochondrial 

transcription is substantially different from cytoplasmic transcription: transcription and translation 

are coupled in mitochondria, whereas these events occur separately in the cytosol (Rackham and 
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Filipovska, 2022). Moreover, transcription of mtDNA is carried out by the mitochondrial RNA 

polymerase (POLRMT) and the mitochondrial transcription factors A (TFAM) and B2 (TFB2M) 

(Oláhová et al., 2021). So, there is no evidence that GPN1, GPN2 and GPN3 are all trafficked to 

the mitochondria to form a complex involved in mitochondrial transcription. 

The CRISPR/Cas9 machinery was employed to introduce the disease-associated GPN2 variants 

in the genome of the haploid strain YPH500. This method was employed to ensure that only one 

copy of the variant gene per haploid genome was hosted in the cells, eliminating the possibility 

that the number of copies of GPN2 could have an effect on mitochondria function. Using a 

heterology block and homology arms ensured that the only the variant of interest and synonymous 

variants were introduced, eliminating the risk of introduction of unwanted variants. This method 

was successful as confirmed by Sanger sequencing. However, virtually no phenotypic impact was 

identified in the yeast cells. One of the reasons why no phenotype was observed may be that 

variants causing Perrault syndrome have a subtle molecular effect. Many mitochondrial disorders 

can be extremely debilitating and life-threatening. For instance, up to 50% of children affected 

with mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) do not 

survive past 6 years of age (Eom et al., 2017). Perrault syndrome, instead, is a clinically 

heterogeneous disorder which manifested with variable degrees of SNHL and POI, which, 

although debilitating, are not life-threatening clinical features (Faridi et al., 2022). Therefore, the 

fact that no significant change in phenotype was observed in the mutant yeast strains could be 

explained by the fact that variants causing Perrault syndrome have a subtle effect at a molecular 

level, which would in turn lead to a relatively non-severe mitochondrial disorder. However, it is 

worth noting that when the variant GPN2 p.(Leu228Pro), which was associated with reduced 

growth (Minaker et al., 2013), was introduced in yeast, this led to a dramatic growth reduction 

when the cells were grown on 2% ethanol. This result indicates that GPN2 plays an important role 

in mitochondria function because the cells require functional oxidative phosphorylation to 

metabolise non-fermentable carbon sources (Malina et al., 2018). 

The presence of GPN2 in isolated yeast mitochondria, as shown by the immunoblotting 

experiments, consists of an additional piece of evidence that GPN2 is likely to be involved in the 

mitochondria. TAP-GPN2 was detected in both the yeast whole-cell extract and mitochondria 

extract, indicating that GPN2 is expressed both in the cytoplasm and in the mitochondria. 

Detection of cytoplasmic and mitochondrial markers, including GPN2 in whole-cell vs. 
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mitochondria extract of yeast cells with TAP-tagged GPN2 was inconclusive. The quality of the 

extract was questionable. Fluorescence microscopy in HEK-293 cells was not particularly 

successful, but it did show some indication that GPN2 is ubiquitous. However, no 

immunofluorescence experiments with co-localisation of mitochondrial markers were performed. 

Therefore, it was not possible to determine whether GPN2 was specifically located in the 

mitochondria. Mass spectrometry after immunoprecipitation was expected to show GPN2 in the 

top 10 hits in combination with known mitochondrial markers. However, GPN2 was either not 

present in the sample analysed or in very low quantity. Therefore, the mass spectrometry 

experiments were also inconclusive. This result was probably due to contamination of the protein 

sample with proteins of human skin and hair during immunoprecipitation and handling of the 

polyacrylamide gel on which the sample was loaded. Obtaining more definitive results from the 

mass spectrometry analyses of protein samples from whole-cell or mitochondria extracts from 

human or yeast cells, coupled with mitochondria marker co-localisation by fluorescence 

microscopy, would be important to help define what the protein interactors of GPN2 are in the 

mitochondria. 

A Master’s student in the O’Keefe Laboratory attempted to perform expression and purification of 

wild-type GPN2Δ35 using the protocol listed in sections 2.9.5 and 2.9.7. The student’s attempt 

was unsuccessful due to the expressed protein being insoluble. The causes of protein insolubility 

will be discussed in section 4.5. Therefore, I would propose to re-attempt protein expression and 

purification of wild-type GPN2 and of the protein containing the disease-associated variants. 

Because GPN2 is presumed to have a GTPase function (Zeng et al., 2018), I would also propose 

to perform a GTPase assay to compare the GTPase activity of wild-type vs. variant GPN2 to 

determine whether the disease-associated variants have an effect on the GTPase function of 

GPN2.  
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4 Introducing the association between biallellic 

variants in DAP3 and Perrault syndrome 

4.1 Contribution to this chapter 

I confirmed the deletion identified in the affected individuals of families D1 and D2 (section 4.4.3). 

I performed the in silico predictions and 3D modelling of the variants in DAP3 identified in the 

affected families (sections 4.4.5 and 4.4.6). I generated all the raw experimental data for this 

chapter (sections 4.4.7 and 4.4.8). I wrote the entire chapter and produced all the figures and 

tables included in the chapter. 

 

4.2 Abstract 

Perrault syndrome is a genetically heterogeneous condition characterised by SNHL in males and 

females and POI in females. Biallelic hypomorphic variants have been identified in association 

with Perrault syndrome in eight genes. Variants in the known Perrault syndrome genes were not 

detected in all cases of Perrault syndrome. Previous exome sequencing and MLPA had revealed 

potentially relevant variants in DAP3 as a cause of Perrault syndrome. DAP3 is the GTPase 

subunit of the mitochondrial 28S small ribosomal subunit. One female with SNHL and POI was 

reported with a large deletion encompassing the entire gene DAP3 in trans with the missense 

change DAP3 NM_004632.4:c.1184G>A, p.(Cys395Tyr). Another female with SNHL, POI and 

lactic acidosis was reported with a deletion of similar size including the whole gene DAP3 in trans 

with the variant DAP3 c.395C>T p.(Thr132Ile). The identified variants were analysed using a 3D 

protein structure modelling software. The analysis revealed that the disease-causing variants 

were likely to interfere with the GTPase activity. Therefore, the intrinsic GTPase activity of DAP3 

was investigated. The initial findings presented here suggest that variants in DAP3 could cause 

Perrault syndrome by altered GTPase activity. The gene-disease association described here led 

to the identification of DAP3 as a novel Perrault syndrome gene.  
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4.3 Gene summary for DAP3 

Death associated protein 3 (DAP3), also known as mitochondrial ribosomal protein small subunit 

29 (MRPS29), is the GTPase subunit of the mitochondrial 28S small ribosomal subunit (Denslow 

et al., 1991; O'Brien et al., 2005). The exact function of DAP3 in the mitochondrial ribosome is 

not known. However, it has been suggested that DAP3 is both involved in tethering the ribosome 

to the mitochondria inner matrix (O'Brien et al., 2005; Tang et al., 2009) and interacting with 

mitochondrial translational initiation factor 3 (IF3mt) (Haque et al., 2011). In the mitochondrial 

fission pathway, DAP3 modulates mitochondrial fission by altering the activation of dynamin 

related protein 1 (Drp1), which is an essential protein of organelle, including mitochondrion and 

peroxisome, fission (Kamerkar et al., 2018; Xiao et al., 2015). It has been suggested that knock-

down of DAP3 causes defects of mitochondrial translation in cells (Xiao et al., 2015) and reduces 

oxygen consumption (Kim et al., 2007). DAP3 has also been described as a pro-apoptotic factor 

(Mukamel and Kimchi, 2004). It has been demonstrated that the loss of DAP3 desensitises cells 

to death stimuli (Kissil et al., 1995) and overexpression of DAP3 can cause apoptosis (Mukamel 

and Kimchi, 2004). 

Provided that DAP3 is a GTPase, prenylation is hypothesised to be an important post-translational 

modification needed to enable its function (Nguyen et al., 2010), although prenylation of DAP3 

has never been shown experimentally. Prenylation consists of adding a hydrophobic lipid tail to 

proteins, and it occurs by adding a farnesyl group or a geranylgeranyl group, allowing proteins to 

be anchored to membranes for precise subcellular localisation (Goldstein and Brown, 1990; Xu 

et al., 2015). In the case of DAP3, the membrane it could target post-prenylation is the 

mitochondrial inner membrane (O'Brien et al., 2005). 

The genetic evidence for the correlation between DAP3 and Perrault syndrome consists of three 

families with Perrault syndrome-like features. One family presented with hemizygous DAP3 

NM_004632.4:c.1184G>A, p.(Cys395Tyr) in trans with a deletion; a second family presented with 

hemizygous DAP3 NM_004632.4:c.395C>T, p.(Thr132Ile) in trans with a deletion; a third family 

with apparent homozygous DAP3 NM_004632.4:c.1174G>A, p.(Glu392Lys). In addition, a family 

with limited clinical information available and a more complex phenotype also presented with 

homozygous DAP3 NP_004623.1:p.(Asn235Ser).  
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4.4 Results 

Perrault syndrome is a genetically heterogeneous condition characterised by SNHL and POI. The 

genetic causes of Perrault syndrome are not completely known, as some investigated families do 

not have changes in known Perrault syndrome genes. Potential causes of this are non-coding or 

difficult to detect variants in known Perrault syndrome genes, such as structural variants, 

inaccurate diagnosis, which may be due to a blended phenotype, i.e. SNHL and POI being caused 

by independent genetic and environmental factors (Faridi et al., 2022), and novel disease-

associated genes. 

This chapter describes the genetic and initial functional evidence that biallelic variants in DAP3 

result in some cases of Perrault syndrome. 

4.4.1 Clinical reports of families D1 and D2 

The genetic evidence for the association between bi-allelic variants in DAP3 and Perrault 

syndrome consists of three families with overlapping phenotypes. The first family (D1) with genetic 

changes in DAP3 in correlation with Perrault syndrome, was characterised by Professor Gerard 

Conway and Professor Henry Houlden from University College London Hospitals NHS 

Foundation Trust in London, UK, and Professor William Newman. Family D1 comprises the 

proband who is the only child and non-consanguineous British parents (Figure 4.1A). 

 

Figure 4.1 Pedigrees for two affected families 
A. The pedigree for a family (D1) with an individual (II-1) affected with Perrault syndrome. B. The 
pedigree for a second family (D2) with and affected individual (II-1). Squares indicate male 
individuals; circles indicate female individuals; filled symbol indicates the affected individual; 
stroke across an icon indicates that individual is deceased. Del 1q22: approximately 135 kb 
deletion comprising DAP3. 
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The mother of the proband is unaffected, the father is deceased from a condition unrelated to 

Perrault syndrome. The proband was born at 40 weeks of gestation and spent 2 weeks in 

intensive care because of hypoxia at birth. By the age of 1 year, profound SNHL, which was 

initially believed to be caused by hypoxia, was reported in the child. She communicated effectively 

by lip reading. She had bilateral hearing aids until age 48 years when she had a right cochlear 

implant. At 14 years, the proband presented with primary amenorrhea with absent secondary 

sexual characteristics and raised gonadotrophins. Ovarian biopsy showed a small vestigial uterus 

and streak ovaries with ovarian stroma and no follicles. The proband received hormone 

replacement therapy. The diagnosis was initially Turner syndrome which was revised to Perrault 

syndrome when the proband was found to have a 46,XX karyotype. More recently, the proband 

presented with potential late-onset ataxia, but is still able to walk unaided and is under clinical 

evaluation for this. She has also reported intermittent episodes of dizziness and nausea. Brain 

magnetic resonance imaging (MRI) did not reveal any white matter changes.  

A second family (D2) with genetic variants in DAP3 in an individual with Perrault syndrome was 

characterised by Dr Shelagh Joss, Consultant Geneticist, from Glasgow, UK. Family D2 is a non-

consanguineous British family, who presented with an affected female proband with unaffected 

parents (Figure 4.1B). The proband was 20 years of age at last assessment. In childhood, she 

had episodes of recurrent ketosis, lactic acidosis and hypoglycaemia. She was diagnosed with 

SNHL at the age of four years and used bilateral hearing aids. Aged 14 years, she was diagnosed 

with POI and pubertal arrest. She was started on hormone replacement therapy (HRT). Ovarian 

imaging by ultrasound performed at 18 years of age determined that her uterus and the right 

ovary appeared normal sized (1.2 x 0.8 x 2.1 cm), whereas the left ovary could not be visualised. 

The last endocrinology measures were performed at 18 years of age (Table 4.1). 

Table 4.1 Hormone profiles for individual D2, II-1 aged 14 years 

Hormone Concentration 
Follicle Stimulating Hormone (IU/L) 101.5 
Luteinising Hormone (IU/L)  48.9 
Oestradiol (μmol/L) 193 

The proband has hearing loss, which was found to have progressed at the last assessment when 

she was 20 years of age. She had bilateral cochlear implants soon after the last assessment. The 

last available audiogram before her cochlear implant surgery was performed when she was 19 

years old (Figure 4.2). 
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Figure 4.2 Audiogram of affected individual D2, II-1 
The audiogram on the left-hand side represents the air conduction hearing levels (dB) in the left 
ear at selected audible frequencies (Hz) (crosses). The audiogram on the right-hand side 
represents the air conduction hearing levels in the right ear (circles). The audiogram shows 
moderate to severe bilateral SNHL at mid-range frequencies and profound hearing loss at higher 
frequencies, which was more pronounced in the right ear. The hearing loss displayed in this 
audiogram is sensorineural, because the masked bone thresholds (“C” shapes) lie at the same 
level as the non-masked air conduction thresholds (triangles) on that side (Perkins and Mitchell, 
2022). 

The proband has mild intellectual disability, dyslexia and experiences a lot of anxiety and is on 

the antidepressant fluoxetine. The proband has shown no signs of muscle weakness. She had 

brain MRI and magnetic resonance spectroscopy scans, when she was 19 years old, which were 

both normal; no lactate peak was identified. She also had a cardiology assessment at 19 years, 

which was unremarkable. 

4.4.2 Variant characterisation in families D1 and D2 

Exome sequencing was performed on the proband of family D1 by Dr Emma Jenkinson from the 

University of Manchester. No putative pathogenic variants in the known Perrault syndrome genes 

were identified. A potentially rare homozygous variant, DAP3 NM_004632.4:c.1184G>A, 

p.(Cys395Tyr), was identified in the proband. The mother of the proband was found to be 

heterozygous for the same variant. However, based on the examination of the coverage data from 

the proband’s exome, this missense variant was presumed to be hemizygous in trans with a 

deletion. MLPA was employed by Dr Christian Beetz to confirm the proband to have a deletion in 

trans with the maternally inherited missense variant. The missense variant identified in this family 
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has been seen once as a heterozygous variant in a European (non-Finnish) population in 

gnomAD (Karczewski et al., 2020). The deletion was verified by PCR amplification, for which the 

primers DAP3_BP-SeqInt_f and DAP3_BP-SeqInt_r were used, confirming the fusion product 

and narrowing down the breakpoints of the recombination to Chr1(GRCh37):g.155,747,068-

155,747,546 and Chr1(GRCh37):g.155,611,487-155,611,965. The deleted region is 

approximately 135 kb in size and includes the entire DAP3 gene (Figure 4.3).  

  

Figure 4.3 Schematic of the genomic regions surrounding DAP3 
Two segmental duplications (transparent green boxes) span genomic regions overlapping the 
boundaries of the MSTO1 gene and its pseudogene (MSTO2P). The regions where the 
breakpoints of the deletion identified in family D1 (indicated by T-shaped arrows) were predicted 
to occur are located one downstream of MSTO1 and the other downstream of MSTO2P. The 
primers DAP3_BP-SeqInt_f (blue arrow) and DAP3_BP-SeqInt_r (red arrow) were designed to 
bind to the regions within the genes MSTO1 and MSTO2P. Genomic coordinates are as per the 
GRCh37 reference genome. 

No rare variants were found in YY1AP1, MSTO1 or MSTO2P in the exome data. There are two 

segmental duplications located at Chr1(GRCh37):g.155,573,392-155,587,902 and 

Chr1(GRCh37):g.155,711,167-155,723,605. It is likely that a non-allelic homologous 

recombination event resulted in the deletion seen in the proband. The deletion could be of 

paternal or de novo origin. However, the identification of a heterozygous missense variant in the 

mother reinforces the prediction that the deletion affects the paternally inherited allele. 

The proband of family D2 was recruited to the DDD project (Wright et al., 2022) as a part of a trio 

and the trio exome data was supplied. The DDD project exome data was analysed by Dr Leigh 

Demain. The variant call format (VCF) file was annotated using the Golden Helix® VarSeq™ v2 

software. The trio exome data was filtered to only include homozygous or compound 
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heterozygous variants with a gnomAD (Karczewski et al., 2020) MAF of <0.01 and a homozygous 

count of 2 or less. No variants in the known Perrault syndrome genes were identified. The most 

compelling variants were in the candidate Perrault syndrome gene DAP3. The proband had a 

maternally inherited missense change DAP3 NM_004632.4:c.395C>T, p.(Thr132Ile) in trans with 

a potential deletion (from decreased coverage data across the gene) which was paternally 

inherited. From the exome data, the deletion seemed to be within the region 

Chr1(GRCh37):g.155,292,770-155,924,859 but it was not possible to narrow down the region 

further. I used the primers DAP3_BP-SeqInt_f and DAP3_BP-SeqInt_r, previously used to define 

the deletion in family D1 to amplify a similarly/identically sized deletion, also formed by two 

segmental duplications located at Chr1(GRCh37):g.155,573,392-155,587,902 and 

Chr1(GRCh37):g.155,711,167-155,723,605, which included DAP3, in the proband (II-1) of family 

D1 (Figure 4.3). 

4.4.3 Confirmation of the deletion in families D1 and D2 

Because two individuals with Perrault syndrome with a deletion of DAP3 were identified, I wanted 

to use the same primers to determine whether the deletion in the proband (II-1) of family D2 was 

similar to or the same as the deletion in family D1. I also wanted to confirm that the deletion was 

inherited from the father (D2, I-1) and so in trans with the missense variant by demonstrating that 

the father also carried the deletion. In silico PCR predictions showed that in a reference human 

genome the product of the reaction using DAP3_BP-SeqInt_f and DAP3_BP-SeqInt_r would 

consist of two separate amplicons, predicted to be 1,029 bp each. The sequences of the resulting 

amplicons would be identical to a region in the gene MSTO1 and a region in the gene MSTO2P. 

However, when I performed PCR using the same primers and the DNA of the proband (II-1), the 

father (I-1) and the mother (I-2) of family D2, I detected a ‘fusion’ product of size between 2,000-

3,000 bp in the proband and the father and no product in the mother (Figure 4.4). 
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Figure 4.4 Fusion product for the deletion in families D1 and D2 
Gel electrophoresis of the fusion product, which indicates a deletion, was seen in the probands 
of families D1 and D2 and in the unaffected father of D2, II-1, but not in the unaffected mothers 
or the control sample. 

Given that PCR products were identified in the probands of both families D1 and D2, I was able 

to conclude that both deletions identified in the two families are similarly sized deletions with 

breakpoints in similar or identical chromosomal locations. Therefore, I determined that the 

deletion in family D2 was inherited from the father (I-1) and confirmed the identification of the 

deletion in the proband in family D1. 

The flanking sequences, each making up half of the fusion product, are virtually identical. The 

primers DAP3_BP-SeqInt_f and DAP3_BP-SeqInt_r were designed to anneal to sequences 

within MSTO1 and MSTO2P that had unique differences. I submitted the purified PCR fusion 

product to the Manchester University NHS Foundation Trust Genetic Medicine department for 

Sanger sequencing (Figure 4.5). 
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Figure 4.5 Sequence alignment of fusion product of probands in families D1 and D2 
Sections of Sanger sequencing traces of PCR products obtained using DAP3_BP-SeqInt_f and 
DAP3_BP-SeqInt_r as primers and the template genomic DNA of the probands from families D1 
and D2. One single nucleotide change, indicated by the blue box, was the only difference 
observed between the two sequencing traces. 

The sequencing results revealed that the breakpoints occurred in the 478 bp identical segmental 

duplication sequences. Therefore, it was impossible to definitely define the breakpoints of the 

deletion within the sequence of the fusion product.  

4.4.4 Ascertainment of additional affected individuals 

An initial screening of the 100,000 Genomes Project WGS data (100,000 Genomes Project Pilot 

Investigators, 2021), performed by other researchers from Professor William Newman’s group, 

did not identify variants in DAP3 that may be relevant to the Perrault syndrome phenotype.  

However, two more affected individuals were recruited. One individual was ascertained through 

a collaboration with Centogene N.V. She was a young woman from Tajikistan, who was 19 years 

old at last assessment and presented with amenorrhoea, developmental delay, hearing loss and 

speech impairment. Exome sequencing revealed a homozygous variant: DAP3 

NM_004632.4:c.1174G>A, p.(Glu392Lys). The other individual was identified through 

GeneMatcher (Sobreira et al., 2015) from Texas and was reported to have a severe mitochondrial 

phenotype, although no further clinical information was available, with a missense variant, DAP3 

NM_004632.4:c.412C>T, p.(Leu138Phe), in trans with a frameshift variant, 

NM_004632.4:c.452dupT, p.(Ile152AspfsTer28). 
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4.4.5 In silico predictions of disease-associated variants in DAP3 

Multiple online in silico prediction tools were employed to estimate whether the variants DAP3 

NP_004623.1:p.(Cys395Tyr), p.(Thr132Ile), p.(Glu392Lys) and p.(Leu138Phe) were predicted to 

be damaging (Table 4.2). 

Table 4.2 In silico predictions of DAP3 variants 

Variant DAP3 
c.1184G>A, 
p.(Cys395Tyr) 

DAP3 
c.395C>T, 
p.(Thr132Ile) 

DAP3 
c.1174G>A, 
p.(Glu392Lys) 

DAP3  
c.412C>T, 
p.(Leu138Phe) 

Location Chr1(GRCh38):g.
155738229G>A 

Chr14(GRCh38):g
.155725942C>T 

Chr14(GRCh38):g
.155738219G>A 

Chr14(GRCh38):g
.155725959G>A 

Transcript NM_004632.4 NM_004632.4 NM_004632.4 NM_004632.4 
Zygosity Hemizygous Hemizygous Homozygous Heterozygous 
gnomAD MAF 
(homs) 

Not present 0.00001 (0) Not present 0.000007 (0) 

SIFT Damaging 
(0.001) 

Damaging 
(0.006) 

Tolerable 
(0.097) 

Damaging 
(0.004) 

Polyphen-
2_HDIV 

Probably 
damaging 
(0.996) 

Possibly 
damaging 
(0.589) 

Probably 
damaging 
(0.998) 

Probably 
damaging 
(0.965) 

MutationTaster Disease causing 
(1.000) 

Disease causing 
(1.000) 

Disease causing 
(1.000) 

Disease causing 
(1.000) 

CADD Damaging (27.6) Damaging (27.8) Damaging (26.1) Damaging (31) 
ClinPred Pathogenic 

(0.923) 
Pathogenic 
(0.942) 

Pathogenic 
(0.911) 

Pathogenic 
(0.991) 

REVEL Damaging 
(0.529) 

Tolerable 
(0.243) 

Tolerable 
(0.186) 

Damaging 
(0.618) 

GnomAD: Genome Aggregation Database (Karczewski et al., 2020); MAF: Minor Allele 
Frequency; SIFT: Sorting Intolerant From Tolerant (Ng and Henikoff, 2001); HumDiv (HDIV)-
trained Polymorphism Phenotyping v2 (PolyPhen-2) is used to evaluate rare alleles at loci 
potentially involved in complex phenotypes (Adzhubei et al., 2010); MutationTaster Database 
(Flicek et al., 2012); CADD: Combined Annotation Dependent Depletion (Kircher et al., 2014); 
ClinPred is an online tool for identifying disease-relevant non-synonymous variants (Alirezaie et 
al., 2018); REVEL (rare exome variant ensemble learner) is an ensemble method for predicting 
the pathogenicity of missense variants on the basis of individual tools (Ioannidis et al., 2016); 
conservation analysis on affected residues comparing the human with the yeast protein sequence 
was performed using Clustal Omega (Sievers et al., 2011). 

All of these variants are either absent from gnomAD (Karczewski et al., 2020) or have a very low 

minor allele frequency and are not present as homozygous variants. All missense variants were 

predicted to be deleterious by multiple prediction algorithms. The altered residues in DAP3 

identified in the four affected individuals are all highly conserved from vertebrates to fly (Figure 

4.6). 
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Figure 4.6 Conservation of DAP3 across multiple species 
The variant residues in the affected families are highlighted with blue boxes. Numbering relates 
to the human protein (GenPept: NP_004623.1). The multiple sequence alignments shown use 
the single letter abbreviations for amino acids while the variants use the three letter HGVS 
nomenclature. Sequences for each species are as follows: P. troglodytes GenPept: 
XP_016802675.1; C. lupus familiaris GenPept: XP_038527852.1; R. norvegicus GenPept: 
NP_001011950.2; G. gallus GenPept: XP_422859.4; M. musculus GenPept: NP_001158005.1; 
X. tropicalis GenPept: NP_001016002.1; D.rerio GenPept: NP_001092207.1; T. nigroviridis 
UniProt: H3DLT3; D. melanogaster UniProt: Q8IA36. 

 

4.4.6 Modelling of DAP3 residues in the protein 3D structure 

I analysed the residues Cys395, Thr132, Glu392 and Leu138 of DAP3 using a digital 3D model  

(Figure 4.7). 
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Figure 4.7 Cartoon representation of the structure of DAP3 
Structure of DAP3 protein with location of Cys395, Thr132, Glu392 and Leu138 (carbon atoms highlighted in green). A. 3D model of the entire DAP3 protein with 
residues Thr132, Leu138, Glu392 and Cys395 highlighted in green. B. Close-up image of the region comprising residues Leu132 and Thr138 and the ligand ATP501. 
C. Zoomed-in image of the residues Glu392 and Cys395 and the ligand ATP501. The protein structure presented here shows ATP as ligand to DAP3 instead of GDP. 
The group who produced this structure claimed that in previous reports GDP seemed to be ATP with an Mg2+ ion (Khawaja et al., 2020). However, previous studies 
have suggested that DAP3 is a GTP-binding protein (Denslow et al., 1991; O'Brien et al., 2005).  
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The findings resulting from the analysis of all residues of DAP3 known to be affected by variants 

associated with Perrault syndrome are listed in Table 4.3. 

Table 4.3 Analysis of modelling of DAP3 disease variants on the protein 3D structure 

Variant Location Analysis  
Cys395Tyr Prenylation motif (CAYL) This substitution would disrupt the 

DAP3 prenylation motif and might 
prevent prenylation.  

Thr132Ile Proximal to GTP ligand This substitution might interfere with 
GTPase activity. 

Glu392Lys Proximal to prenylation 
motif and GTP ligand 

This substitution might interfere with 
GTPase activity and prenylation. 

Leu138Phe Proximal to GTP ligand This substitution might interfere with 
GTPase activity. 

My analysis of the modelling of the disease-associated variants on the 3D structure of DAP3 

revealed that the residues affected by the variants are likely to influence the GDP binding site. 

4.4.7 Expression of recombinant wild-type DAP3 

To determine whether variants in DAP3 alter its GTPase function, I wanted to test the intrinsic 

GTPase activity of DAP3 with the disease-associated variants against the activity of wild-type 

DAP3. I successfully produced and purified the wild-type DAP3 protein by recombinant 

expression in bacteria (Figure 4.8). 

 

Figure 4.8 Expression of recombinant wild-type DAP3 
Image of SDS polyacrylamide gel of whole-cell lysate. Red arrows indicate fractions of the wild-
type DAP3 purified protein eluate. 
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4.4.8 Intrinsic GTPase activity assay 

I used the Promega GTPase-Glo™ Assay (Cat. ID: V7681) to determine whether any GTPase 

activity could be detected in the DAP3 protein, which I purified, by detecting the amount 

luminescence as a proxy for GTP remaining after GTP hydrolysis. I performed this assay also to 

assess the level of GTPase activity of the protein in its wild-type state. The GTPase activity 

experiment consisted of comparing the decrease in luminescence in the GTPase reaction with 

the wild-type DAP3 protein against the reaction with no protein of interest (Figure 4.9). 

 

Figure 4.9 Intrinsic GTPase activity assay of wild-type DAP3 
Luminescence was measured 2 hours and 4 hours after GTP was mixed with GTPase solutions 
containing either DAP3 or no protein. The reaction was repeated in triplicate. In the reactions with 
no protein, dialysis buffer was used instead of protein. Wild-type DAP3 protein was used neat in 
the reactions containing DAP3. The concentration of neat wild-type DAP3 was 19.23 µg/mL. The 
asterisks indicate that the differences between the reactions with and without DAP3 were 
statistically significant with a p value of <0.05. 

In the reactions with DAP3, luminescence was decreased by 45% after 2 hours (p = 2x10-6) of 

incubation of DAP3 with GTP solution and by 66% after 4 hours (p < 1x10-6) of incubation, 

compared to the reactions in which the protein solution was replaced with dialysis buffer. The 

increased level of hydrolysed GTP over time confirms that the protein that I expressed and purified 

in the laboratory was functional as a GTPase in vitro. 

I attempted to produce and purify the DAP3 proteins containing the variants DAP3 

NP_004623.1:p.(Cys395Tyr), p.(Thr132Ile), p.(Glu392Lys), and p.(Leu138Phe) by recombinant 

expression in bacteria. However, all the variant proteins I produced were insoluble and could not 

be purified. To improve solubility of the variant proteins, I co-expressed and produced the variant 
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DAP3 proteins with maltose-binding protein (MBP). The proteins comprising both DAP3 with 

disease-associated variants and MBP were also insoluble and could not be purified. 

4.4.9 Evidence of the implication of DAP3 variants in Perrault syndrome 

The evidence, both at gene and variant levels, of the association between DAP3 and Perrault 

syndrome was gathered following the guidelines by MacArthur et al. (2014) for investigating the 

implication of variants in human disease and is listed in Table 4.4.  

Table 4.4 Gene-level and variant-level evidence of causality between DAP3 variants and 
Perrault syndrome 

Evidence level Evidence class Examples 

Gene level 

Genetic DAP3 has never been 
associated with disease. 

Experimental DAP3 is a member of the small 
subunit of the mitochondrial 
ribosome. 

Variant level 

Genetic  The variants in families D1 and 
D2 segregate with the disease. 
These variants are very rare in 
the population. 

Informatic The site of the variant displays 
evolutionary conservation. The 
variants are found in the 
prenylation site and GTPase 
domain. 

Experimental It was not possible to provide 
experimental evidence of the 
influence of disease variants in 
GTPase activity or prenylation 
due to lack of time. 

 

4.5 Discussion  

The identification of multiple independent cases with very similar clinical phenotypes in correlation 

with biallelic variants in DAP3 and the fact that DAP3 has a known function in mitochondrial 

translation, a feature consistent with Perrault syndrome genes, provides compelling evidence of 

the association of DAP3 with Perrault syndrome (MacArthur et al., 2014). No genetic disease has 

been associated with DAP3 to date. Functional work was performed on yeast and patient cells, 

as well as ear mouse cell immunohistochemistry and RNA-seq, prior to my involvement in this 

project. The work that I presented in this thesis aims to build on the work that was done previously 

to constitute functional evidence of a novel association of DAP3 with Perrault syndrome. 

Families D1 and D2 presented with the most complex genetic event in the landscape of the 

genetic aetiology of Perrault syndrome to date, which involved a large deletion encompassing 
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multiple genes, including DAP3, in trans with a missense change in DAP3. It was not possible to 

pinpoint the exact locations of the breakpoints of the deletion, as they are located in the 478 bp 

identical sequence present in both the gene MSTO1 and the pseudogene MSTO2P. 

Low-copy repeats (LCRs), also called segmental duplications, result from non-allelic homologous 

recombination (NAHR) between paralogous genomic regions. LCRs usually span ~10–400 kb of 

genomic DNA and share ≥ 97% sequence identity. The gene MSTO1 and the pseudogene 

MSTO2P can be classified as LCRs as they span ~12-14 kb of chromosome 1 and are 97.7% 

identical. Chromosomal rearrangements caused by LCR/NAHR-based mechanisms can occur 

during either spermatogenesis or oogenesis and can result in large deletions or duplications. The 

most accredited proposal on how LCRs may lead to deletions or duplications is that these 

genomic rearrangements are caused by unequal crossovers between directly oriented LCRs on 

homologous chromosomes. In some autosomal recessive disorders, deletions caused by these 

mechanisms can be inherited in trans with missense changes to consist of the genetic basis of 

these disorders. Interestingly, some of the autosomal recessive disorders that arise in this way 

are caused by rearrangements occurring between a gene and its pseudogene. Examples of these 

types of disorders are Gaucher disease and congenital adrenal hyperplasia III/21 hydroxylase 

deficiency (Stankiewicz and Lupski, 2002). 

The missense variants identified in the patients reported here were DAP3 

NP_004623.1:p.(Cys395Tyr), p.(Thr132Ile), p.(Glu392Lys) and p.(Leu138Phe). Analysing the 

residues affected by these variants using a 3D model revealed that these residues are potentially 

crucial for the integrity of both the GTPase function and the prenylation binding site of DAP3. 

Prenylation consists of adding a hydrophobic lipid tail, specifically a farnesyl group or a 

geranylgeranyl group, to proteins to enable them to anchor to membranes for precise subcellular 

localisation (Goldstein and Brown, 1990; Xu et al., 2015). The prenylation consensus sequence 

contains the CAAX motif, where C is a cysteine, A is usually an aliphatic amino acid, and X can 

be a variety of amino acids (Labbé et al., 2012). Two of the three eukaryotic enzymes known to 

catalyse prenylation, i.e. farnesyltransferase and geranylgeranyltransferase I (GGTase I), 

recognise the CAAX motif and attach the farnesyl or geranylgeranyl moiety to the cysteine in that 

motif (Maurer-Stroh and Eisenhaber, 2005). The amino acid X in the prenylation motif determines 

whether a farnesyl group or a geranylgeranyl group is added. The amino acids usually associated 

with farnesyl are M, Q, S, T and A, whereas the amino acids usually associated with 
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geranylgeranyl are L and I (Hodges-Loaiza et al., 2011). The CAAX motif is not the only region 

of the protein needed for prenylation to occur. In fact, the entire prenylation motif includes 11 

residues upstream of the CAAX motif, consisting of the linker region, in addition to the 4 residues 

making up the CAAX motif. The main feature of the linker region is to fold and unfold into flexible 

conformations to allow the enzyme to access the CAAX terminus (Maurer-Stroh and Eisenhaber, 

2005). In the DAP3 amino acid sequence, the 11 residues upstream of the CAYL motif are 

SNANPSLLERH (the first S in this sequence is amino acid 384), where the underlined amino 

acids are highly conserved and the amino acid highlighted in bold is the one affected by the variant 

DAP3 NP_004623.1:p.(Glu392Lys). The sequence of the prenylation motif of DAP3 is CAYL, 

where the amino acid highlighted in bold is the one affected by the variant DAP3 

NP_004623.1:p.(Cys395Tyr) suggesting that its lipidation is catalysed by GGTase I. 

The standard method to test prenylation involves transcription and translation of a cloned 

construct with either the wild-type or variant prenylation motif sequence and protein prenylation 

in the presence of radioactively labelled lipid anchor precursors, followed by autoradiography or 

fluorography (Hancock, 1995; Wang and Sebti, 2005; Wilson and Maltese, 1995). Another more 

efficient procedure involves using thin layer chromatography (TLC) (Benetka et al., 2006). 

However, these experiments are quite laborious and require long exposure times (weeks/months) 

to ensure efficient prenylation. Therefore, the use of computer-based prediction tools, such as 

PrePS (Prenylation Prediction Suite) (Maurer-Stroh and Eisenhaber, 2005), is important to 

determine whether a specific protein substrate is worth testing (Marakasova et al., 2013). These 

experiments should be performed to investigate the impact of the C-terminus variants associated 

with Perrault syndrome, namely DAP3 NP_004623.1:p.(Cys395Tyr) and p.(Glu392Lys). It is 

expected that Western blots and TLC scanning results of wild-type vs. variant N-terminally tagged 

DAP3 protein, translated with a radioactive prenyl anchor precursor, e.g. [3H]mevalonic acid, 

would show variable degrees of prenylation efficiency (Benetka et al., 2006). Specifically, it is 

expected that the variant DAP3 p.(Cys395Tyr) would result in very low prenylation efficiency, or 

none at all, because it affects the cysteine to which the geranylgeranyl group is attached. 

Similarly, the variant DAP3 p.(Glu392Lys) would lead to decreased prenylation efficiency, 

because it affects a residue in the linker region, thus influencing the affinity of the CAYL motif to 

GGTase I. Instead, wild-type DAP3 would have the highest prenylation efficiency. 
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Due to the time-consuming nature of the experiments mentioned above, I would propose another 

quicker method to test prenylation activity of wild-type vs. variant DAP3 proteins in vitro. The 

method I would propose first involves bacterial expression and purification of DAP3Δ46, 

performed as per sections 2.9.5 and 2.9.7. Then, the purified DAP3 protein would be used for the 

in vitro prenylation reaction, which would also contain GGTase I and a biotin-tagged 

geranylpyrophosphate (biotin-GPP). The reaction would be incubated at room temperature for 4-

6 hrs and 2X sample buffer (Table 2.30) would be added to it, which would be resolved by SDS-

PAGE (Köhnke et al., 2013; Shi et al., 2013). Biotin-GPP would be detected by immunoblotting 

using the Abcam antibody Streptavidin (HRP) (Cat. ID: ab7403). Quantification of the 

immunoblotting bands would be performed using a LI-COR Biosciences Odyssey® XF Imaging 

System. The higher the intensity of the band representing biotin-GPP, relative to a given reaction, 

the lower the level of prenylation of DAP3 (Nguyen et al., 2009). The prenylation reaction 

containing wild-type DAP3 is expected to lead to the lowest intensity of the biotin-GPP band, 

because the prenylation site of DAP3 is unaffected. Conversely, versions of DAP3 containing the 

variant p.(Cys395Tyr) or the variant p.(Glu392Lys), are expected to lead to higher intensity of the 

biotin-GPP band. The variant protein with the variant p.(Cys395Tyr) is expected to be correlated 

with the highest intensity, because it is predicted to have the greatest effect on the affinity of DAP3 

to GGTase I. 

The mitochondrial ribosome small subunit is elongated as a result of mitochondria-specific 

proteins at both extremities (DAP3, also called mS29 at the head, and mS27 at the bottom). The 

structure of the mitochondrial ribosome revealed that GDP is bound to mS29 at the edge of the 

small subunit. The configuration of mS29 indicates that its GTPase activity is linked to the binding 

of the small subunit with the large one. The variant DAP3 p.(Thr132Ile) is localised in the Walker 

A motif (residues 128 to 135) of DAP3. The substitution of nucleophilic threonine for hydrophobic 

isoleucine at this position could disrupt GTP/GDP binding and affect the GTPase function of DAP3 

(Amunts et al., 2015). The analysis of the 3D model of DAP3, which I performed using MOE, 

version 2020.09, revealed that all the residues affected by the variants reported here, i.e., Thr132, 

Leu138, Glu392, Cys395 are relatively close to one another. In summary, Thr132 and Leu138 

appear to be proximal to the GTP ligand-binding site, Cys395 is the point of attachment of the 

prenyl moiety and Glu392 is in the prenylation linker region.  
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The intrinsic GTPase activity assays which I performed on wild-type DAP3 confirmed its known 

GTPase function. However, the variant forms of the DAP3 protein did not solubilise in the 

lysis/wash buffer during purification. Protein solubility depends on several factors including amino 

acid sequence and its composition, 3D structure, accessibility, and intramolecular interactions 

within the protein. Examples of intramolecular interactions are salt bridges, electrostatic and 

hydrophobic interactions, and weak hydrogen bonds. Single amino acid changes can significantly 

affect protein solubility as they can disrupt the original configuration of intramolecular bonds, 

potentially leading to a structural change of the protein (Yang et al., 2021). I have employed online 

tools to predict the impact of variants on protein solubility, namely CamSol v2.2 (Sormanni et al., 

2017; Sormanni et al., 2015), PON-Sol2 (Yang et al., 2021) and SODA (Sormanni et al., 2015; 

Yang et al., 2016). CamSol is based on residue-specific solubility profile. The method applied to 

CamSol is not available as a tool, as only the algorithm has been described. PON-Sol is a random 

forest-based machine learning method. It was trained on 406 single amino acid substitutions, 

which have been experimentally tested for their impact on protein solubility. SODA is a tool 

developed with PON-Sol data and it is particularly useful to predict variants decreasing solubility 

(Vihinen, 2020). I used these online tools to generate an output, listed in Table 4.5, based on the 

DAP3 variants associated with Perrault syndrome.  

Table 4.5 Effect of DAP3 variants on protein solubility 

Wild-type/variant CamSol PON-Sol2 SODA 
Wild-type 0.803920 N/A N/A 
T132I Less soluble (0.795362) No change Less soluble (-6.446) 
L138F Less soluble (0.758333) Increase Less soluble (-14.337) 
E392K More soluble (0.809596) No change Less soluble (-0.741) 
C395Y More soluble (0.806058) No change More soluble (0.762) 

CamSol: scores greater than 1 denote highly soluble regions, while scores smaller than -1 poorly 
soluble ones; PON-Sol2: prediction that amino acid substitutions increase, decrease, or have no 
effect on the protein solubility; SODA: score determines the difference in solubility given by the 
mutations. 

The predictions on the solubility of wild-type vs. variant forms of DAP3 revealed to be 

contradictory between one tool and the other. 

In an attempt to improve protein solubility, I cloned the fragment encoding MBP into the pET-28 

a (+) plasmid vector containing the wild-type and the variant DAP3Δ46 coding sequences to 

create a DAP3-MBP fusion protein with a higher solubility. MBP is a protein tag, which has a 

natural binding affinity and can be used to increase protein solubility when expressing 

recombinant proteins in E. coli (di Guana et al., 1988; Fox and Waugh, 2003). Nevertheless, the 
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variant forms of DAP3 fused with MBP did not solubilise in the lysis/wash buffer in sufficient 

amounts.  

It was hypothesised that the protein could not be purified because it would form inclusion bodies, 

thus preventing solubilisation. Inclusion bodies are aggregates of proteins mostly formed in the 

cytoplasm of prokaryotic cells, such as E. coli, due to overexpression of heterologous proteins, 

i.e. proteins expressed using stable or transient systems like the pET-28 a (+) plasmid vector 

(Kumar, 2011; Roldão et al., 2011). Typically, when the level of recombinant protein expression 

goes beyond 2% of the total cellular proteins, inclusion bodies are formed. The purification of 

proteins from inclusion bodies is performed in four steps: isolation of inclusion bodies, 

solubilisation of inclusion bodies, refolding of solubilised proteins and purification of refolded 

proteins. The most crucial steps to restore proteins to a catalytically active form are solubilisation 

and refolding. Solubilisation of classical inclusion bodies is performed using denaturing agents, 

such as urea and guanidine hydrochloride. However, for proteins containing multiple cysteine 

residues, the use of non-denaturing agents, such as 5% DMSO with the addition of β-

mercaptoethanol or DTT, is recommended to prevent the formation of incorrect disulfide bonds. 

This method does not require a refolding step. Mild solubilisation agents, such as 5% n-propanol 

and DMSO, are also recommended for non-classical inclusion bodies, which tend to aggregate 

during refolding. A number of refolding methods can be used depending on the scale of the protein 

purification and protein concentration. The most common refolding strategy involves dilution and 

dialysis of the solubilised protein in refolding buffer, containing Tris-acetate oxidised glutathione 

and EDTA (Fischer et al., 1992; Singh et al., 2015). To improve DAP3 protein yield, I would purify 

both wild-type and variant proteins from the inclusion bodies using 5% DMSO, which does not 

require a refolding step and, if that is not successful, I would use mild solubilisation agents. 
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5 Biallelic Variants in Mitochondrial RNase P Subunit 

PRORP cause mitochondria tRNA processing defects 

resulting in pleiotropic multisystem presentations  

5.1 Contribution to this chapter 

In this chapter, the findings resulting from an international collaboration, which has lasted for over 

7 years, are presented. Therefore, I continued the work performed by researchers before me and 

my contribution to this work is listed as follows. I performed the in silico predictions and the 3D 

modelling of the variants in PRORP identified in the affected families (sections 5.4.3 and 5.4.4). I 

performed expression and purification of the wild-type and variant forms of PRORP (section 

5.4.7). I performed the (mt)pre-tRNAIle in vitro processing assay (section 5.4.8). I wrote the entire 

chapter and produced Figure 5.8, Figure 5.11 and Figure 5.12A and all the tables included in the 

chapter. The remaining raw experimental data and figures in this chapter were produced by the 

co-authors of the paper by Hochberg et al. (2021). 

 

5.2 Abstract 

Perrault syndrome is a genetically heterogeneous condition characterised by SNHL in males and 

females and POI in females. Biallelic hypomorphic variants have been identified in association 

with Perrault syndrome in eight genes. Variants in the known Perrault syndrome genes were not 

detected in all cases of Perrault syndrome. Multiple sequencing approaches had been employed 

to identify potentially relevant variants in PRORP as a cause of Perrault syndrome. PRORP is a 

subunit of mtRNase P, which has the function of cleaving the 5’ end of mt-tRNAs from precursor 

transcripts. Four unrelated families were reported with variants in PRORP in correlation with 

multisystem disease. Variable phenotypes comprising SNHL, POI, developmental delay, and 

brain white matter changes were reported. Decreased steady state levels of PRORP, increased 

unprocessed mitochondrial transcript levels and decreased steady state levels of mitochondria-

encoded proteins were recorded in the fibroblasts from affected individuals in two families. Such 

abnormal levels were rescued by the introduction of the wild-type PRORP cDNA. (mt)pre-tRNAIle 

in vitro processing assays were performed with recombinant mtRNase P proteins using wild-type 

vs. variant PRORP. The disease-associated variants resulted in diminished mt-tRNA levels, 
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which were in correlation with the severity of the phenotype of the affected individual carrying that 

same variant. This study demonstrated for the first time that PRORP is linked to disease and that 

pathogenic variants in all three subunits of mtRNase P, i.e. TRMT10C, HSD17B10 (SDR5C1) 

and PRORP, can cause mitochondrial dysfunction, each with distinct pleiotropic clinical 

presentations. 

 

5.3 Gene summary for PRORP 

Proteinaceous RNase P encoded by the gene PRORP, also known as mitochondrial RNase P 

protein 3 (MRPP3) is a subunit of the trimeric mitochondrial RNase P (mtRNase P) complex. The 

human mtRNase P is formed of TRMT10C, SDR5C1 and PRORP, alternatively named MRPP1, 

MRPP2 and MRPP3, respectively. The function of mtRNase P is cleaving the 5’ end of 

mitochondrial tRNAs (mt-tRNAs) from long polycistronic precursor transcripts (Hochberg et al., 

2021; Holzmann et al., 2008; Vilardo and Rossmanith, 2015). This novel Perrault syndrome gene 

is the most mature of the associations described here and it was the main focus of a previous 

PhD student (Dr Leigh Demain) at The University of Manchester. Rare biallelic variants in PRORP 

have been identified in one family with three affected individuals with features of Perrault 

syndrome, who presented with the homozygous variant PRORP NP_055487.2:p.(Ala485Val) and 

in other two families with Perrault syndrome. The second family presented with the compound 

heterozygous variant PRORP NP_055487.2:p.(Arg445Gln) in trans with 

NP_055487.2:p.(Ser400IlefsTer6); the third family presented with compound heterozygous 

PRORP NP_055487.2:p.(Asn412Ser) in trans with NP_055487.2:p.(Ala434Asp). PRORP 

variants segregate with the phenotype in these families. Functional studies reveal that such 

PRORP variants disrupt mt-tRNA processing (Hochberg et al., 2021). 

 

5.4 Results 

The initial genetic evidence for the association between PRORP and Perrault syndrome consists 

of four families with overlapping phenotypes and bi-allelic variants in PRORP.  
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5.4.1 Clinical reports of families P1, P2, P3 and P4 and variant characterisation 

The characterisation of families P1 and P3 was undertaken by a previous member of the Newman 

Laboratory. I focussed on the characterisation of the more recently ascertained families P2 and 

P4. In vitro tRNA processing assays were performed with variants from P1 and P3 by a previous 

member of the Newman Laboratory. I, then, performed an updated procedure for the tRNA 

processing assays with variants from P2 and P4 and repeated those assays with P1 and P3 

variants to ensure consistency of the technique applied with all variants. 

Family P1 is a Palestinian family (Figure 5.1A) who presented with three affected sisters, who 

were aged 30, 28, and 26 years at last assessment, and their unaffected consanguineous parents. 

All three affected sisters presented with absent middle ear acoustic reflex, despite normal 

tympanometry, when tested in infancy. Subsequent audiology examinations in each sister 

revealed profound bilateral SNHL (>90 dB hearing level at all frequencies) (Figure 5.2A). The 

three affected sisters presented in their late teenage years with primary amenorrhoea. Pelvic 

ultrasound noted the absence of ovarian tissue in all three sisters. Their hormonal profiles were 

consistent with hypergonadotropic hypogonadism (Figure 5.2C). All three sisters had a 46,XX 

karyotype. The features were consistent with a diagnosis of Perrault syndrome. Each affected 

sibling also had mild non-progressive intellectual disability, although brain MRI was not 

performed. When high-throughput DNA sequencing was performed on this family, no variants in 

genes previously associated with Perrault syndrome were found. Autozygosity mapping was 

performed on six members of family P1 (II-1, II-2, II-3, II- 4, II-6 and II-7).  WES was performed 

on DNA extracted from lymphocytes from individual P1, II-3. A homozygous missense variant in 

PRORP NM_014672.4:c.1454C>T, p.(Ala485Val) was identified in the affected individuals (P1, 

II-1, II-3 and II-4) (Figure 5.1A).  

Family P2 is a Nigerian family based in London, UK, comprising a male proband, and his 

unaffected, unrelated parents (Figure 5.1B). The proband (P2, II-1) was born at 40 + 4 weeks by 

emergency caesarean section for foetal tachycardia and meconium stained liquor. Hearing loss 

in the proband was first noted at 3 years of age, but formally diagnosed at 5 years, at which age 

his MRI scans were normal. His speech and language were delayed resulting from his loss of 

hearing, for which he wears bilateral hearing aids. The proband was 9 years at last assessment 

and had bilateral mild to moderate SNHL (Figure 5.2B). A maternally inherited missense variant, 

i.e. PRORP NM_014672.4:c.1235A>G, p.(Asn412Ser), and a paternally inherited missense 
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variant, i.e. PRORP NM_014672.4:c.1301C>A, p.(Ala434Asp), were identified in the proband 

(P2, II-1) from WGS data generated through the 100,000 Genomes Project (100,000 Genomes 

Project Pilot Investigators, 2021) (Figure 5.1B).  

Family P3, ascertained through GeneMatcher (Sobreira et al., 2015), is a non-consanguineous 

Canadian family presenting with a male proband (P3, II-1) and unaffected parents (Figure 5.1C). 

The boy was born by emergency caesarean section for failure to progress at 41 + 2 weeks of 

gestation. Appendicular hypertonia and mild dysmorphism were identified shortly after birth. A 

blood test performed at 7 months of age revealed increased plasma lactic acid levels at 5.6 

mmol/L (reference 0.5-2.5 mmol/L). Plasma lactic acid levels were still raised at 24 months. At 20 

months, the boy was reported to have severe developmental delay, hypertonia, microcephaly and 

a mild scoliosis. Brain MRI at 13 months revealed diffuse sub-cortical white matter loss, also 

known as leukoencephalopathy (Figure 5.3A-D). Audiological tests performed when the boy was 

18 months of age were normal, but at 3 years, an ABR examination demonstrated evidence of 

auditory neuropathy spectrum disorder consistent with bilateral SNHL. Microarray analysis 

performed on the proband detected no copy number variants. However, WES identified biallelic 

variants in PRORP: the maternally inherited missense variant PRORP NM_014672.4:c.1334G>A, 

p.(Arg445Gln) and the paternally inherited frameshift variant PRORP NM_014672.4:c.1197dupA, 

p.(Ser400IlefsTer6), which results in nonsense-mediated decay of the transcript (Figure 5.1E and 

F). 

Family P4, ascertained through GeneMatcher (Sobreira et al., 2015), was a suspected 

consanguineous family from Barcelona, Spain, presenting three affected individuals, including a 

brother, a sister and their affected mother (Figure 5.1D). The proband (P4, II-1) presented with 

autistic traits and learning disability at the age of 7 years. He presented with brief generalised 

seizures at 8 years of age. Recent examination revealed obesity, genu valgum and talus valgus. 

He also displayed papillary pallor. He was 19 years at last assessment. Brain MRI scans revealed 

subcortical white matter loss (Figure 5.3E). The affected sister of the proband (P4, II-2) presented 

with intrauterine growth retardation, global developmental delay and seizures in the first years 

after birth. MRI scans of her brain also revealed subcortical white matter loss (Figure 5.3F). The 

mother (P4, I-2) of the proband presented with retrobulbar optic neuritis and tonic pupil (a dilated 

pupil that responded slowly to light) at 39 years of age. She subsequently suffered from asthenia, 

myalgias, memory loss and frequent headaches. An ophthalmological examination revealed 
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afferent pupillary defect, nasal hemianopsia of the right visual field, and abnormal colour 

perception. She had normal hearing and no evidence of ovarian insufficiency. Subcortical white 

matter loss was identified in her brain MRI scans, as well (Figure 5.3G). 

WGS of the three affected individuals revealed all of them to be homozygous for the variant 

PRORP NM_014672.4:c.1261C>T, p.(Arg421Cys). The father (P4, I-1) of the two affected 

children was found to be a carrier of the same variant in PRORP. The family was subsequently 

confirmed to be consanguineous, consistent with a pseudo-dominant inheritance pattern. 
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Figure 5.1 Variants in PRORP in four affected families result in pleiotropic clinical 
presentations 
A. The pedigree for family P1 with the variant PRORP c.1454C>T, p.(Ala485Val). Filled symbols 
indicate affected individuals. The variant segregated with the phenotype, as the unaffected 
siblings of the affected sisters were all heterozygous for the disease-causing variant. B. The 
pedigree for the family P2. The proband (II-1) inherited the missense variant PRORP c.1235A>G, 
p.(Asn412Ser) from his mother and the missense variant PRORP c.1301C>A, p.(Ala434Asp) 
from his father. C. The pedigree for the family P3. The proband (II-1) inherited the missense 
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variant PRORP c.1334G>A, p.(Arg445Gln) from his mother and the frameshift variant PRORP 
NM_014672.4:c.1197dupA, p.(Ser400IlefsTer6) from his father. D. The pedigree for the family P4 
with three affected individuals, all homozygous for the variant PRORP c.1261C>T, 
p.(Arg421Cys). E and F. Sanger sequencing trace for the variants c.1197dupA and c.1334 G>A 
(highlighted in red) in the proband from P3 (II-1) with cDNA from puromycin treated and untreated 
fibroblasts. The reverse strand of the sequences encompassing the highlighted variants was 
displayed here to prevent masking of the missense variant by the frameshift variant. Sanger 
sequencing of the cDNA revealed that the frameshift c.1197dupA variant was present in the 
puromycin-treated cells, but not the untreated cells (E) and the missense variant c.1334G>A was 
present as a hemizygous change in the untreated samples (F), indicating that the frameshift 
transcript undergoes nonsense-mediated decay (E and F). Image and legend extracted from 
Hochberg et al. (2021). 

 

Figure 5.2 Affected individuals from family P1 and P2 have SNHL, and affected individuals 
from family P1 have hypergonadotropic hypogonadism 
A. Audiogram of affected individual P1 II-4. All three affected sisters show a similar audiometric 
configuration to P1-II-4, with profound hearing loss across all tested frequencies. B. Audiogram 
of affected individual P2 II-1. The proband shows bilateral mild to moderate cookie-bite SNHL. In 
both audiograms, the hearing level of the left ear is represented by the blue crosses and the right 
ear by red circles. The hearing threshold level of a normal adult is 0-20 dB (Holmes and Griffiths, 
2019). Audiograms were generated using AudGen software. C. Hormone profiles for the three 
affected sisters in family P1, indicative of hypergonadotropic hypogonadism. Levels of FSH, LH 
and oestrogen in the postmenopausal range are in bold (Aiman and Smentek, 1985). Image and 
legend extracted from Hochberg et al. (2021). 
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Figure 5.3 Brain MRI scans for affected individuals in families P3 and P4 
A-D. Brain MRI scan at 13 months of age of individual P3, II-1. Note periventricular cysts – located 
just above body of lateral ventricles, consistent with connatal cysts (A), dysplastic corpus callosum 
(B), focal nodular thickening of the posterior horn of left lateral ventricle which may represent a 
focus of nodular heterotopia (C) and prominent 3rd & lateral ventricles with mild 
underdevelopment of white matter (D). F-G. Brain MRI scan for affected individuals from family 
P4. Note bilateral multiple periventricular and subcortical T2 white matter hyperintense lesions 
with a posterior predominance in all affected individuals from this family. The affected mother 
shows hyperintense lesions involving also the pons (G; bottom right image). For all images, age 
at time of assessment was noted in the white box in the upper right corner of the image. Image 
and legend extracted from Hochberg et al. (2021). 

Following the publication on families P1 to P4 by Hochberg et al. (2021), Online Mendelian 

Inheritance in Man® named the disorder due to biallelic variants in PRORP as combined oxidative 

phosphorylation deficiency 54 (COXPD54) (MIM: 619737). 

5.4.2 Ascertainment of additional cases 

Two new cases of individuals with biallelic PRORP variants were identified after I completed my 

work in the laboratory. One case was communicated to us by Dr Nava Shaul Lotan from 

Hadassah Hebrew University Hospital, Jerusalem, Israel, following my presentation at the 

European Society of Human Genetics online conference (June 2021). The affected individual was 

a 1-year-old girl, who presented with lactic acidosis, pulmonary hypertension, epilepsy, hypotonia 

and failure to thrive. A brain computed tomography (CT) scan showed bilateral and biparietal 
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cerebrospinal spaces dilatation. A brain MRI scan showed diffuse restrictive changes with a flair 

component in the perirolandic regions and in the basal ganglia. It was interpreted as an 

expression of hypoxic ischemic injury. The girl was homozygous for the variant PRORP 

NM_014672.4:c.1241C>T, p.(Ala414Val). Segregation analysis of the variant in the family is 

awaited. Patient fibroblast respiratory chain function studies by Professor Robert Taylor from the 

Wellcome Trust Centre for Mitochondrial Research in Newcastle, UK, revealed complex I and IV 

deficiency, supporting the correlation between the variant and the clinical presentation of a 

disorder consistent with mitochondrial dysfunction. 

Another case was identified by University College London, UK, through GeneMatcher (Sobreira 

et al., 2015). This was a female individual from a consanguineous family in the Middle East. She 

was 28 years old at last assessment and presented with normal hearing, polycystic ovaries and 

mild intellectual disability. Further details of ovarian function and brain MRI scans are awaited. 

She was homozygous for the variant PRORP NM_014672.4:c.1471T>C, p.(Tyr365His). Her 

parents are both heterozygous for the variant, her unaffected brother is wild-type and her 

unaffected sister is heterozygous.  

Further analysis including in vitro tRNA processing assays will be undertaken to determine if the 

variants PRORP c.1241C>T, p.(Ala414Val) and PRORP c.1471T>C, p.(Tyr365His) are 

associated with the phenotypes of the newly ascertained individuals. 

5.4.3 In silico predictions of disease-associated variants in PRORP 

Multiple online in silico prediction tools were employed to estimate whether the variants PRORP 

p.(Ala485Val), p.(Ala434Asp), p.(Ala412Ser), p.(Arg445Gln), p.(Ser400IlefsTer6), 

p.(Arg421Cys), p.(Ala414Val), and p.(Tyr365His) were predicted to be damaging (Table 5.1). 
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Table 5.1 In silico predictions of PRORP variants 

Variant PRORP c.1454C>T, 
p.(Ala485Val) 

PRORP c.1301C>A, 
p.(Ala434Asp) 

PRORP c.1235A>G, 
p.(Asn412Ser) 

PRORP c.1334G>A, 
p.(Arg445Gln) 

Location Chr14(GRCh38):g.35270430C>T Chr14(GRCh38):g.35266752C>A Chr14(GRCh38):g.35180737A>G Chr14(GRCh38):g.35266785G>A 
Transcript NM_014672.4 NM_014672.4 NM_014672.4 NM_014672.4 
Zygosity Homozygous Heterozygous Heterozygous Heterozygous 
gnomAD MAF 
(homs) 

Not present 0.0026 (0) 0.0002 (0) 0.00004 (0) 

SIFT Deleterious (0.0) Tolerable (0.14) Tolerable (0.41) Damaging (0.0) 
Polyphen-2_HDIV Probably damaging (1.0) Benign (0.44) Probably damaging (1.0) Probably damaging (1.0) 
MutationTaster Disease causing (1.0) Disease causing (0.81) Disease causing (1.0) Disease causing (1.0) 
CADD Damaging (34) Damaging (28.2) Damaging (26.4) Damaging (34) 
ClinPred Pathogenic (0.99) Benign (0.04) Benign (0.42) Pathogenic (0.99) 
REVEL Damaging (0.49) Tolerable (0.13) Damaging (0.66) Damaging (0.49) 
Variant PRORP c.1197dupA, 

p.(Ser400IlefsTer6) 
PRORP c.1261C>T, 
p.(Arg421Cys) 

PRORP c.1241C>T, 
p.(Ala414Val) 

PRORP c.1471T>C, 
p.(Tyr365His) 

Location Chr14(GRCh38):g.35180699dup Chr14(GRCh38):g.35180763C>T Chr14(GRCh38):g.35180743C>T Chr14(GRCh38):g.35127537 T>C 
Transcript NM_014672.4 NM_014672.4 NM_014672.4 NM_014672.4 
Zygosity Heterozygous Homozygous Homozygous Homozygous 
gnomAD MAF 
(homs) 

0.00005 (0) 0.0001 (0) Not present Not present 

SIFT Not available Damaging (0.03) Damaging (0.003) Tolerable (0.32) 
Polyphen-2_HDIV Not available Probably damaging (1.0) Probably damaging (0.99) Benign (0.17) 
MutationTaster Not available Disease causing (1.0) Disease causing (0.99) Disease causing (1.0) 
CADD Not available Damaging (35) Damaging (34) Damaging (24.7) 
ClinPred Not available Pathogenic (0.52) Pathogenic (0.98) Pathogenic (0.97) 
REVEL Not available Tolerable (0.26) Tolerable (0.30) Tolerable (0.11) 

GnomAD: Genome Aggregation Database (Karczewski et al., 2020); MAF: Minor Allele Frequency; SIFT: Sorting Intolerant From Tolerant (Ng and Henikoff, 2001); 
HumDiv (HDIV)-trained Polymorphism Phenotyping v2 (PolyPhen-2) is used to evaluate rare alleles at loci potentially involved in complex phenotypes (Adzhubei et 
al., 2010); MutationTaster Database (Flicek et al., 2012); CADD: Combined Annotation Dependent Depletion (Kircher et al., 2014); ClinPred is an online tool for 
identifying disease-relevant non-synonymous variants (Alirezaie et al., 2018); REVEL (rare exome variant ensemble learner) is an ensemble method for predicting the 
pathogenicity of missense variants on the basis of individual tools (Ioannidis et al., 2016); conservation analysis on affected residues comparing the human with the 
yeast protein sequence was performed using Clustal Omega (Sievers et al., 2011). 
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All of the variants presented here are either absent from gnomAD (Karczewski et al., 2020) or 

have a very low minor allele frequency and are not present as homozygous variants. All missense 

variants were predicted to be deleterious by multiple prediction algorithms. Interestingly, 

homozygous loss-of-function variants in PRORP are absent from publicly available databases 

and from a consanguineous cohort of over 3,200 British Pakistani individuals (Narasimhan et al., 

2016). The altered residues in PRORP identified in the affected individuals from the four affected 

families are all highly conserved from vertebrates to fly (Figure 5.4). 

 

Figure 5.4 Conservation of PRORP across multiple species 
The variant residues in the affected families are highlighted with blue boxes. Numbering relates 
to the human protein (GenPept: NP_055487.2). The multiple sequence alignments shown use 
the single letter abbreviations for amino acids while the variants use the three letter HGVS 
nomenclature. Sequences for each species are as follows: P. troglodytes GenPept: 
XP_009425955.1; C. lupus familiaris GenPept: XP_547772.2; R. norvegicus GenPept: 
NP_001100200.1; G. gallus GenPept: XP_421241.3; M. musculus GenPept: NP_079649.1; X. 
tropicalis GenPept: XP_002935379.1; D.rerio GenPept: XP_683289.3; T. nigroviridis UniProt: 
H3CE56; D. melanogaster GenPept: NP_572309.2. 
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5.4.4 Modelling of PRORP variants in the protein 3D structure 

In humans, mtDNA is transcribed by a mitochondrial RNA polymerase, which produces 

polycistronic primary transcripts that contain rRNAs and mRNAs interspersed by tRNAs. These 

transcripts then undergo processing and maturation steps to produce functional RNAs. The first 

step consists of endonucleolytic excision of the tRNA sequences, which separates the three 

different RNA species and thus constitutes a key event in mitochondrial gene expression. This 

processing is carried out by mtRNase P and Z, which cleave at the 5′ and 3′ borders of 

mitochondrial pre-tRNAs, respectively. The mtRNase P complex carries out both pre-tRNA 

cleavage and methylation, and is thus a central player in mitochondrial gene expression. The 

subunits forming the human mtRNase P complex are TRMT10C, SDR5C1 and PRORP. 

TRMT10C and SDR5C1 form a stable subcomplex that binds pre-tRNA and is sufficient to 

catalyse methylation, but not 5' cleavage of the substrate. Cleavage requires PRORP, the 

catalytic subunit of mtRNase P. PRORP forms an arch-like structure on top of the TRMT10C–

SDR5C1–pre-tRNA complex, interacting with both the pre-tRNA and TRMT10C (Figure 5.5) 

(Bhatta et al., 2021). 
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Figure 5.5 Cartoon representation of the structure of the mtRNase P complex 
The green section on top of the diagram represents PRORP; the middle section in blue represents 
TRMT10C; the section at the bottom in grey represents the four SDR5C1 subunits; the red section 
overlapping PRORP and TRMT10C is the pre-tRNATyr. The pre-tRNATyr is shown in this figure 
because it was the pre-tRNA used by Bhatta et al. (2021) for their study from which this figure 
was extracted. Each coloured section is divided into sub-sections corresponding to the domains 
of each protein component of the mtRNase P complex. Image extracted from Bhatta et al. (2021). 

On one side of PRORP, the nuclease domain contacts the methyltransferase domain of 

TRMT10C by a loop between the alpha-helices α12 and α13 of PRORP (residues 381–387), 

which contacts α4 of the TRMT10C methyltransferase (Figure 5.6A). The acceptor arm and leader 

nucleotides of the pre-tRNA substrate are contacted by basic residues, including Arg445, Lys415, 

Arg502, and Asn412, in the nuclease domain that line the path of the RNA backbone (Figure 
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5.6B), positioning the phosphodiester bond undergoing scission in the nuclease active site 

(Bhatta et al., 2021).  

 

Figure 5.6 Structure and substrate interactions of active human PRORP 
A. Interactions between the methyltransferase domain of TRMT10C (blue) and the nuclease 
domain of PRORP (green). Residues in the methyltransferase domain and nuclease domain 
within 4 Å of the interaction interface are shown as sticks. B. Interactions between the pre-tRNATyr 
backbone (red) and the nuclease domain (green). RNA backbone and PRORP residues within 4 
Å are shown as sticks. The surface electrostatic potential of the nuclease domain is shown 
transparently as a three-color gradient scheme from −5 to +5 kcal mol−1 e−1 (red: negative; white: 
neutral; blue: positive). The active site metal 2 is shown as a solid magenta sphere. Image 
extracted from Bhatta et al. (2021). 

Variant analysis using a 3D model of PRORP was performed by Professor Wyatt Yue from the 

University of Newcastle for the residues Ala485, Ala434, Asn412 and Arg445 (Figure 5.7). I 

confirmed the analysis of these residues and performed the analysis of residues Arg421, Ala414 

and Tyr365 with a digital 3D model  (Figure 5.8). The findings resulting from the analysis of all 

residues of PRORP known to be affected by variants associated with Perrault syndrome are 

summarised in Table 5.2. 
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Figure 5.7 Location of PRORP residues N412, A434, R445, A485 in a 3D model 
A. Schematic of PRORP domains: Methyltransferase small (MTS) domain; pentatricopeptide repeat (PPR) domain (red); CysCysHisCys (CCHC) zinc finger motif 
(yellow); metallonuclease domain (blue). B. Structure of PRORP domains with location of N412, A434, R445 and A485 (highlighted in orange). C. Interactions of A434 
(orange) with other proximal residues. D. Interactions of A485, N412 and R445 (orange) with proximal residues. E. Interactions of A465 and R445 with proximal 
residues, view from the opposite side to quadrant D. Image provided by Professor Wyatt Yue from the University of Newcastle. 
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Figure 5.8 Location of PRORP residues N412, A434, R445, A485, A414, R421, Y365 in a 3D model of mtRNase P 
A. Schematic of entire mtRNase P complex (red α-helices and yellow β-sheets) with pre-tRNATyr (ribose backbone in grey and bases in blue). B. Structure of PRORP 
domains with location of A414, R421 and Y365 (highlighted in pink) and N412, A434, R445 and A485 (highlighted in green). Original illustration created using the PDB 
file with accession code 7ONU on the MOE software, version 2020.09.
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Table 5.2 Analysis of variants of PRORP residues based on wild-type structure 

Variant Location Analysis  
Ala485Val Metallonuclease domain, 

close to active site, packs 
in a hydrophobic pocket.  

Ala-to-Val change would cause a 
steric clash with the hydrophobic 
residues, thus destabilising the 
protein domain. 

Ala434Asp Metallonuclease domain, 
surface exposed. 

No obvious damage. 

Asn412Ser Metallonuclease domain, 
at active site next to 
residue Asp409. 

No drastic structural damage, might 
interfere with shape of active site. 

Arg445Gln Metallonuclease domain, 
at active site interacting 
with catalytic residues 
Asp478, Asp479. 

The substitution would destabilise salt 
bridges between Arg445 and catalytic 
residues Asp478 and Asp479. 

Arg421Cys Metallonuclease domain, 
surface exposed. 

No obvious damage. 

Ala414Val Metallonuclease domain, 
close to active site next to 
residue Asn412. 

No drastic structural damage, might 
interfere with shape of active site. 

Tyr365His Metallonuclease domain, 
close to active site 

No drastic structural damage, might 
interfere with shape of active site. 

 

5.4.5 Immunoblotting of mtRNase P subunits and mitochondrial DNA encoded-

OXPHOS subunits extracted from patient fibroblasts 

The steady-state levels of the mtRNase P subunits in dermal fibroblasts, available from affected 

individuals P1, II-4 and P3, II-1, were investigated by Professor Robert Taylor’s team. They 

detected a decrease in PRORP levels in both affected individuals compared to controls, 

suggesting that the variant proteins present in the affected families are less stable than the wild-

type protein (Figure 5.9A). The reduction in PRORP levels was greater in the individual in family 

P3, which was consistent with his more severe phenotype. They also detected decreased steady-

state levels of respiratory chain complexes I and IV in fibroblasts from the affected individuals 

compared to controls (Figure 5.9B). Interestingly, no change in levels of complex II, which is 

entirely nuclear encoded, was detected. Overall, these findings indicate a generalised defect in 

mitochondrial translation. There was no noticeable difference in levels of mitoribosomal proteins 

between the fibroblasts from affected individuals and controls, indicating that any effect on 

translation likely reflects a defect of transcript processing rather than a defect in the mitochondrial 

ribosome itself (Figure 5.9C). 
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Figure 5.9 Fibroblasts from affected individuals P1, II-4 and P3, II-1 display reduction in 
subunits of mtRNase P and reduced levels of mitochondrial DNA encoded-OXPHOS 
subunits but no reduction in mitochondrial ribosomal proteins 
A. Immunoblot analysis of mtRNase P subunits TRMT10C, SDR5C1, and PRORP in fibroblasts 
from two healthy controls (C1 and C2); individual P1, II-4 with the p.Ala485Val variant in PRORP 
and the individual P3, II-2, who has compound heterozygous variants in PRORP (n = 3). B. 
Immunoblot analysis of proteins of the five OXPHOS complexes. Included are two control 
samples (C1 and C2) and two samples from the affected individuals (n = 3). C. Immunoblot 
analysis of protein subunits of the mitochondrial ribosome. SDHA is included as a loading control 
(n = 3). Image and legend extracted from Hochberg et al. (2021). 
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5.4.6 Northern blots of mitochondrial RNA samples extracted from patient 

fibroblasts 

To determine the status of mitochondrial encoded RNA transcripts in patient dermal fibroblasts, 

Northern blots were performed by Dr Albert Amberger from Medizinische Universität in Innsbruck, 

Austria (Figure 5.10).  

 

Figure 5.10 Fibroblasts from affected individuals display impaired mitochondrial RNA 
processing 
A. Northern blot assessment of RNA extracted from P1, II-4 and P3, II-1 fibroblasts and two 
control samples (C1 and C2) with strand specific probes designed to complement four different 
mitochondrial gene transcripts: MT-ND1, MT-ND2, MT-CO2, and MT-ND6. A long and short 
exposure of the blots are presented. B. Schematic representations of mitochondrial genome 
regions, the probes (red) and expected fragment sizes in base pairs (orange) are displayed to the 
right of each blot. Image and legend extracted from Hochberg et al. (2021).  

Biotinylated strand specific probes were designed to complement four different mitochondrial 

gene transcripts (MT-ND1, MT-ND2, MT-CO2 and MT-ND6). All four probes detected RNA 

transcripts in the samples from the affected individuals P1, II-4 and P3, II-1, which were not seen 

in the controls (C1 and C2), and which can be attributed to a deficiency in 5’ processing across 

multiple tRNA sites. In addition, there was greater accumulation of the unprocessed transcripts in 

the sample from the proband from family P3, consistent with his more severe phenotype.
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5.4.7 Expression of recombinant wild-type and variant PRORP 

To determine whether variants in PRORP alter the mtRNase P complex catalytic activity, I 

compared the tRNA processing activity of the disease-associated variants and the wild-type 

PRORP. I individually produced and purified the three wild-type proteins of the mtRNase P 

complex and the PRORP variant proteins by recombinant expression in bacteria in sufficient 

amounts to perform tRNA processing assays (Figure 5.11).  

 

Figure 5.11 Recombinant expression of TRMT10C/SDR5C1 and PRORP protein fractions 
Polyacrylamide gel image of whole-cell lysates after Nickel Affinity Gel purification of TRMT10C, 
SDR5C1 and PRORP recombinant proteins. Yellow arrow indicates TRMT10C; green arrow 
indicates SDR5C1; red arrows indicate wild-type PRORP and its variants; M stands for marker 
and the lane under it indicates the protein ladder. R445Q is p.(Arg445Gln); A485V is 
p.(Ala485Val); A434D is p.(Ala434Asp); N412S is p.Asn412Ser; R421C is p.(Arg421Cys). 

5.4.8 (mt)pre-tRNAIle in vitro processing assay 

I reconstituted the recombinant mtRNase P in vitro and I performed 5’ end processing assays 

with fluorescently labelled pre-tRNAIle. The variant mtRNase P complex generated markedly less 

processed tRNA than the wild type complex across all time points and reactions (Figure 5.12A). 

Quantitative imaging revealed 80% reduction of cleavage product in mtRNase P with the variant 

PRORP p.(Arg445Gln) identified in family P3, compared to the cleavage product in mtRNase P 

with the wild-type PRORP, 20% reduction with the variant PRORP p.(Ala485Val) from family P1, 

15% reduction with the variant PRORP p.(Ala434Asp) from family P2, 90% reduction with the in 
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trans variant PRORP p.(Asn412Ser) in family P2, and 30% reduction with the variant PRORP 

p.(Arg421Cys) in family P4 (Figure 5.12B).  

5.4.9 Rescue experiments with patient fibroblasts transduced with wild-type 

PRORP transcript 

Rescue experiments with patient fibroblasts were performed by Dr Brendan Battersby from the 

University of Helsinki in Finland. The results of such experiments indicated that transducing 

fibroblasts from the affected individual P3, II-1 with the wild-type transcript of PRORP increased 

both the amount of PRORP and MT-CO1, whereas TRMT10C and SDHA levels were unaffected 

(Figure 5.12C). The results of this functional rescue experiment indicate that increased levels of 

wild-type PRORP in the cells from the affected individual could increase mitochondrial translation 

as MT-CO1 is a mitochondrially encoded protein whereas SDHA is localised to the mitochondria 

but is nuclear-encoded. This effect was not seen with the empty vector or the vector containing 

the CDS for TRMT10C. Transducing fibroblasts from the affected individual with PRORP also 

reduced the levels of unprocessed mitochondrial transcripts in the cells to near wild-type levels 

(Figure 5.12D). This effect was again not seen with the empty vector or the vector containing the 

CDS for TRMT10C. Taken together, these results indicate that expression of wild-type PRORP 

in cells from an affected individual could rescue the molecular defects associated with pathogenic 

variants in PRORP. 
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Figure 5.12 In vitro mtRNase P processing assays reveal all variants produce less 5’-end-
processed tRNA than wild-type PRORP; processing defects in subject P3 II-1 are rescued 
by wild-type PRORP 
A. Mitochondrial pre-tRNAIle was cleaved by reconstituted recombinant mtRNase P containing 
either wild-type or variant PRORP, as indicated, resulting in the release of the 5’ leader sequence. 
Aliquots were taken from the reactions at the time points indicated and resolved by denaturing 
electrophoresis. Quantitative analysis of pre-tRNAIle processing revealed an overall decrease in 
fluorescence intensity of the processed tRNA between wild-type and variants over three replicate 
experiments. Error bars indicate standard deviation. B. Cartoon to illustrate the role of PRORP 
within the RNase P complex in 5’-end cleavage of mt-tRNA transcripts. C. Immunoblotting of 
whole-cell lysates from fibroblasts stably transduced with the indicated cDNAs. D. Northern 
blotting of total RNA hybridized with a strand-specific oligonucleotide probe against MT-ATP8. 
Image and legend extracted from Hochberg et al. (2021). 
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5.4.10 Evidence of the implication of PRORP variants in Perrault syndrome 

The genetic and functional evidence presented here demonstrates for the first time that there is 

association between biallelic variants in PRORP and Perrault syndrome (Hochberg et al., 2021). 

The evidence of multiple rare and/or novel variants in PRORP in combination with functional data 

and overlapping phenotypes is consistent with sufficient evidence for disease-gene association, 

as defined by MacArthur et al. (2014). This disease-gene correlation is further supported by the 

subsequent identification of two independent cases with variants in PRORP and similar 

phenotypes. The evidence of the correlation between PRORP variants and Perrault syndrome is 

summarised in Table 5.3. 

Table 5.3 Gene-level and variant-level evidence of causality between PRORP variants and 
Perrault syndrome 

Evidence level Evidence class Examples 

Gene level 

Genetic PRORP has been associated with no other 
disease other than Perrault syndrome. 

Experimental PRORP is the catalytic subunit of the 
mtRNase P machinery. 

Variant level 

Genetic  The variants identified in families P1-P4 
segregate with a phenotype consistent 
with Perrault syndrome. These variants are 
very rare in the population. 

Informatic The residues affected by the identified 
variants display evolutionary conservation. 
The identified variants are all localised 
within the metallonuclease domain. 

Experimental Immunoblotting of mtRNase P subunits 
and mitochondrial DNA encoded-
OXPHOS subunits from patient fibroblasts, 
northern blots of mitochondrial RNA 
samples extracted from patient fibroblasts, 
(mt)pre-tRNAIle in vitro processing assays 
and rescue experiments with patient 
fibroblasts all point towards the causality 
between variants in PRORP found in the 
affected individuals and Perrault 
syndrome. 
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5.5 Discussion 

In this study, I present the genetic and functional evidence for the association of PRORP with 

Perrault syndrome in four families with biallelic variants in PRORP associated with pleiotropic 

clinical presentations overlapping with Perrault syndrome. 

PRORP is not known to be involved in any other condition, whereas very rare variants in 

TRMT10C and HSD17B10 (SDR5C1), the other two subunits of mtRNase P, have been 

associated with recessive complex mitochondrial disorders. The variants in PRORP identified in 

cases with Perrault syndrome do not account for all the cases where no causative variant has 

been attributed. Unpublished work in the Newman Laboratory provides compelling evidence of 

further genetic heterogeneity for Perrault syndrome with multiple families with Perrault syndrome 

with biallelic variants in three additional genes: GPN2, DAP3 and MRPL49. Furthermore, non-

coding or structural variants in known genes may account for some individuals with Perrault 

syndrome without a molecular diagnosis. 

The first family with variants in PRORP was ascertained in 2014, the second family was identified 

in 2018, while the other two families presented themselves in 2020. In 2021, after I presented the 

work described by Hochberg et al. (2021) at the European Society of Human Genetics online 

conference, I became aware of four other cases, who were ascertained within the span of 6 

months. 

The phenotypes associated with disease-causing variants in PRORP have a pleiotropic nature. 

The families P1 and P2 presented with the classical features of Perrault syndrome. Instead, the 

families P3 and P4 presented with the additional feature of leukoencephalopathy. In addition, the 

proband in family P3 presented with a more severe mitochondrial phenotype, including lactic 

acidosis, hypertonia and white matter loss. The pleiotropic clinical presentations caused by 

biallelic variants in PRORP suggest that there may be a correlation between the patients’ 

genotype and their phenotype. Moreover, within the two families (P1 and P4) with multiple 

affected individuals, the phenotypes were similar. It has not yet been established why the 

phenotype differs between different genotypes, although it is known that mitochondrial conditions 

are extremely heterogeneous (Faridi et al., 2022). For instance, biallelic hypomorphic variants in 

CLPP were associated with clinical features consistent with a diagnosis of Perrault syndrome, 

whereas more deleterious variants resulted in a more severe phenotype including epilepsy, ataxia 
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and characteristic brain atrophy and white matter changes (Jenkinson et al., 2013; Theunissen et 

al., 2016). It is suggested that the variability of phenotypes may be explained by the variability of 

expression levels and by the compensation by other pathways between different tissues. 

Furthermore, Perrault syndrome is caused by hypomorphic changes, not complete loss of 

function. This property means that in all cases of Perrault syndrome there is always some residual 

function, which varies between different individuals. The variability in residual function is seen 

between different variants and may explain some phenotypic variability. The phenotype-genotype 

correlation in cases of Perrault syndrome who have variants in PRORP, as well as other known 

genes, will need to be demonstrated as more families are identified and their 

genotypes/phenotypes characterised. Overall, the plausible explanations for pleiotropic clinical 

presentations within the spectrum of cases of Perrault syndrome with disease-causing variants in 

PRORP are the different variants present in different affected individuals and the individuals’ 

varying genetic backgrounds, i.e. variants in genes other than PRORP. Variants in other genes, 

although they are not classified as disease-causing, can individually produce a small effect. 

However, when the effect of individual variants, especially those variants affecting genes involved 

in relevant biological pathways, e.g. mitochondrial transcription and translation in the case of 

Perrault syndrome, is considered in combination with all the variants in the human genome, such 

effect can have great impact on the residual function of the variant gene associated with the 

condition. Lastly, environmental factors may have an impact on the degree of severity of the 

phenotype reported at the time of clinical assessment. People with mitochondrial diseases would 

present with more severe clinical features as a result of bacterial or viral infections. For instance, 

a patient with Perrault syndrome who had an ear infection during their lifetime could have a higher 

risk of developing a more severe hearing loss than an affected individuals who never experienced 

an ear infection. However, at present it is not possible to define precise genotype-phenotype 

correlations, nor to demonstrate the involvement of the environment in phenotype severity due to 

the small number of ascertained cases. 

I performed in vitro mt-tRNAIle processing assays using the wild-type PRORP protein and proteins 

with the variants seen in families P1-P4. The results of these assays revealed that different 

PRORP variants led to varying levels of 5’-processed mt-tRNAIle. Interestingly, it was observed 

that the level of processed tRNAIle caused by a variant in PRORP was in correlation, with some 

exceptions, with the severity of the phenotype of the affected individual carrying that same variant. 
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The more severe phenotype, including lactic acidosis, hypertonia and white matter loss, of the 

proband, who presented with the variant PRORP p.(Arg445Gln) in trans with a frameshift variant, 

of family P3, was in correlation with a great reduction of processed tRNAIle (80%), compared to 

wild-type. The classic features of Perrault syndrome identified in family P1 were in correlation with 

a relatively lower reduction in processed tRNAIle (20%) associated with the variant PRORP 

p.(Ala485Val). In family P2, whose proband presented with a relatively mild phenotype, consistent 

with a diagnosis of Perrault syndrome, the variant PRORP p.(Ala434Asp) was associated with a 

small reduction in processed tRNAIle (15%), whereas the variant PRORP p.(Asn412Ser), in trans 

with PRORP p.(Ala434Asp) was associated with almost no processed tRNAIle (90% reduction). 

Family P4 was a multiplex family who was reported with intellectual disability, developmental 

delay and white matter loss. The affected individuals were homozygous for the variant PRORP 

p.(Arg421Cys), which was associated with a significant but moderate reduction in processed 

tRNAIle (30%). In summary, in family P1 a relatively mild phenotype was reflected in a low effect 

of the disease-causing variant on mt-tRNA processing in vitro and in family P3, who had a more 

severe phenotype, the variant led to the loss of most of the protein function in tRNA processing. 

Instead, in families P2 and P4 the correlation between severity of phenotype and tRNA processing 

in vitro was not as evident. In fact, it was expected to observe a lower reduction in processed 

tRNAIle in association with the variants p.(Ala434Asp) and p.(Asn412Ser) (family P2) and a 

greater reduction in processed tRNAIle in association with the variant p.(Arg421Cys) (family P4). 

It is not known why such discrepancy between the phenotype of families P2 and P4 and the 

functional effect of the variants identified in those families was observed.  

All disease-associated variants, including the variants identified in the affected individuals who 

were ascertained after I completed my work in the laboratory, are located in the metallonuclease 

domain of PRORP (Howard et al., 2012). The fact that all the variants identified in PRORP in 

relation to Perrault syndrome or COXPD54 are in the same domain has two main implications. 

Firstly, the metallonuclease domain appears to play a key role in mt-tRNA processing activity. 

Secondly, variants located in this domain, which will be identified in the future in individuals with 

clinical features consistent with Perrault syndrome or COXPD54, will be classifiable as PM1 with 

moderate evidence of pathogenicity, as located in a mutational hot spot and/or critical and well-

established functional domain (Richards et al., 2015). 



155 
 

PRORP was not previously implicated in disease before the families P1-P4 were ascertained. 

However, TRMT10C and SDR5C1 have been associated with recessive mitochondrial disorders. 

Two independent cases have been reported with a lethal childhood multisystem disorder, 

characterised by muscle hypotonia, SNHL, metabolic acidosis, and multiple oxidative 

phosphorylation deficiencies. This condition is known as combined oxidative phosphorylation 

deficiency 30 (MIM: 616974). The two individuals presented with biallelic variants in TRMT10C 

(MIM: 615423). RNA-seq analysis of mitochondrial RNA isolated from control and patients with 

combined oxidative phosphorylation deficiency 30 revealed an impairment of mt-tRNA processing 

(Metodiev et al., 2016). Numerous individuals have been reported with a defect in multiple 

biochemical pathways, including isoleucine metabolism. These defects are classified as HSD10 

mitochondrial disease (MIM: 300438). The individuals identified with this condition also had 

heterozygous or hemizygous variants in the X-chromosome gene HSD17B10 (MIM: 300256) 

(Ofman et al., 2003; Zschocke, 2012). Using a quantitative real time-polymerase chain reaction 

(qRT)-PCR approach in fibroblasts from patients with variants in HSD17B10, diagnosed with 

HSD10 mitochondrial disease, it was demonstrated that mitochondrial RNA processing was 

deficient in patient cells (Deutschmann et al., 2014). In vitro assays using proteins with the most 

prevalent variant in association with HSD10 mitochondrial disease, i.e. HSD17B10 p.(R130C), 

confirmed that variants causing this condition impaired mitochondrial RNA processing (Vilardo 

and Rossmanith, 2015). In summary, both disorders caused by variants in TRMT10C and 

HSD17B10 have been associated with a defect in mt-tRNA processing. 

The TRMT10C–SDR5C1–pre-tRNA complex has the function of stabilising and activating 

PRORP by binding to form mtRNase P. In addition, the TRMT10C–SDR5C1 complex has been 

suggested to act as a chaperone to pre-tRNA to facilitate its proper folding. After 5’ leader 

sequence cleavage by mtRNase P occurs, the next steps in pre-tRNA processing are 3′ cleavage 

by ELAC2 and the addition of a CCA tail. The tRNA was suggested to remain anchored to the 

TRMT10C–SDR5C1 complex during all the maturation steps, because the TRMT10C–SDR5C1–

pre-tRNA complex exposes both the 5′ and the 3′ cleavage sites, leaving room for ELAC2 to bind. 

However, it is not known whether ELAC2 binds to pre-tRNA simultaneously with PRORP, nor 

what mechanism ensures the hierarchy of the aforementioned reactions (Bhatta et al., 2021). I 

would hypothesise that, due to the structure of the TRMT10C–SDR5C1–pre-tRNA, ELAC2 may 

improve stability of the incorporation of PRORP into the mtRNase P complex. Consequently, I 
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would propose to improve the mt-tRNA processing activity of the mtRNase P complex containing 

the variant forms of PRORP by introducing ELAC2 to the mt-tRNA processing reaction. I would 

perform protein expression and purification of ELAC2 as per sections 2.9.5 and 2.9.7. Then, I 

would reconstitute the TRMT10C–SDR5C1–PRORP complex and perform an in vitro mt-tRNAIle 

processing assay using wild-type and variant forms of PRORP containing the disease-associated 

variants as per section 2.10. However, this time I would also introduce the independently 

expressed ELAC2 to the mt-tRNAIle processing reaction. The expected outcome of this 

experiment would be detecting a smaller reduction, i.e. higher amounts, of processed mt-tRNAIle 

between the reactions containing wild-type PRORP and the reactions containing variant forms of 

PRORP together with ELAC2, compared to the reaction containing variant PRORP only.  
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6 Conclusive remarks and future directions 

6.1 Realisation of project aims 

The aims of this project were to: 

1. Confirm the discovery of biallelic variants in novel genes associated with Perrault 

syndrome; 

2. Perform functional work to characterise variants in genes that are likely to be 

responsible for Perrault syndrome; 

3. Expand the current knowledge of Perrault syndrome from a molecular standpoint. 

The main findings of this project revolve around expanding the characterisation of three genes, 

GPN2, DAP3 and PRORP, particularly their function in mitochondria, and the association of 

biallelic variants in these genes, which were detected in affected individuals, with Perrault 

syndrome. 

I assessed the growth and the phenotype of yeast containing disease variants to provide an 

insight into the function of GPN2 in mitochondria and to determine whether and to what extent 

disease-related variants affect yeast mitochondria function. I took advantage of yeast strain-

specific mutations affecting the adenine biosynthetic pathway to demonstrate that GPN2 must 

have a function in mitochondria.  

I began a study aimed to determine the effect of disease-associated variants on the intrinsic 

GTPase activity of DAP3. I was able to produce a wild-type form of DAP3 by recombinant protein 

expression and to confirm functionally that it had GTPase activity in vitro. I predicted the impact 

of disease-associated variants in DAP3 using a digital 3D model of the DAP3 protein. I suggested 

that all the missense changes identified in DAP3 would have an impact on both its GTPase activity 

and its ability to be prenylated.  

I expanded the functional work aimed to confirm the functional effect of disease-associated 

variants in PRORP by performing in vitro (mt)pre-tRNA processing assays using the mtRNase P 

complex containing wild-type vs. variant PRORP to confirm the association of variants in PRORP 

with Perrault syndrome.  

The results generated from this project contributed to the identification of three more genes in 

association with Perrault syndrome, thus expanding the genetic spectrum of the condition. 
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However, the discovery of genes with known functions in the mitochondrial translation pathway, 

i.e. DAP3 and PRORP, indicates that more genes involved in the same pathway, such as 

MRPL49, which is currently being studied in the Newman Laboratory, are expected to be identified 

via ascertainment of new cases. 

 

6.2 Current understanding of the clinical and genetic basis of Perrault 

syndrome 

Perrault syndrome is a rare autosomal recessive disorder characterised by severe-to-profound 

SNHL in males and females and POI in females with normal karyotype, which can be expressed 

at different levels of severity. Neurological features including ataxia, neuropathy and intellectual 

disability are shown in 40% of cases at variable degrees and can be progressive from birth or 

manifest later in life (Demain et al., 2017; Faridi et al., 2022; Newman et al., 2018).  

It is not fully understood why Perrault syndrome only affects hearing and ovarian development. It 

is clear that, although the clinical spectrum of mitochondrial disorders includes primarily 

cardiomyopathy, retinal problems and liver disease, there is a number of mitochondrial disorders 

in which hearing is part of that spectrum. A possible explanation of the involvement of hearing 

loss in Perrault syndrome is that the hair cells within the organ of Corti constitute a region of the 

inner ear whose cells have high metabolic demands. Another possible reason is the important 

role of mitochondria in apoptosis, which is crucially involved in the development of the organ of 

Corti. The process of apoptosis has also been reported to be involved in oogenesis, 

folliculogenesis, oocyte loss/selection and atresia prior to the maturation and release of one ovum 

from a healthy follicle. It is worth noting that is not known how commonly ovarian dysfunction is 

reported in the clinical profile of patients with mitochondrial disorders, because ovarian function 

is not normally checked in people who have severe mitochondrial disorders and many affected 

individuals die before reaching puberty. 

It is not known why there is no particular involvement in male reproductive organs, but it is thought 

that this is due to the difference in how egg cells are produced and how sperm are produced: the 

genes that cause azoospermia in men do not tend to cause ovarian insufficiency. The only known 

cases of Perrault syndrome reported with azoospermia was identified with variants in CLPP 

(Demain et al., 2017). 
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It is not known why there is so much variability between families with Perrault syndrome caused 

by variants in the same gene. It is known that mitochondrial conditions are extremely 

heterogeneous, both from a clinical and a genetic perspective, although the condition’s 

heterogeneity tends to be more inter-familial than intra-familial. It is suggested that the clinical 

heterogeneity of Perrault syndrome may be explained by the variability of expression levels 

between different tissues. The variability of the clinical features of Perrault syndrome can also be 

explained by the fact that in cases with homozygous variants both variants on each copy of the 

affected gene have the same functional effect, whereas in compound heterozygous cases each 

variant will have a different functional effect. Finally, Perrault syndrome is caused by biallelic 

hypomorphic changes, not complete loss of function: there is always some residual function in all 

the Perrault syndrome cases. The residual gene function is variable between an individual and 

another, also explaining the condition’s heterogeneity. 

Affected families, in which hearing loss is not a prevalent feature, have been reported here. In 

fact, it is possible that there are cases with variants in Perrault syndrome genes but without 

hearing loss or ovarian insufficiency. For instance, no hearing loss was identified in family P4 with 

PRORP variants, who presented with white matter loss as their most striking clinical feature. 

Leukoencephalopathy is not a clinical feature only seen in families P3 and P4. Some of the 

families with variants in most genes associated with Perrault syndrome also presented with white 

matter changes. Interestingly, all cases in family P4 have the same phenotype indicating variant-

phenotype correlation, so a different variant can cause a different phenotype. 

To date, it is not possible to know how many more cases of Perrault syndrome are present 

worldwide. It is estimated that there are 100-150 cases of Perrault syndrome reported in the 

literature worldwide, although we do not exactly know how many people are affected. The 

condition is considered to be under-ascertained as not every clinician would associate hearing 

loss to Perrault Syndrome straight away. Perrault syndrome is under-ascertained because 

doctors who deal with hearing loss do not investigate ovarian function and vice versa. In England 

a gene panel designed to test for the genetic variants causing hearing loss, including variants in 

the known genes in correlation with Perrault syndrome, is available through the NHS. In the UK 

a gene panel for POI, which will include the Perrault syndrome genes, is not available yet, but it 

is being developed and is expected to be released to the clinic from early 2023. The more the 

research on novel Perrault syndrome genes continues, the more genes are added to genetic 
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panel for POI and hearing loss. The discovery of more genes associated with Perrault syndrome 

can contribute to the identification of more cases. However, some cases still remain unresolved. 

The reasons suggested to explain why there are still unresolved cases are three. Firstly, more 

novel genes are suggested to be discovered in correlation with Perrault syndrome. Secondly, 

non-coding or structural variants, which cannot be detected by Sanger or massively parallel 

sequencing approaches, may be present in the known genes in association with Perrault 

syndrome. Thirdly, some cases may be diagnosed incorrectly due to a blended phenotype of 

SNHL and POI caused by two independent genetic and/or environmental elements. As more 

genetic changes are identified in genes associated with Perrault syndrome, such as GPN2, DAP3 

and PRORP, more cases will have a confirmed molecular diagnosis. 

Ideally, it would be useful to know how many more genes are predicted to be identified in 

correlation with Perrault syndrome. It is obviously not possible to provide an exact number. 

However, it is known that, considering both published and unpublished cases, 14 genes in total 

have been identified in correlation with Perrault syndrome. The genes that have been published 

and the genes that are being discovered probably account for the majority of cases. So, it would 

be unlikely for more than 20 genes to be causative for Perrault syndrome. It is also unlikely that 

new genes will account for a large number of cases as variants in LARS2 and HARS2 remain the 

most common causes. 

Another prediction that would be ideal to be able to make, especially to aid diagnosis, consists of 

the phenotype-genotype correlation, i.e. predicting the affected gene of an individual based purely 

on their clinical features. It is very difficult to make this type of relationships due of the very small 

number of cases. Based on the available information on the published cases, I determined that 

variants in HARS2 are not associated with neurological features and that CLPP has been 

associated with more severe hearing loss. Overall, variants predicted to be more deleterious are 

associated with more severe clinical phenotypes. 

Understanding the differences and commonalities between the processes that lead to Perrault 

syndrome due to variants in different genes may help to design new therapies. This will be 

especially important in children with severe phenotypes and may determine if a single therapeutic 

approach will be viable or approaches designed on a gene-by-gene or variant-by-variant basis 

will be required.  
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6.3 Future work 

The experiments that I would suggest performing to move the studies described here forward are 

mentioned in the discussion sections 3.4, 4.4 and 5.4 above. The future work is summarised in 

Table 6.1. 

Table 6.1 Summary of proposed future experiments 

Study Experiment 
GPN2 (Chapter 3) • Immunoblotting of COX1 using yeast whole-cell extracts with 

wild-type GPN2 vs. GPN2 containing disease-associated 
variants; 

• Mass spectrometry analysis of protein samples from whole-
cell or mitochondria extracts from human or yeast cells; 

• Mitochondria marker co-localisation by fluorescence 
microscopy; 

• Bacterial expression and purification of wild-type GPN2Δ35 
and the protein containing disease-associated variants; 

• GTPase assay using wild-type GPN2 vs. GPN2 with 
disease-associated variants; 

• Obtaining patient fibroblasts to measure steady-state levels 
of respiratory chain enzymes and potentially undertake 
rescue experiments. 

DAP3 (Chapter 4) • Bacterial expression and purification of wild-type DAP3Δ46 
and the protein containing disease-associated variants; 

• Purification of insoluble protein from inclusion bodies; 
• In vitro prenylation assays using variant vs. wild-type DAP3; 
• Obtaining patient fibroblasts to measure steady-state levels 

of respiratory chain enzymes and potentially undertake 
rescue experiments. 

PRORP (Chapter 5) • Bacterial expression and purification of ELAC2; 
• mt-tRNA processing using mtRNase P containing wild-type 

vs. variant PRORP with ELAC2 in the reaction. 
 

 

Other genes, including NOP14 (MIM: 611526) and MRPL49 (MIM: 606866), are being 

investigated for their association with Perrault syndrome and the functional consequences of 

biallelic variants in these genes. This work may cast further light on the pathway(s) that lead to 

the phenotype for Perrault syndrome. 

6.3.1 NOP14 

Nucleolar protein 14 (NOP14) does not have a known mitochondrial function. NOP14 is part of a 

sub-complex involved in nuclear 18S rRNA processing and 40S small ribosomal subunit 

biogenesis (Liu and Thiele, 2001; Warda et al., 2016). The variant NOP14 

NM_001291978.2:c.1160A>G, p.(Glu387Gly) was found as homozygous in three sisters of a 

consanguineous Iranian family with Perrault syndrome. All three individuals presented with 

progressive bilateral SNHL, primary amenorrhea and intellectual disability. Two other families 
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were identified through GeneMatcher (Sobreira et al., 2015) with different but overlapping clinical 

features including SNHL. 

6.3.2 MRPL49 

The gene MRPL49 codes for the mitochondrial ribosomal protein L49 (mL49), which is a 

component of the large (39S) subunit of the human mitochondrial ribosome. mL49 has the 

function to help compensate for lost rRNA and stabilise bypass segments (Brown et al., 2014). 

The homozygous variant MRPL49 NM_004927.4:c.275A>C, p.(His92Pro) was identified in two 

affected sisters of a consanguineous British Pakistani family with Perrault syndrome. The proband 

had absent uterus and ovaries, profound bilateral high-frequency hearing loss, mild non-

progressive intellectual disability and microcephaly. The affected sister had a similar phenotype. 

 

6.4 Final summary 

Since the time I have been involved in this project, the knowledge of Perrault syndrome has 

expanded from both a clinical and a genetic standpoint (Faridi et al., 2022). The main 

achievements of this project include the ascertainment of 3 affected families with biallelic variants 

in GPN2, 4 affected individuals with variants in DAP3 and 4 affected families with variants in 

PRORP. The functional aspect of the discovery of the genes studied in this project led to, firstly, 

proposing that GPN2 may have a role in the mitochondria through employing the yeast system 

(section 3.4.8). Secondly, it was suggested that DAP3 could be relevant to GTPase activity by 

performing in vitro GTPase assays (section 4.4.8). Thirdly, the functional effect of biallelic variants 

in PRORP was confirmed by immunoblotting of mtRNase P and OXPHOS subunits from patient 

fibroblasts (section 5.4.5), Northern blotting of patient mitochondrial RNA samples (section 5.4.6) 

and (mt)pre-tRNAIle in vitro processing assays (section 5.4.8). In conclusion, what this project 

demonstrated is that the relevance of studying Perrault syndrome and discovering the genes that 

cause the condition stretches far beyond the mere diagnosis of patients with the condition. In fact, 

the insights on disease-associated genes, such as GPN2, DAP3 and PRORP, provided by studies 

like those that were presented here, have the potential to shed light on the pathogenic 

mechanisms in mitochondria leading to hearing loss and infertility. 
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Table 1 - NSD gene panel list 

Gene name OMIM number 
ACTG1 102560 
ADGRV1 602851 
ATP2B2 108733 
BDP1 607012 
CABP2 607314 
CCDC50 611051 
CDH23 605516 
CEACAM16 614591 
CIB2 605564 
CLDN14 605608 
CLPP 601119 
CLRN1 606397 
COCH 603196 
COL11A2 120290 
COL4A6 303631 
CRYM 123740 
DIABLO 605219 
DIAPH1 602121 
DIAPH3 614567 
EDN3 131242 
EDNRB 131244 
ESPN 606351 
ESRRB 602167 
EYA1 601653 
EYA4 603550 
GIPC3 608792 
GJB2 121011 
GJB3 603324 
GJB6 604418 
GPSM2 609245 
GRHL2 608576 
GRXCR1 613283 
GSDME 608798 
HARS1 142810 
HARS2 600783 
HGF 142409 
HSD17B4 601860 
ILDR1 609739 
KARS1 601421 
KCNJ10 602208 
KCNQ4 603537 
KIT 164920 
LARS2 604544 
LHFPL5 609427 
LOXHD1 613072 
LRTOMT 612414 
MARVELD2 610572 
MIR96 611606 
MITF 156845 
MSRB3 613719 
MYH14 608568 
MYH9 160775 
MYO15A 602666 
MYO3A 606808 
MYO6 600970 



MYO7A 276903 
OSBPL2 606731 
OTOA 607038 
OTOF 603681 
OTOG 604487 
P2RX2 600844 
PAX3 606597 
PCDH15 605514 
PDZD7 612971 
PJVK 610219 
PNPT1 610316 
POU3F4 300039 
POU4F3 602460 
PRPS1 311850 
PTPRQ 603317 
RDX 179410 
RPGR 312610 
SERPINB6 173321 
SIX1  601205 
SIX5 600963 
SLC17A8 607557 
SLC26A4 605646 
SLC26A5 604943 
SLC4A11 610206 
SMPX 300226 
SNAI2 602150 
SOX10 602229 
STRC 606440 
TECTA 602574 
TJP2 607709 
TMC1 606706 
TMIE 607237 
TMPRSS3 605511 
TPRN 613354 
TRIOBP 609761 
USH1C 605242 
USH1G 607696 
USH2A 608400 
WFS1 606201 
WHRN 607928 
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Primer Table 1 

Primer name Sequence (5’-3’) 
MYO15A_E31_Fwd TGGGCCTTTCTCAGACTAGC 
MYO15A_E31_Rev TCCAGAACATCCAGTGGCTT 
MYO15A_E40_Fwd GCCCTATCCCAGCCTCTG 
MYO15A_E40_Rev GCACAACCTAGACAACAGCA 
GPN2_Hum_S276C_Fw CCCATGTCTCACCCTCTCTG 
GPN2_Hum_S276C_Rv GTGCCTGGCCCAGTTATAGA 
DAP3_BP-SeqInt_f TGGCAGAGTTAGCCGATGC 
DAP3_BP-SeqInt_r CCATTGGGAATGGATTTGACC 
MRPP3_N412S_For  TCAAAACAATAATAAAGGTCACTGC 
MRPP3_N412S_Rev GTGGCACCCTGAAGACCTTA 
MRPP3_A434D_For  CCCCTACCAGAAAAGAGTGC 
MRPP3_A434D_Rev  TCTGCAGCACAGTATAATTCACC 

 

Primer Table 2 

Primer name Sequence (5’-3’) 

GPN2_S1 TGTTGTTGTGTCAATAGTTTTGATTTTCTACTAGAGA 
GTACAATA CGTACGCTGCAGGTCGAC 

GPN2_S2 ATTAAGTTCCACGGCTGAACGAGAAAAAGATACCTG 
AACACGCTAATCGATGAATTCGAGCTCG 

GPN2_S3 GCGCTGAAGGAGTGGGAAGAGAAACAAGGAATGGA 
TTTTGTTAGG CGTACGCTGCAGGTCGAC 

GPN2_F TACGTGCAACTTGAGTAACG 
GPN2_B ACCTGGTTAATTAGTAGCGC 
hphNT1_F GGCTGTGTAGAAGTACTC 
hphNT1_B CCATGGTTGTTTATGTTC 
GPN2_F-XbaI GCTCTAGACTGATAGTGGAACTGTTAGC 
GPN2_B-EcoRI GCGAATTCATCCTGCCCTCACAATTATAAATG 
T7 TAATACGACTCACTATAGGG 
T3 GCAATTAACCCTCACTAAAGG 
GPN2-L228P TAAGTTGAAATCTGAGACTGGCTCTTTGATTGTTTCAGT 
GPN2-N222D TAGCTCTTTGATTGTTTCATCTAACTTGCTATATTTCTT 
GPN2_pCAS_F (N222D 
and L228P) GAGCCATATATTGAAAAGGAGTTTTAGAGCTAGAAATAGC 
GPN2_pCAS_F (E276C) AGTTGGTGGTGATACCGTGTGTTTTAGAGCTAGAAATAGC 
GPN2_pCAS_B AAAGTCCCATTCGCCACCCG 

GPN2_rep_Fmut 
CCCTTTAGATTAGACTATTATACAGAGGTCCAGGATCTG 
GATTATTTGGAACCTTATATTGAAAAGGAGGGCTCTAGT 
GTACTGGGAAAGAAATATAGC 

GPN2_repair_F TAGATATGCTGAAATCATACGG 
GPN2_repair_B TTGCTTTATCTATAACACC 

Repair_E276C_top 
TAGATAAAGCAAATGGCTACATATTCGGCGCATC 
CGAAGTAGGTGGAGACACTGTTTGGGCTTGTGC 
TTCGCGAGAAGGTGCATTAATAGCGAATTACGACATTC 

Repair_E276C_bot 
GAATGTCGTAATTCGCTATTAATGCACCTTCTCGC 
GAAGCACAAGCCCAAACAGTGTCTCCACCTACTT 
CGGATGCGCCGAATATGTAGCCATTTGCTTTATCTA 

GPN2_E276C_Rep_F CTGAAACAATCAAAGAGCTAGTCTCAG 



GPN2_E276C_Rep_B AGCTTTATTTTGCAATTCTTGTTCTTTT 

GPN2_TAP_F AAAATGCGCTGAAGGAGTGGGAAGAGAAACAAGGA 
ATGGATTTTGTTAGGCGTACGCTGCAGGTCGAC 

GPN2_TAP_B AATTTTGAATTAAGTTCCACGGCTGAACGAGAAAA 
AGATACCTGAACACGCTAATCGATGAATTCGAGCTCG 

GPN2_Human_F GGGAATTCATGGCAGGGGCCGCTCCGAC 
GPN2_Human_B GGGGATCCCTACAGCTGCATGGCTTCCTGC 

 

Primer Table 3 

Primer name Sequence (5’-3’) 
DAP3_del46_F CGAATTCCATATGGCTATTTCCCGCACCAATGAG 
DAP3_del46_B CGAATTCTTAGAGGTAGGCACAGTGCCG 
petup ATGCGTCCGGCGTAGA 

 

Primer Table 4 

Primer name Sequence (5’-3’) 
PRORP_p.A485V GGAGTGCAGTGTGACATACAGAAGGAATGG 
PRORP_p.R445Q CGTCTTAGCATGTGCTTCTGGCCTAGGACCAGCAGTCG 
PRORP_p.N412S GGAAACATTTTGGCAACACTGAGACCATCAATGACAAC 
PRORP_p.A434N CAGTCGCAGATTCCGTTTGTCTAGTTGAGAGACGACATTC 
PRORP_p.R421C CGACATTCAAGAGAAGTTGAGATTCACAAACTTTAGGAAACATTT

TGGC 
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Bi-allelic variants in the mitochondrial RNase P
subunit PRORP cause mitochondrial tRNA processing
defects and pleiotropic multisystem presentations
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Summary
Humanmitochondrial RNase P (mt-RNase P) is responsible for 50 end processing of mitochondrial precursor tRNAs, a vital step in mito-

chondrial RNAmaturation, and is comprised of three protein subunits: TRMT10C, SDR5C1 (HSD10), and PRORP. Pathogenic variants in

TRMT10C and SDR5C1 are associatedwith distinct recessive or x-linked infantile onset disorders, resulting from defects inmitochondrial

RNA processing. We report four unrelated families with multisystem disease associated with bi-allelic variants in PRORP, the metallonu-

clease subunit of mt-RNase P. Affected individuals presented with variable phenotypes comprising sensorineural hearing loss, primary

ovarian insufficiency, developmental delay, and brain white matter changes. Fibroblasts from affected individuals in two families

demonstrated decreased steady state levels of PRORP, an accumulation of unprocessed mitochondrial transcripts, and decreased steady

state levels of mitochondrial-encoded proteins, which were rescued by introduction of the wild-type PRORP cDNA. In mt-tRNA process-

ing assays performed with recombinant mt-RNase P proteins, the disease-associated variants resulted in diminishedmitochondrial tRNA

processing. Identification of disease-causing variants in PRORP indicates that pathogenic variants in all three subunits of mt-RNase P can

cause mitochondrial dysfunction, each with distinct pleiotropic clinical presentations.
Mitochondrial RNase P (mt-RNase P) is the endonuclease

that processes the 50 end of mitochondrial tRNAs and

thereby also releases adjacent mRNAs and rRNAs from

the polycistronic primary transcripts.1 In humans, the

mt-RNase P complex is composed of three proteins,

TRMT10C, SDR5C1 (HSD10), and PRORP (called MRPP1,

MRPP2, and MRPP3, respectively), each encoded by the

nuclear genome.2,3 Bi-allelic variants in TRMT10C (MIM:

615423) have been identified in two unrelated individuals
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with a lethal childhood multisystem disorder, character-

ized by muscle hypotonia, sensorineural hearing loss

(SNHL), metabolic acidosis, and multiple oxidative phos-

phorylation (OXPHOS) deficiencies (MIM: 616974).4

SDR5C1 (also known as HSD10, HADH2, MRPP2, or

ABAD [MIM: 300256]), encoded by the X chromosome

gene HSD17B10, is a moonlighting protein with involve-

ment in multiple biochemical pathways, including isoleu-

cine metabolism.3,5 Pathogenic variants in HSD17B10
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Figure 1. Variants in PRORP in four
affected families result in pleiotropic clin-
ical presentations
(A) The pedigree for a family (F1) with a
variant in PRORP.
(B) The pedigree for the family F2.
(C) The pedigree for the family F3 and
compound heterozygous variants in
PRORP.
(D) The pedigree for a family (F4) with
three affected individuals. Filled symbols
indicate affected individuals.
(E and F) Sanger sequencing trace for the
variants c.1197dupA and c.1334 G>A
(highlighted in red) in the proband from
F3 (II-1) with cDNA from puromycin
treated and untreated fibroblasts. We
display sequences in the reverse orienta-
tion to prevent masking of the missense
variant by the frameshift variant. Sanger
sequencing of the cDNA revealed that the
frameshift c.1197dupA variant was present
in the puromycin-treated cells, but not the
untreated cells (E) and themissense variant
c.1334G>A was present as a hemizygous
change in the untreated samples (F), indi-
cating that the frameshift transcript
undergoes nonsense-mediated decay (E
and F).
cause HSD10 disease (MIM: 300438), manifesting in males

as a severe, infantile-onset neurodegenerative condition

with cardiomyopathy.5,6 Both disorders are characterized

by defects of mitochondrial tRNA processing.4,7,8

PRORP (previously KIAA0391 [MIM: 609947]) encodes

the endonuclease subunit of the mt-RNase P complex.

Here, we describe four families with overlapping pheno-

types resulting from bi-allelic variants in PRORP. All indi-

viduals or their guardians provided written informed con-

sent to participate in the gene discovery study in
2196 The American Journal of Human Genetics 108, 2195–2204, November 4, 2021
accordance with local regulations

(see supplemental information).

Affected individuals from two fam-

ilies, F1 and F2, presented with

SNHL, which was accompanied in

the affected females in F1 by primary

ovarian insufficiency, consistent with

a diagnosis of Perrault syndrome

(MIM: 233400).9 In family F3, there

was childhood onset of SNHL, lactic

acidosis, and leukoencephalopathy,

whereas affected individuals in family

F4 presented with leukoencephalop-

athy. Recent reports of some individ-

uals with variants in genes associated

with Perrault syndrome have

expanded the phenotypic spectrum

to include presentations with child-

hood metabolic crises9,10 and leu-

koencephalopathy.9,11

Family 1 (F1) is composed of three
affected female siblings, two unaffected female siblings,

two unaffected male siblings, and their unaffected parents

(Figure 1A). At the last assessment the affected sisters were

aged 30, 28, and 26 years of age. All three affected sisters

presented with absent middle ear acoustic reflex, despite

normal tympanometry, when tested in infancy and subse-

quent audiology examinations in each sister revealed pro-

found bilateral SNHL (>90 dB hearing level at all fre-

quencies) (Figure S1A). The three affected sisters each

presented in their late teenage years with primary



amenorrhea, consistent with a diagnosis of Perrault syn-

drome (see ‘‘GeneReviews’’ in web resources). Pelvic ultra-

sound noted the absence of ovarian tissue in all three sis-

ters. Hormonal profiles indicated hypergonadotropic

hypogonadism (Figure S1C) with otherwise normal endo-

crine and biochemical tests and a 46, XX karyotype. The

affected sisters were prescribed estrogen to induce puberty

and are currently maintained on hormone replacement

therapy. Each affected sibling has mild non-progressive in-

tellectual disability (brain MR imaging has not been per-

formed). Echocardiography for each of the affected sisters

was normal. All other physical and neurological examina-

tions were normal.

A homozygous variant in PRORP, c.1454C>T

(p.Ala485Val) (GenBank: NM_014672.3), was identified

in the affected individuals of F1 via autozygosity mapping

and whole-exome sequencing. The variant segregated with

the phenotype in the family.

Family 2 (F2) comprises a male proband and his unaf-

fected, unrelated parents (Figure 1B). The proband (F2, II-

1) was born at 40 þ 4 weeks by emergency caesarean sec-

tion for fetal tachycardia and meconium stained liqor.

Hearing loss in the proband was first noted at 3 years of

age but formally diagnosed at 5 years, at which age his

brain magnetic resonance imaging (MRI) was normal. He

was 9 years at last assessment and had bilateral mild to

moderate SNHL (Figure S1B). His speech and language

skills are delayed as a result of the hearing loss and he wears

bilateral hearing aids. No behavioral or neurological issues

have been noted and cardiovascular, respiratory, and

abdominal system examinations have been unremarkable.

A maternally inherited c.1235A>G (p.Asn412Ser) variant

and a paternally inherited c.1301C>A (p.Ala434Asp)

variant in PRORP were identified in the proband from

whole genome sequence data generated through the

100,000 Genomes Project (Figure 1B).12

In family 3 (F3), a male proband (F3, II-1) of non-consan-

guineous unaffected parents (Figure 1C) was born by emer-

gency caesarean section for failure to progress at 41 þ
2 weeks gestation. Examination shortly after birth found

appendicular hypertonia, more pronounced on the left-

hand side, and mild dysmorphism (mild hypertelorism,

bilateral epicanthal folds, thin vermilion of the lips, and

microretrognathia). At 7 months of age, plasma lactic

acid levels were increased at 5.6 mmol/L (reference 0.5–

2.5 mmol/L) despite normal levels of plasma amino acids,

urine organic acids, acylcarnitines, and free and total carni-

tine. Urine analysis and serum creatinine were normal.

Repeat testing at 24 months revealed plasma lactic acid

levels still raised at 3.0 mmol/L. Severe feeding difficulties

resulted in the insertion of a gastrostomy tube at

15 months. An electroencephalogram (photic stimulation

included) at 19 months revealed no evidence of seizure ac-

tivity. At 20 months, he had severe global developmental

delay, diffuse asymmetric hypertonia, acquired micro-

cephaly (head circumference: 45.7 cm, <2nd percentile),

and a mild scoliosis. Brain MRI at 13 months revealed peri-
The American Jour
ventricular nodular heterotopias, a dysplastic corpus cal-

losum, diffuse sub-cortical white matter loss, and bilateral

connatal cysts (Figure S2). Audiological tests were normal

at 18 months, but at 3 years, an auditory brainstem

response examination demonstrated evidence of auditory

neuropathy spectrum disorder consistent with bilateral

SNHL.

Microarray analysis performed on the proband (F3, II-1)

detected no copy number variants. Whole-exome

sequencing identified bi-allelic variants in PRORP, a mater-

nally inherited missense variant c.1334G>A (p.Arg445Gln)

(rs777185638) and a paternal frameshift variant

c.1197dupA (p.Ser400Ilefs*6) (rs764714439), which was

shown to result in nonsense-mediated decay of the tran-

script (Figures 1E and 1F).

Family F4 is a family comprising three affected individ-

uals, including a brother and sister and their affected

mother (Figure 1D). The proband (F4, II-1) was 19 years

of age at last assessment. He presented with a psychotic dis-

order, autistic traits, and learning disability at 7 years. At 8

years, he presented with brief generalized seizures consist-

ing of loss of consciousness and generalized stiffening of

the body and extremities. The EEG was normal, but he

received treatment with levetiracetam with a good

response. Recent physical examination showed obesity

and genu and talus valgus. Fundoscopy displayed papillary

pallor.

Brain MRI indicated bilateral multiple periventricular

and subcortical T2 white matter hyperintense lesions

with a posterior predominance that remain unchanged

in successive controls (Figure S2). Spectroscopy was

normal. Electromyogram and nerve conduction studies re-

vealed no evidence of neuromuscular abnormalities.

Ocular and auditory nerve response as assessed by visual

evoked potential and auditory brainstem response were

normal. Metabolic studies indicated increased lactate/py-

ruvate ratio with normal plasma lactate, plasma amino

acids, and urine organic acids. The proband is currently

treated with coenzyme Q10, vitamin B2, vitamin C, carni-

tine, and arginine.

The affected sister of the proband (F4, II-2) was aged 17

years at last assessment. F4, II-2 presented with intrauter-

ine growth retardation, global developmental delay, and

seizures in the first years of life. At the age of 15 years,

she presented with tremor in her legs, migraines, and hy-

perglycemia. Lactate levels were normal. Her hearing is

normal as are her electromyogram (EMG) and nerve con-

duction studies. Brain MRI displayed bilateral multiple

periventricular and subcortical T2 white matter hyperin-

tense lesions with a posterior predominance that remain

unchanged in successive controls (Figure S2). Spectroscopy

was normal. Like her brother, she is treated with coenzyme

Q10, vitamin B2, vitamin C, and carnitine.

The mother (F4, I-2) of the proband presented with ret-

robulbar optic neuritis and tonic pupil (a dilated pupil

that responded slowly to light) at 39 years of age. Subse-

quently, she presented with asthenia, myalgias, memory
nal of Human Genetics 108, 2195–2204, November 4, 2021 2197



Table 1. Analysis of variants in PRORP in four families with distinct clinical presentations

Family F1 F2 F3 F4

Family details

Family details three affected
female siblings

one affected male one affected male two affected
siblings and
their affected
mother

Phenotype Perrault syndrome SNHL developmental
delay, SNHL,
lactic acidosis,
and white matter
changes

white matter changes

Variant details

Variant PRORP: c.1454C>T
(p.Ala485Val)

PRORP: c.1235A>G
(p.Asn412Ser)

PRORP: c.1301C>A
(p.Ala434Asp)

PRORP: c.1334G>A
(p.Arg445Gln)

PRORP: c.1197dupA
(p.Ser400IlefsX6)

PRORP: c.1261C>T
(p.Arg421Cys)

Location Chr14(GRCh37):
g.35739636C>T

Chr14(GRCh37):
g.35649943A>G

Chr14(GRCh37):
g.35735958C>A

Chr14(GRCh37):
g.35735991G>A

Chr14(GRCh37):
g.35649905dup

Chr14(GRCh37):
g.35649969C>T

dbSNP not present rs148259590 rs144536804 rs777185638 rs764714439 rs147065101

Zygosity homozygous heterozygous heterozygous heterozygous heterozygous homozygous

Inheritance N/A maternal paternal maternal paternal N/A

gnomAD
MAF (count)

not present 0.0001382
(39 heterozygotes,
0 homozygotes)

0.0008385 (237
heterozygotes,
0 homozygotes)

0.00002475
(7 heterozygotes,
0 homozygotes)

0.00003593
(9 heterozygotes,
0 homozygotes)

0.0001279
(36 heterozygotes,
0 homozygotes)

Prediction tools

SIFT deleterious (0.0) deleterious (0.0) deleterious (0.03) deleterious (0.0) N/A deleterious (0.03)

PolyPhen probably
damaging (1.0)

probably
damaging (1.0)

benign (0.443) probably damaging (1.0) N/A probably
damaging (1.0)

MutationTaster disease causing (1.0) disease causing (1.0) disease causing (0.811) disease causing (1.0) N/A disease causing (1.0)

VarCards 0.91 (extreme) 0.74(extreme) 0.39 0.83 (extreme) N/A 0.57 (extreme)

CADD 34 26.4 28.2 34 N/A 35

Conservation highly conserved highly conserved moderately conserved highly conserved N/A highly conserved
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loss, and frequent headaches. She also had two episodes of

left hemiparesis and hypoesthesia that resolved in 15 days

without specific treatment and repetitive episodes of lower

limb thrombophlebitis. Examination revealed afferent pu-

pillary defect, nasal hemianopsia of the right visual field,

and abnormal color perception. She also had distal weak-

ness of the lower limbs, areflexia, and vibratory hypoesthe-

sia of the left side of her body. Her hearing is normal, and

she has no evidence of ovarian insufficiency. Routine

blood tests and metabolic and thrombophilia studies

were all normal. Specific genetic testing for metachromatic

leukodystrophy, Krabbe disease, CADASIL, and Leber optic

neuropathy were negative. Cerebrospinal fluid (CSF) oligo-

clonal bands and anti-MOG and anti-NMO antibodies

were also negative. Visual evoked potentials displayed

abnormal conduction in the right eye. EMG and nerve

conduction studies were normal. Brain MRI indicated

bilateral multiple periventricular and subcortical T2 white

matter hyperintense lesions affecting both hemispheres,

corpus callosum, pons, and cerebellum with no contrast

enhancement and no changes in successive controls

(Figure S2).

Whole-genome sequencing identified a homozygous

c.1261C>T (p.Arg421Cys) PRORP variant in all three

affected individuals. The father (F4, I-1) of the two affected

childrenwas a carrier for the variant, and subsequently, the

family was confirmed to be consanguineous, consistent

with the pseudo-dominant inheritance pattern. There

was no evidence of any other putative disease-associated

variants in the genome and exome datasets in the four

families when the filtering steps were applied (supple-

mental information).

The altered residues in PRORP identified in the affected

individuals from the four families are all highly conserved

from vertebrates to fly (Figure S3). All of the variants are

either absent from gnomAD13 or have a very low minor

allele frequency and are not present as homozygous vari-

ants. All missense variants were predicted to be deleterious

by multiple prediction software (Table 1). Of note, homo-

zygous loss-of-function variants in PRORP are absent

from publicly available databases and from a consanguin-

eous cohort of >3,200 British Pakistani individuals.14

Mitochondrial tRNAs (mt-tRNAs) are processed at the 50

end by mt-RNase P1 and at the 30 end by mt-RNase Z (en-

coded by ELAC2 [MIM: 605367]).15,16 This tRNA cleavage

also releases most of the RNA species from the polycis-

tronic mitochondrial precursor transcripts according to

the mitochondrial tRNA punctuation model.17,18 PRORP,

as a subunit of mt-RNase P, catalyzes the Mg2þ-dependent
phosphodiester-bond cleavage of 50 extensions of mito-

chondrial tRNAs.2,19 The processing of mitochondrial

tRNAs proceeds in a stepwise manner and 50 cleavage by

mt-RNase P precedes tRNA 30 end processing.1,18

We investigated the steady-state levels of the mt-RNase P

subunits TRMT10C, SDR5C1, and PRORP in dermal fibro-

blasts available from affected individuals in families F1

and F3 by immunoblotting and detected a decrease in
nal of Human Genetics 108, 2195–2204, November 4, 2021 2199



Figure 2. Fibroblasts from affected individuals F1, II-4 and F3, II-
1 display reduction in subunits of mt-RNase P and reduced levels
of mitochondrial DNA encoded-OXPHOS subunits but no reduc-
tion in mitochondrial ribosomal proteins
(A) Immunoblot analysis of mt-RNase P subunits TRMT10C,
SDR5C1, and PRORP in fibroblasts from two healthy controls
(C1 and C2); individual F1, II-4 with the p.Ala485Val variant in
PRORP and the individual F3, II-2, who has compound heterozy-
gous variants in PRORP (n ¼ 3)
(B) Immunoblot analysis of proteins of the five oxidative phos-
phorylation complexes. Included are two control samples (C1
and C2) and two samples from affected individuals as detailed in
(A) (n ¼ 3).
(C) Immunoblot analysis of protein subunits of the mitochondrial
ribosome. SDHA is included as a loading control. Samples for
affected individuals and controls labeled as in (A) (n ¼ 3).
PRORP levels in both affected individuals compared to

controls (Figure 2A). The decrease in PRORP suggests that

the variant p.Ala485Val is either less stable than the wild-

type protein or downregulated in affected individuals

from family F1. The decreased PRORP levels in F3, II-1

may partially result from absence of protein due to the

allele that is subject to nonsense-mediated decay (Figures

1E and 1F). We also detected decreased steady-state levels

of respiratory chain complex I (NDUFB8) and complex

IV (COXI) subunits in fibroblasts from affected individuals

compared to controls—both complexes contain mito-

chondrial DNA-encoded subunits. There was no change
2200 The American Journal of Human Genetics 108, 2195–2204, Nov
of other OXPHOS components, most notably complex II,

which is entirely nuclear encoded (Figure 2B). This profile

is consistent with a generalized defect in mitochondrial

translation. The decreased stability of complex I and IV

subunits was more severe in subject F3, II-1, consistent

with his more severe clinical phenotype. There was no

noticeable difference in levels of several mitoribosomal

proteins (MRPs) between the fibroblasts from affected indi-

viduals and controls (Figure 2C), indicating that any effect

on translationmost likely reflects a defect of transcript pro-

cessing rather than a defect in the stability or assembly of

the mitoribosome itself.

To determine the status of mitochondrial-encoded RNA

transcripts in subject dermal fibroblasts, Northern blots

were performed. We designed biotinylated strand-specific

probes to detect transcripts from four different regions of

the mitochondrial genome. An MT-ND1 probe revealed

the accumulation of a precursor RNA of approximately

2.5 kb in the samples from F1, II-4 and F3, II-1 (C1 and

C2) (Figure 3), corresponding to unprocessed 16S rRNA-

tRNALeu(UUR)-ND1 mRNA and apparently resulting

from impaired 50 end processing of mt-tRNALeu(UUR). This

RNA species was previously termed RNA 19 and observed

to be upregulated by the 3243A>G MELAS and other vari-

ants in mt-tRNALeu(UUR).20–22 A larger RNA species was de-

tected on a longer exposure for the MT-ND1 probe, indi-

cating that mt-tRNAVal processing is also decreased. The

MT-ND2 and MT-CO2 probes both detected multiple RNA

species seen in affected individuals but not control sam-

ples. A MT-ND6 probe detected a mitochondrial light

strand transcript of approximately 2.3 kb in the F1, II-4

and F3, II-1 samples, which can be explained by impaired

50 processing of mt-tRNAGlu (Figure 3). The presence of

multiple large transcripts in the samples from the affected

individuals, not seen in the control samples at the same in-

tensity, indicates a deficiency in 50 processing across multi-

ple mt-tRNA sites.

All disease-associated variants are located in the metallo-

nuclease domain of PRORP (Figure S4A), as revealed by its

crystal structure.23 Residue Ala485 is situated close to four

conserved aspartate residues implicated in metal-ion bind-

ing (Figure S4B).23 Replacing the conserved alanine at res-

idue 485 with the bulkier valine (F1) could distort the

active site and impair catalysis by interfering with proper

coordination of themetal ions, thereby reducing the endo-

nucleolytic activity of PRORP. Residue Ala434 is surface

exposed and the substitution Ala434Asp (F2) is predicted

to slightly reduce the stability of PRORP but no structural

change to the protein (Figure S4C). Residue Asn412 is

located in the active site next to catalytic residue Asp409

(Figure S4D). Substitution Asn412Ser (also F2) results in

no drastic structural changes but may interfere with the

shape of the active site, thereby reducing the endonucleo-

lytic activity of PRORP. Residue Arg445 forms stabilizing

interactions with essential catalytic residues (e.g.,

Asp479, Asp478) (Figure S4E). It is likely that Arg445Gln

(F3) would directly impact nuclease activity. In 150
ember 4, 2021



Figure 3. Fibroblasts from affected indi-
viduals display impaired mitochondrial
RNA processing
(A) Northern blot assessment of RNA ex-
tracted from F1, II-4 and F3, II-1 fibroblasts
and two control (C1 and C2) samples with
strand specific probes designed to comple-
ment four different mitochondrial gene
transcripts: MT-ND1, MT-ND2, MT-CO2,
and MT-ND6. A long and short exposure
of the blots are presented.
(B) Schematic representations of mito-
chondrial genome regions, the probes
(red) and expected fragment sizes in bp
(orange) are displayed to the right of each
blot.
orthologs, the residue equivalent to Arg445 is invariably

Arg (data not shown). The amino acid at residue 421 is

highly variable and is disordered in the structure. During

the review of this manuscript, the cryo-EM structure of

PRORP in complex with tRNA, TRMT10C, and SDR5C1

was determined.24 In addition to supporting the above in-

terpretations of disease-associated variants, this structure

reveals that PRORP residue Arg445 forms an interaction

with the 50 end of the tRNA substrate, which will be broken

by Arg445Gln (F3). Additionally, Arg421 becomes ordered

in the context of the complex and forms stabilizing inter-

actions with residue Glu429, which will be disrupted by

Arg421Cys (F4). We investigated whether the disease-asso-

ciated variants in PRORP affected the catalytic activity of

the mt-RNase P complex. The three mt-RNase P complex

wild-type proteins (TRMT10C, SDR5C1, and PRORP), and

the PRORP variant proteins, were individually produced

by recombinant expression in bacteria and purified. Re-

combinant mt-RNase P was reconstituted in vitro and 50

leader processing monitored with fluorescent labeled mt-

pre-tRNAIle. All the amino acid variants in PRORP led to

a reduction in mt-tRNAIle cleavage product compared to

wild-type PRORP (Figure 4A). The fluorescence intensity

of the mt-tRNAIle cleavage product was quantified. After

30 min from the start of the reaction, the mt-RNase P com-

plexes with variants PRORP p.Arg445Gln (F3) and

p.Asn412Ser (F2) displayed the most dramatic decreases

in mt-tRNAIle cleavage products compared to wild-type of

approximately 76% and 87%, respectively. The mt-RNase

P complexes with variants PRORP p.Ala485Val (F1),

p.Ala434Asp (F2), and p.Arg421Cys (F4) reduced 50 leader
processing by approximately 19%, 15%, and 10%, respec-

tively. The reductions in processing persisted after 60 min

(Table 1). These data indicate that disease-associated

PRORP variants reduce the RNase P activity of the complex

in vitro. Of note, the greatest reduction of activity is seen in
The American Journal of Human Genetics 1
the most severely clinically affected

individual (F3, II-1), where a frame-

shift resulting in loss of function is

present in combination with PRORP

p.Arg445Gln. However, there are
insufficient data to define genotype-phenotype correla-

tions because of the small number of affected individuals

ascertained and investigated.

We performed rescue experiments to establish whether

expression of wild-type PRORP could reduce the accumula-

tion of unprocessed transcripts in the fibroblasts from an

affected individual. Fibroblasts from individual F3, II-1

were transduced with a retroviral vector containing the

wild-type PRORP cDNA or wild-type TRMT10C cDNA as a

control. Expression of wild-type PRORP restored both the

amount of PRORP and MT-CO1 protein, whereas

TRMT10C and SDHA levels were unaffected (Figure 4B).

This result indicates that increased levels of wild-type

PRORP in the cells from the affected individual enhances

the steady state levels of mitochondrial-encoded MT-CO1

but does not affect levels of nuclear-encoded SDHA. This

effect is not seen with the empty vector or TRMT10C

(Figure 4C). Transducing fibroblasts from the affected indi-

vidual with PRORP also decreased the levels of unprocessed

mitochondrial transcripts in the cells to near wild-type

levels (Figure 4B). Again, this effect is not seen with the

empty vector or the vector containing the coding sequence

for TRMT10C. Taken together, these data indicate that the

expression of wild-type PRORP in cells from an affected in-

dividual can rescue the molecular defects.

We undertook localization studies of PRORP in the

mouse organ of Corti to understandwhy variants in PRORP

may be associated with hearing loss (Figure S5). After the

onset of hearing, which occurs in mice at postnatal day

12, PRORP is detected around the afferent and efferent syn-

apses of the inner hair cells and the efferent synapses of the

outer hair cells, indicating possible importance for synap-

tic functions after the onset of hearing.

PRORP partially co-localizes with a synaptic marker

(SNAP25), indicating that it may not only be present in

the mitochondria of efferent synapses but possibly also
08, 2195–2204, November 4, 2021 2201



Figure 4. In vitro mt-RNase P processing assays reveal all variants produce less 50-end-processed tRNA than wild-type PRORP; pro-
cessing defects in subject F3 II-1 are rescued by wild-type KIAA0391
(A) Mitochondrial pre-tRNAIle was cleaved by reconstituted recombinant mt-RNase P containing either wild-type or variant PRORP, as
indicated, resulting in the release of the 50 leader sequence. Aliquots were taken from the reactions at the time points indicated and
resolved by denaturing electrophoresis. Quantitative analysis of pre-tRNAIle processing revealed an overall decrease in fluorescence in-
tensity of the processed tRNA between wild-type and variants over three replicate experiments. Error bars indicate standard deviation.
(B) Cartoon to illustrate the role of PRORP within the RNase P complex in 50 end cleavage of mitochondrial tRNA transcripts.
(C) Immunoblotting of whole cell lysates from fibroblasts stably transduced with the indicated cDNAs. (C) Northern blotting of total
RNA hybridized with a strand-specific oligonucleotide probe against MT-ATP8.
mitochondria of afferent synapses and nerve fibers around

the inner hair cells. The pattern of PRORP staining does

not entirely co-localize with mitochondrial marker

TOM20. This lack of complete co-localization with

TOM20 suggests that the high levels of PRORP found in

a subset of mitochondria associated with the synapses

and neurons of the organ of Corti hair cells reflect the

increased demand for mitochondrial tRNA processing
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and translation in these cells, which may be a character-

istic of a particular type of mitochondria at these loca-

tions.25–27

In summary, we present genetic and functional evidence

that bi-allelic variants in PRORP are associated with pleio-

tropic clinical presentations and that PRORP should be

considered another gene associated with the Perrault syn-

drome clinical spectrum. Such variability in clinical
ember 4, 2021



presentation is not uncommon for mitochondrial disor-

ders and is increasingly being shown for genes associated

with Perrault syndrome.9 Bi-allelic hypomorphic variants

in CLPP, for example, are associated with Perrault syn-

drome,28 whereas more deleterious variants result in a

more severe phenotype associated with SNHL, seizures,

and brain white matter changes.11 The clinical spectrum

observed in individuals with different bi-allelic PRORP var-

iants is consistent with this phenotypic range and most

likely reflects altered mitochondrial dysfunction in

different tissues at different time points. It is important

to note that PRORP is ubiquitously expressed in the GTEx

dataset. This is consistent with many disorders of mito-

chondrial function, which have specific clinical pheno-

types despite these expression profiles. Notably in the fam-

ilies with multiple affected individuals (F1 and F4), the

phenotypes were consistent, indicating that certain PRORP

variants may result in specific phenotypes.

Similar OXPHOS defects to those seen in individuals

with PRORP variants have been observed in individuals

with pathogenic variants in the mt-RNase P genes

TRMT10C4 andHSD17B10,29 suggesting a common patho-

genic mechanism in these disorders. Despite the similar-

ities in defective mitochondrial tRNA processing, variants

in the three subunits of mt-RNase P result in different clin-

ical phenotypes. With our work, we demonstrate that bi-

allelic variants in PRORP result in mitochondrial dysfunc-

tion and that all three subunits of mitochondrial RNase P

have now been associated with mitochondrial disease,

each with distinct pleiotropic clinical presentations.
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Figure S1 – Affected individuals from family F1 and F2 have sensorineural hearing loss, 

and affected individuals from family F1 have hypergonadotropic hypogonadism 

(A) Audiogram of affected individual F1 II-4. All three affected sisters show a similar 

audiometric configuration to F1-II-4, with profound hearing loss across all tested frequencies. 

(B) Audiogram of affected individual F2 II-1. The proband shows bilateral mild to moderate 

cookie-bite sensorineural hearing loss (SNHL). In both audiograms, the hearing level of the 

left ear is represented by the blue crosses and the right ear by red circles.  The hearing 

threshold level of a normal adult is 0-20 dB.1 Audiograms generated using AudGen software. 

(C) Hormone profiles for the three affected sisters in family F1, indicative of 

hypergonadotropic hypogonadism. Levels of follicle stimulating hormone, luteinising 

hormone and estrogen in the postmenopausal range are in bold.2 
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Figure S2 – Brain MRIs for affected individuals in F3 and F4 

(A-D) Brain MRI at 13 months of age of individual F3-II-1. Note periventricular cysts – 

located just above body of lateral ventricles, consistent with connatal cysts (A), dysplastic 

corpus callosum (B), focal nodular thickening of the posterior horn of left lateral ventricle 

which may represent a focus of nodular heterotopia (C) and prominent 3rd & lateral 

ventricles with mild underdevelopment of white matter (D). (F-G) Brain MRI for affected 

individuals from family F4. Note bilateral multiple periventricular and subcortical T2 white 

matter hyperintense lesions with a posterior predominance in all affected individuals from 

this family. The affected mother shows hyper intense lesions involving also the pons (G; 

bottom right image). For all images age at time of assessment is noted in the white box in the 

upper right corner of the image. 
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Figure S3 - Conservation of PRORP with variant residues highlighted 

The Conservation of PRORP across multiple species. The variant residues in the affected 

families are highlighted with blue boxes. Numbering relates to the human protein (GenPept: 

NP_055487.2). The multiple sequence alignments shown use the single letter abbreviations 

for amino acids while the variants use the three letter HGVS nomenclature. Sequences for 

each species are as follows; P. troglodytes UniProt: H2Q865, C. lupus familiaris UniProt: 

E2RMR1, R. norvegicus GenPept: NP_001100200.1, M. musculus GenPept: NP_079649.1, 

X. tropicalis UniProt: F6QNJ3, D.rerio UniProt: X1WBZ5, T. nigroviridis UniProt: 

H3CE56, D. melanogaster GenPept: NP_572309.2. 
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Figure S4 – Localisation of the variant residues in PRORP 

(A) A schematic domain representation of human PRORP.3 The location of the variant 

residues (orange) is noted below the representation. Mitochondrial targeting sequence, MTS; 

pentatricopeptide repeat domain, PPR. The three letter HGVS nomenclature is used for amino 

acids (B) 3D schematic representation of the protein structure of human PRORP as a ribbon 

diagram; the enlarged region is part of the metallonuclease domain. (C, D, E) The protein 

structure of human PRORP; the enlarged region is part of the metallonuclease domain. Single 

letter abbreviations for amino acids are used. The variant amino acids in patients are depicted 

in orange. Amino acids with interactions with the variant residues are shown in black. The 

colour of each domain mirrors that of the schematic diagram in A. 

 

 

 

 

 

 



 



Figure S5 – Localisation in the mouse organ of Corti reveals high levels of PRORP in 

the synapses and nerve fibres of hair cells. 

(A) Confocal fluorescence microscopy optical sections of the whole mount organ of Corti 

samples from C57/BJ6 mice at postnatal days 4, 16 and 24 (P04, P16 and P24, 

correspondingly) showing localization of PRORP protein (green). Samples were 

counterstained with DAPI (nuclear DNA marker, blue) to visualize the nuclei of hair cells 

and SNAP25 (presynaptic membrane marker, red) to stain efferent synapses at the base of 

OHCs and nerve fibres and synaptic buttons at the base and around IHCs. Samples at P24 

were also stained with TOM20 (mitochondrial marker) as well as SNAP25 and DAPI to show 

generalized mitochondrial localisation. In the panels for P04, no high level of PRORP 

immunoreactivity is observed, while at P16, after the onset of hearing, the PRORP signal 

accumulates in the nerve fibres and at synaptic buttons at the base of IHCs and begins to 

accumulate at the efferent synaptic buttons of OHCs. The dashed white line outlines the area 

of the outer hair cell (OHC) efferent synapses, and the dotted white line outlines the area 

around the inner hair cell (IHC) nuclei and synaptic area. The white arrows point to one of 

the OHC efferent presynaptic buttons. The P24 panels represent two optical sections through 

the same organ of Corti sample at different focal plains to visualize OHC synaptic area (top) 

and IHC synaptic area (bottom). Note that by P24, in the fully mature organ of Corti, the 

PRORP signal concentrates in both OHC efferent synaptic buttons and in the afferent 

synaptic buttons of IHCs. The scale bar is 20 µm. (B) Schematic representation of the hair 

cells of the organ of Corti. The top illustration displays the innervation of inner hair cells and 

outer hair cells during postnatal development. Arrows in the nerve fibres indicate the 

direction of transmission. The area of SNAP25 staining is shown in red. The lower panel 

illustration shows the arrangement of hair cells in the organ of Corti in the same orientation 

as shown in Panel A. (C) An enlarged view of the area inside the white box in Panel A 

showing a concentrated signal of PRORP (green) in the efferent buttons stained by SNAP25 

(red); the OHC nuclei shown in blue. 
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AudGen, http://audism.com/audgen 

GenBank, https://www.ncbi.nlm.nih.gov/genbank/ 

UniProt, https://www.uniprot.org/ 

Materials and Methods 

 

Ethical approval 

All individuals or their guardians provided written informed consent in accordance with local 

regulations. Ethical approval for this study was granted by the National Health Service Ethics 

Committee (16/WA/0017), University of Manchester; the ethics committee of IDIBELL 

(CEIC n. PR076/14), and CHEO ethics committee for the Care4Rare Canada Study (ID: 

1577), and Genomics England has approval from the HRA Committee East of England – 

Cambridge South (REC Ref 14/EE/1112).  

Autozygosity mapping and whole exome sequencing 

Autozygosity mapping was performed on six members of family F1 (II-1, II-2, II-3, II- 4, II-6 

and II-7) using the Affymetrix Genome-wide SNP6.0 arrays as previously described.4 

Autozygosity mapping of the array data was performed using the AutoSNPa software.5  

Whole exome sequencing was performed on DNA extracted from lymphocytes from 

individual F1-II-3. The Agilent SureSelect Human All Exon V5 Panel was used for library 

preparation and sequencing was performed on the HiSeq 2500 (Illumina) as previously 

described.6 Analysis of large deletions and copy number variations was performed on F3-II-1 

using Affymetrix Cytoscan HD arrays with analysis via Affymetrix ChAS software 

(GRCh37/hg19). CNVs were assessed with comparison to databases including the Database 

of Genomic Variants (DGV). Pathogenic CNVs were identified with reference to databases, 

including Decipher, ClinVar and ClinGen (ISCA). Whole exome sequencing performed on 

genomic DNA from all three members of family F3 was performed as a service by GeneDx. 

Library preparation was performed using the GeneDx propriety technology and sequenced 

using an Illumina sequencer and using paired-end reads. Reads were aligned to the human 

genome build GRCh37/hg19 and variants identified using GeneDx software, XomeAnalyzer.  

Identification of variants 

Autozygosity mapping, performed on six siblings, identified three homozygous regions 

>2Mb shared between the affected individuals, but not with the unaffected individuals 

(chromosome 14: 34195478-37228220; chromosome 18: 10090808-12264512; and 

chromosome 22:  21317876-23416005, Genome build: Hg19). Whole exome sequencing was 

performed on one affected individual (F1, II-3). After sequence variants in the homozygous 

regions were filtered to remove variants seen more than once in >800 previously sequenced 

https://www.ncbi.nlm.nih.gov/genbank/
https://www.uniprot.org/


exomes, and variants with a minor allele frequency above 1% in dbSNP or the Exome 

Variant Server (EVS)7; 8 one variant remained, PRORP c.1454C>T; p.(Ala485Val) 

(Genbank: NM_014672.3). 

The variants in family F2 were identified from whole genome sequence data generated 

through the 100,000 Genomes Project9 on the parents and affected child and accessed through 

the dedicated research portal. The trio genome dataset in this family was filtered initially to 

identify Tier 1 or 2 variants (i.e. rare or known pathogenic variants in genes known to be 

associated with sensorineural hearing loss). An agnostic approach consistent with an ultra-

rare minor allele frequency (<10-5) and recessive inheritance pattern revealed maternally 

inherited PRORP c.1235A>G, p.(Asn412Ser) and paternally inherited c.1301C>A, 

p.(Ala434Asp) variants. 

For F3 whole exome sequencing of the family trio was undertaken by GeneDx. Exonic and 

flanking splice junctions were captured using a proprietary system developed by GeneDx and 

sequenced on an Illumina platform with 100bp or greater paired end reads. Reads were 

aligned to human genome build GRCh37/UCSC hg19, and analysed for sequence variants 

using a custom-developed analysis tool (Xome Analyzer). Mean depth of coverage 94X, 

quality threshold 98.7%. All available data files were run through the most recent iteration of 

our previously described bioinformatics pipeline.10 Family-based reanalysis was completed at 

the Children’s Hospital of Eastern Ontario in collaboration with the referring clinical care 

team which included (Care4Rare study team members, including the local referring clinician, 

a clinical geneticist, a laboratory geneticist, genetic counsellor, and/or a post-doctoral 

fellow).  Biallelic variants were identified in PRORP, a maternally inherited c.1334G>A 

p.(Arg445Gln) (rs777185638) and a paternal frameshift variant c.1197dupA 

p.(Ser400IlefsX6) (rs764714439) were identified.  

For F4 genomic DNA was extracted from peripheral blood using standard methods. For 

WGS, a PCR-free library with 150-bp paired-end read sequences was generated on a HiSeq 

2000-4000 platform (Illumina, Inc. USA) at Centre Nacional d’Anàlisi Genòmica (CNAG 

Barcelona, Spain). Sequences were aligned to hg19 by Burrows-Wheeler Aligner (BWA 

mem), and single nucleotide variants and small insertions/deletions (indels) were identified 

using GATK, applying GATK’s best practices for germline SNP & indel discovery and 

annotated by ANNOVAR software. Copy number variants (CNVs) were analyzed by the R 

package ExomeDepth that uses read-depth data from targeted sequencing experiments and 

filtered with the Database of Genomic Variants that provides a comprehensive summary of 

structural variation in the human genome.  A recessive model was applied and ultra-rare 

variants at a minor allele frequency of <10-5 and CADD score >20 were filtered. The one 

candidate variant PRORP c.1261C>T, p.Arg421Cys was validated and tested for co-

segregation in all family members by Sanger sequencing.  

There was no evidence of any other putative disease associated variants in the genome and 

exome datasets in the four families. 

 



Confirmation of variants 

Variants were confirmed in family F1 via Sanger sequencing using the ABI big Dye v3.1 

(ThermoFisher) sequencing technology. Primers used were PRORP_exon7_ FWD 

(5’ACACTGTCCTCTGCCTCTTC3’) and PRORP_ exon7_REV 

(5’TCTAGGACCTGGCTAGTTCC3’) 

PRORP transcript analysis 

Dermal fibroblasts from individual F3, II-1 were grown under standard conditions either in 

the presence of puromycin (200µg/ml) or without puromycin treatment. RNA was extracted 

using the Qiagen MiniprepRNA kit and RNA samples were DNAse I treated on column. 

RNA was converted to cDNA using the Applied Biosystems RNA to cDNA kit. Samples 

were PCR amplified using primers that cross exon-exon borders and Sanger sequenced using 

ABI big Dye v3.1 (ThermoFisher) sequencing technology. Primers used were 

PRORP_cDNA_Exon 5_Fwd (5’CATGGTTTGAGAGTGTTCCTGG3’) and 

PRORP_cDNA_Exon 5 (5’CTGAGAATACGCTGAAAGGTTAG3’). 

Assessment of protein and RNA levels in fibroblasts 

Western blots for the subunits of mt-RNase P, respiratory chain complexes and 

mitoribosomal proteins (n=3 for each experiment) were performed using fibroblast cell 

lysates (F1 II-4 and F3 II-1). Cell lysates were incubated with sample dissociation buffer, 

separated by 12% SDS–PAGE and immobilized by wet transfer on to PVDF membrane 

(Immobilon-P, Millipore Corporation). Proteins of interest were bound by overnight 

incubation at 4oC with primary antibodies followed by HRP-conjugated secondary antibodies 

(Dako Cytomation) and visualized using ECL-prime (GE Healthcare) and BioRad ChemiDoc 

MP with Image Lab software. Antibodies used are as follows; TRMT10C (Sigma 

HPA036671), SDR5C1 (Sigma HPA001432), PRORP (Abcam ab185941), SDHA (Abcam 

ab14715), NDUFB8 (Abcam ab110242), MT-CO1 (ab14705), UQCRC2 (Abcam 14745), 

ATP5B (Abcam 14730), MT-CO1 (ab14705), and GAPDH (Abcam 8245) followed by HRP-

conjugated secondary antibodies (Dako Cytomation). 

Northern blot analysis was performed as previously described.11 The NorthernMax kit from 

Ambion was used. Equal amounts of total RNA (2–5 µg range) from fibroblasts was 

separated on a 1% denaturing agarose gel. RNA was then transferred to nylon membrane 

(Hybond-N + Amersham, GE Healthcare) by capillary transfer, UV cross-linked and 

subjected to hybridization with biotinylated probes. Signals were detected using the 

BrightStar BioDetect kit (Ambion). A biotinylated RNA size marker (BrightStar RNA 

Millenium Marker, Ambion) was used to determine the size of RNA species. Probe 

sequences as previously described.11 

Preparation of the PRORP variant sequences for bacterial expression 

The plasmid pET28-b(+) containing the coding sequence for PRORP (MRPP3)12 was 

mutagenized as previously described13 with the synthetic oligonucleotides PRORP_p.A485V 

(5’ GGAGTGCAGTGTGACATACAGAAGGAATGG 3’),PRORP_p.R445Q (5’ 



CGTCTTAGCATGTGCTTCTGGCCTAGGACCAGCAGTCG 3’), PRORP_p.N412S (5’ 

GGAAACATTTTGGCAACACTGAGACCATCAATGACAAC 3’), PRORP_p.A434N (5’ 

CAGTCGCAGATTCCGTTTGTCTAGTTGAGAGACGACATTC 3’) and 

PRORP_p.R421C (5’ 

CGACATTCAAGAGAAGTTGAGATTCACAAACTTTAGGAAACATTTTGGC 3’) with 

the base altered from wild-type bold and underlined. The potential mutagenized plasmids 

were extracted using the GenElute HP Plasmid miniprep Kit (Sigma Aldrich) and the variant 

was confirmed by DNA sequencing. 

Recombinant expression and purification of TRMT10C, SDR5C1 and PRORP  

PRORP and PRORP variants, as described above, were expressed in E.coli Rosetta2 DE3 

(Novagen) using Overnight Express TB medium (Novagen). Affinity chromatography of the 

His-tagged proteins was performed as previously described.12 Purity was assessed by SDS-

PAGE. Aliquots of purified proteins were dialysed overnight at 4°C in 20 mM Tris-Cl pH 

7.4, 100 mM NaCl, 15% glycerol, then flash frozen and stored at -80°C. TRMT10C in 

pET28-b(+)12 was subcloned into pET21d and co-expressed with SDR5C1 in pET28-b(+)12 in 

E.coli Rosetta2 DE3 using Overnight Express TB medium at 19°C. Purified proteins were 

dialysed overnight at 4°C in 20 mM Tris-Cl pH 8, 200 mM NaCl, 2mM DTT, 15% glycerol, 

then flash frozen and stored at -80°C. 

Preparation of mitochondrial pre-tRNA transcripts 

The template for pre-tRNAIle (phI2) was as described previously.12 In vitro transcription was 

carried out with the T7 RiboMax Express system (Promega) according to the manufacturer’s 

instructions with phI2 linearized with XbaI and 2.5µM aminoallyl-UTP-ATTO-680 (Jena 

Biosciences). RNA was purified by ethanol precipitation. 

Pre-tRNA processing assays 

Pre-tRNA processing assays were performed as previously described.12,14 6% (w/v) 

acrylamide 8M urea gels were used to resolve ATTO-680 labelled mt-tRNA substrate and 

cleavage products. Gels were visualised using the LI-COR Odyssey CLx imaging system and 

band quantitation carried out using the Image Studio software. Aliquots of the tRNA 

processing reactions were taken at the start of the reaction (0 minutes), after 30 minutes and 

60 minutes from the start in three independent assays. Visible processed tRNA bands at time-

points 30 minutes and 60 minutes were measured as a proxy for mt-RNase P activity. The 

relative intensities of tRNA processed by mt-RNase P with wild-type and PRORP variants 

from three independent assays were quantitated at 30 minutes and presented with standard 

deviation.  

Rescue experiments 

RNA isolation and northern blotting 

Total RNA from cultured cells was isolated with the Monarch Total RNA Miniprep kit 

(NEB) according to the manufacturer’s instructions. For northern blotting, 5 μg of total RNA 



from each sample was separated through a 1.2% agarose-formaldehyde gel and transferred to 

HybondTM-N+ membrane (GE Healthcare) by neutral transfer. Using T4 Polynucleotide 

Kinase (NEB) and ATP (γ-32P), an oligonucleotides probe (MT-ATP8, 5’-

TGGGTGATGAGGAATAGTGTAAGGAG) was radiolabeled for hybridisation (25% 

Formamide, 7% SDS, 1% BSA, 0.25M sodium phosphate pH 7.2, 1mM EDTA pH 8.0, 

0.25M NaCl2) overnight at 37°C. Membranes were washed first with 2× SSC/0.1% SDS for 

60 min, followed by 0.5× SSC/0.1% SDS for 60 min and finally in 0.1× SSC/0.1% SDS for 

30 min. All washings were performed at 37°C. The membranes were dried, exposed to a 

Phosphoscreen (GE Healthcare) and scanned with Typhoon 9400 (GE Healthcare). 

Retroviral expression 

Full-length cDNAs of human TRMT10C and PRORP were generated by reverse transcription 

using Superscript IV (Invitrogen) with an oligo dT primer from total RNA isolated from 

wild-type cultured fibroblasts followed by PCR using specific primers with KAPA HiFi 

(Sigma-Aldrich) for Gateway cloning into pDONR201. Both cDNAs were verified by Sanger 

sequencing and sub-cloned into a Gateway-converted pBABE-puromycin retroviral vector. 

Retrovirus was generated following transfection of plasmids into the Phoenix packaging cell 

line, followed by transduction into immortalized wild-type and fibroblasts from an affected 

individual (F3, II-1). Transduced cells were selected with puromycin to select for stable 

cultures.  

Immunoblotting 

Cells were lysed in phosphate buffered saline, 1% dodecyl-maltoside (DDM), 1 mM PMSF 

(phenylmethylsulfonyl fluoride), and complete protease inhibitor (Thermo Fisher Scientific). 

Protein concentration of lysates was measured by the Bradford protein assay (BioRad) and 

equal amounts separated in 12% Tris-Glycine SDS-PAGE. Proteins were transferred to 

nitrocellulose membranes by semi-dry transfer. Membranes were blocked in TBST (Tris-

buffered saline, 0.1% Tween 20) with 1% milk at room temperature for 1 hr. Primary 

antibodies (in 5% BSA/TBST) were incubated overnight at 4°C and detected the following 

day with secondary HRP conjugates (Jackson ImmunoResearch) using ECL (LumiGLO, Cell 

Signalling Technology) with film. The following primary antibodies were used for 

immunoblotting: Proteintech Group: MRPP3 (20959-1-AP, 1:3000); Abcam/Mitosciences: 

MT-CO1 (1D6E1A8, 1:500) and SDHA (C2061/ab14715, 1:10000); Santa Cruz: TOM40 

(sc-11414, 1:5000) and Thermo Fisher Scientific: MRPP1 (A304-390A, 1:1000). 

 

Immunohistochemistry 

The NIH Animal Care and Use Committee approved protocol 1263-15 to T.B.F. for mice. 

C57/BJ6 mice at ages P04, P16 and P24 were euthanised, the cochleae were removed and 

fixed with 4% paraformaldehyde in PBS for 2 hours. The samples were microdissected and 

the organ of Corti was permeabilised with 0.5% Triton X-100 in PBS for 30 min followed by 

three 10 min washes with 1X PBS. Nonspecific binding sites were blocked with 5% normal 

goat serum and 2% BSA in PBS for 1 h at room temperature. Samples were incubated for 2 h 



with rabbit polyclonal PRORP antibody (MRPP3, Proteintech, 20959-1-AP) at 1µg/ml and 

mouse monoclonal SNAP25 antibody (Santa Cruz, sc-136267) at 1µg/ml or rabbit polyclonal 

Tom20 antibody (Santa Cruz, sc-11415) at 2µg/ml and mouse monoclonal SNAP25 (Santa 

Cruz, sc-136267) at 1µg/ml followed by several rinses with PBS. Samples were incubated 

with goat anti-rabbit IgG Alexa Fluor 488 conjugated secondary antibody and goat anti 

mouse Alexa Fluor 568 conjugated secondary antibody (Molecular Probes) for 30 min. 

Samples were washed several times with PBS, with ProLongGold Antifade reagent with 

DAPI (Molecular Probes) and examined using an LSM780 confocal microscope (Zeiss Inc) 

equipped with 63X, 1.4 N.A. objective. 
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Abstract
Hearing loss and impaired fertility are common human disorders each with multiple genetic causes. Sometimes deafness 
and impaired fertility, which are the hallmarks of Perrault syndrome, co-occur in a person. Perrault syndrome is inherited 
as an autosomal recessive disorder characterized by bilateral mild to severe childhood sensorineural hearing loss with vari-
able age of onset in both sexes and ovarian dysfunction in females who have a 46, XX karyotype. Since the initial clinical 
description of Perrault syndrome 70 years ago, the phenotype of some subjects may additionally involve developmental delay, 
intellectual deficit and other neurological disabilities, which can vary in severity in part dependent upon the genetic variants 
and the gene involved. Here, we review the molecular genetics and clinical phenotype of Perrault syndrome and focus on 
supporting evidence for the eight genes (CLPP, ERAL1, GGPS1, HARS2, HSD17B4, LARS2, RMND1, TWNK) associated 
with Perrault syndrome. Variants of these eight genes only account for approximately half of the individuals with clinical 
features of Perrault syndrome where the molecular genetic base remains under investigation. Additional environmental eti-
ologies and novel Perrault disease-associated genes remain to be identified to account for unresolved cases. We also report 
a new genetic variant of CLPP, computational structural insight about CLPP and single cell RNAseq data for eight reported 
Perrault syndrome genes suggesting a common cellular pathophysiology for this disorder. Some unanswered questions are 
raised to kindle future research about Perrault syndrome.

Introduction

Seventy years ago, M. Perrault described a rare multisystem 
disorder of deafness and infertility in two sisters (Josso et al. 
1963; Pallister and Opitz 1979; Perrault et al. 1951). Since 

then, more cases of Perrault syndrome have been reported 
and it is now recognized as a clinically and genetically het-
erogenous sex-influenced disorder that has an autosomal 
recessive mode of inheritance (Demain et al. 2017; Newman 
et al. 2018). Perrault syndrome is characterized in females 
by moderate to profound sensorineural hearing loss with 
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variable age of onset, usually the initial finding, a range of 
ovarian dysfunction with the most severe being the absence 
of ovaries despite a normal 46,XX karyotype. When ovaries 
are absent, estrogens are present at significantly lower lev-
els, secondary sex characteristics are under-developed, and 
gonadotropins are elevated. A usual presentation of Perrault 
syndrome is a bilateral hearing loss, primary amenorrhea 
and a hormone profile consistent with hypergonadotropic 
hypogonadism or primary ovarian insufficiency (POI) char-
acterized by menses cessation before the fourth decade of 
life (Newman et al. 2018). In some families with females 
affected by Perrault syndrome, the deaf males were not 
tested for fertility, there were no deaf males or the males are 
prepubertal (Jenkinson et al. 2013; Newman et al. 2018). 
Perrault syndrome may not be suspected when a deaf pre-
pubertal female is ascertained and only her hearing abil-
ity is evaluated. Males with pathogenic variants in Perrault 
syndrome genes, without affected female siblings, are now 
being ascertained due to the increased application of genetic 
testing, including exomes and large panels of genes associ-
ated with hearing loss. A pre-pubertal deaf female seeking 
an explanation for her hearing loss, but lacking a molecular 
diagnosis, may not have an ovarian dysfunction noticed by 
an astute clinician or by the patient until after the expected 
onset of puberty. Similarly, the increased use of genetic test-
ing for presumed isolated deafness can identify pre-puber-
tal females with a possible diagnosis of Perrault syndrome 
before ovarian dysfunction has presented clinically.

Two clinical classifications of Perrault syndrome have 
been proposed (Fiumara et al. 2004; Newman et al. 2018; 
Pierce et al. 2010). Both Type 1 and Type 2 include the 
two cardinal signs of sensorineural hearing loss and POI. 
For the Type 2 subgroup of Perrault syndrome, there is a 
more complex presentation that may include intellectual 

disability, progressive sensory disorders or motor neuropa-
thies. In some of the Type 2 cases, there is reluctance to 
necessarily assume that the additional neurological features 
are the direct result of the variants associated with the clas-
sical features of Perrault syndrome rather than coincidental 
clinical findings (Demain et al. 2018; Fiumara et al. 2004; 
Gottschalk et al. 1996). In both Type 1 and Type 2 Perrault 
syndrome, estrogen levels are decreased while the gonado-
tropins luteinizing hormone (LH) and follicle stimulating 
hormone (FSH) are significantly elevated. The two clini-
cal subtypes (Type 1 and 2) of Perrault syndrome should 
not be confused with the consecutive number types on the 
Online Mendelian Inheritance of Man (OMIM) that have 
been assigned to each gene with variants associated with 
Perrault syndrome.

In this review we focus on genes where variants result 
in a clinical presentation of POI and SNHL as the primary 
features while acknowledging that more deleterious variants 
in these same genes can lead to more severe clinical presen-
tations. We excluded from discussion genes where variants 
are associated with a broad spectrum of clinical features 
which include POI and SNHL. The genetic bases of Perrault 
syndrome involve recessive pathogenic variants of at least 
eight different genes described below and in Fig. 1. In many 
of the reported cases of Perrault syndrome the phenotype 
is variable within a family suggesting environmental influ-
ences, modifier variants in the genetic background or both. 
Seven of the eight genes with autosomal recessive variants 
associated with Perrault syndrome encode mitochondrial 
proteins while HSD17B4 is a peroxisomal protein.

CLPP

The CLPP gene is located on human chromosome 19p13 and 
encodes caseinolytic peptidase proteolytic subunit (Jenkin-
son et al. 2013). Molecular genetic data in human and mouse 
models support the conclusion that recessive variants of 
CLPP result in Perrault syndrome Type 1 or Type 2 (Fig. 1). 
The primary sequence of the nascent CLPP protein has a 
N-terminus mitochondrial import sequence. The mature 
CLPP monomer multimerizes in the mitochondrial matrix 
to form a heptamer that docks with CLPXP (AAA + family 
member caseinolytic peptidase X) forming a tetradecamer 
(CLPP-CLPX) necessary in this organelle for proteostasis. 
Regulated ATP-dependent degradation of a subset of mito-
chondrial proteins for quality control and regulation of trans-
lation occurs when a protein is recognized by the hexameric 
ring of CLPX, which unfolds and translocates the protein 
strand through the axial pore of the tetradecamer into the 
barrel-shaped chamber enclosing 14 peptidase active sites 
(Brodie et al. 2018; Flanagan et al. 1995; Kang et al. 2004; 
Wang et al. 1997).

Fig. 1  The eight genes to date reported to be associated with Per-
rault syndrome, their pathogenic variants and locations in the exons 
or introns of these genes. There are two published deletions of CLPP 
that are in compound heterozygosity with amino acid substitutions. 
Deletion 1 was reported to be in trans to p.G162S while deletion 2 
was in trans to p.P142L (Theunissen et  al. 2016). For HARS2, # 
indicates variants that are associated with sensorineural hearing loss 
(Supplementary Table  1 for all reported variants and references). 
The ## for a variant of HSD17B4 indicates an association with pre-
mature ovarian failure while D/PS indicates variants associated with 
d-bifunctional protein deficiency/Perrault syndrome Type 1. The 
p.R663W variant of LARS2 was previously associated with Intel-
lectual Disability (Cherot et al. 2018) although the same variant was 
reported for Perrault syndrome (Tucker et al. 2020). The homozygous 
N238S variant of RMND1 is associated with a Perrault-like syn-
drome with renal defects. Interestingly, the same variant in compound 
heterozygosity with p.Gln189* or c.613G > T is associated with 
a more severe phenotype that also includes chronic kidney disease, 
dilated cardiomyopathy, neurological involvement, neonatal lactic 
acidosis and deafness (Broenen et al. 2019; Gupta et al. 2016; Janer 
et al. 2015; Ravn et al. 2016; Shayota et al. 2019)

◂
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Multiple crystal structures of CLPP from several organ-
isms reveal a conserved architecture (Gottesman 1996; 
Jenkinson et al. 2013; Szyk and Maurizi 2006). The struc-
tures of CLPP were then used to deduce possible functional 
impairments caused by pathogenic missense variants of 
human CLPP associated with Perrault syndrome (Brodie 
et al. 2018; Jenkinson et al. 2013). CLPP was first identi-
fied as a Perrault syndrome gene in three consanguineous 
families with profound deafness. In two of the three fami-
lies, deaf females were diagnosed with POI. Genetic link-
age analyses of the deafness phenotype revealed a locus on 
chromosome 19. Subsequently, the families were found to be 
segregating two different homozygous missense variants and 
a homozygous splice site variant. Hormonal profiles were 
evaluated for some of the deaf females and imaging of the 
ovaries were performed (Jenkinson et al. 2013). In family 
PDF1, one affected female had two male children. Notably 
she had a premature menopause at 23 years, consistent with 
ovarian insufficiency. One of her affected sisters had second-
ary amenorrhea whereas the other had streak ovaries and 
hypergonadotropic hypogonadism. All three sisters in this 
family have epilepsy, short stature, microcephaly and mild 
learning disability. Four affected females of a second family 
had primary amenorrhea, hypergonadotropic hypogonadism, 
rudimentary uteruses and small ovaries by ultrasonography 
(Jenkinson et al. 2013). To date, there are 13 different vari-
ants associated with Perrault syndrome that affect single 
base pairs of CLPP and two intragenic deletions of CLPP 
(Fig. 1) (Theunissen et al. 2016). Damaging variants of the 
eight genes associated with Perrault syndrome (Fig. 1) are 
either absent or at low frequency in the public human vari-
ant databases.

Individuals diagnosed with Perrault syndrome who have 
biallelic variants of CLPP (Fig. 1) are usually profoundly 
deaf. This hearing loss phenotype could be an ascertain-
ment bias (Jenkinson et al. 2013) as individuals who are 
profoundly deaf are more likely to undergo genetic test-
ing than individuals with more modest impairment. Here, 
we describe a homozygous missense variant of CLPP that 
results in moderate to severe hearing loss in an individual 
diagnosed with Perrault syndrome (Fig. S1). The homozy-
gous p.T135S missense variant of CLPP is segregating in a 
consanguineous Pakistani family (HLZM05) with a proband 
who is an 18-year-old woman reporting childhood onset 
bilateral sensorineural moderate to severe hearing loss simi-
lar to the auditory phenotype of her 20-year-old brother. She 
had primary amenorrhea and self-reports that her secondary 
sexual characteristics are underdeveloped. Taken together, 
the p.T135S variant of CLPP segregating in family HLZM05 
is associated with Type 1 Perrault syndrome with a moderate 
to severe hearing loss.

Variants that are null alleles or severely disable CLPP 
function result in more severe cases of Perrault syndrome. 

For instance, two severely affected siblings were homozy-
gous for a frameshift variant (c.21delA) in exon 1 of CLPP 
(premature translation stop codon in exon 3) predicted to 
truncate 160 residues (Theunissen et al. 2016). The authors 
demonstrated that the c.21delA allele causes nonsense medi-
ated decay of CLPP mRNA. The phenotype of the affected 
siblings included small stature, congenital sensorineu-
ral deafness, psychomotor retardation, ataxia, autism and 
epilepsy. Brain-MRI signal abnormalities were observed 
in the subcortical and deep cerebral white matter. Similar 
leukoencephalopathies were reported in three other patients 
with variants of CLPP one of whom was hemizygous for 
a missense mutation (G162S) predicted to destabilize and 
disrupt CLPP structure. This missense variant was in trans 
to a deletion (Fig. 1) inherited from the healthy mother that 
spanned exons 3 and 4 of CLPP (Theunissen et al. 2016).

CLPP protein is readily detected in mitochondria of 
human ovarian germ cells but was not detected in the stromal 
layers (Jenkinson et al. 2013) while in mouse ovaries, CLPP 
was immunolocalized in granulosa cells and oocytes. In the 
mouse inner ear, in the organ of Corti, CLPP is predomi-
nantly localized in supporting cells and weakly in adjacent 
sensory hair cells at postnatal day 3 (Jenkinson et al. 2013) 
even though hair cells have abundant mitochondria (Weaver 
and Schweitzer 1994). The functional significance of the 
cell-type restricted expression of CLPP and the limited phe-
notypic consequence of diminished CLPP activity is not well 
understood in human but has been explored in Clpp mutant 
mice (Gispert et al. 2013).

Three different CLPP deficient mouse models have been 
reported, two independent gene-traps in intron 1 and intron 
2 (Gispert et al. 2013) and a conditional knockout via cre-
recombination mediated excision of floxed exons 3, 4 and 5 
(Szczepanowska et al. 2016). The phenotypes of these CLPP 
deficient mice show important differences in viability of 
adults for reasons not fully understood (Szczepanowska et al. 
2016). One study reported some postnatal lethality (Gispert 
et al. 2013) while for homozygous Clpp exon 3–5 deleted 
mice, no difference was observed for adult survival when 
compared to the wild type, although there was significant 
embryonic lethality (Szczepanowska et al. 2016). Males and 
females in both CLPP deficient mouse models are hearing 
impaired and sterile, suggesting a more careful evaluation 
of fertility status is warranted for deaf human males with 
biallelic variants of CLPP. There is one example of a deaf 
male proband homozygous for the p.C144R variant of CLPP 
who is azoospermic (Demain et al. 2017).

We used template-based molecular modelling to analyze 
the possible structural and functional impact of each of 
the ten reported and one novel missense variants of CLPP 
associated with Perrault syndrome (Fig. 1). Each mutant 
structural model was obtained using the X-ray structure of 
human CLPP (hCLPP; PDB id:1tg6) (Kang et al. 2004) as 
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template and structurally superimposed on the CLPP-CLPX 
complex from Neisseria meningitidis (PDB id: 6vfs) (Rip-
stein et al. 2020) to analyze the variant impact on the pro-
teolytic active complex formed by two heptameric CLPP 
rings bound to a CLPX pentamer. Four wild type residues 
(p.C86, p.T135, p.C144 and p.G162), mutated in human 
CLPP-associated Perrault syndrome (Fig. 1), have a cru-
cial role in different interacting networks. Their side chains 
establish key interactions with other residues where, or 
close to where, CLPX binds to CLPP. These are important 
contact regions as they are responsible for maintaining the 
3D-architecture of the CLPX binding site. For example, 
p.C86 takes part in an intra- and inter-protomeric network of 
residue-residue interactions located deep in the CLPP cav-
ity, which is abolished when the p.C86 is substituted with 
tyrosine (p.C86Y). p.T135 stabilizes the packing between 
two alpha-helices that face the cavity by stabilizing a set of 
hydrophobic contacts with its methyl group (Fig. 2). The 
substitution of p.T135 by a serine (p.T135S) removes this 
key methyl group, completely abolishing the hydrophobic 
interactions in this region. The p.G162 residue is located 
in a tightly packed region that involves the loop containing 
p.G162 itself and two beta-strands that shape CLPX bind-
ing site. The introduction of the larger serine residue at this 
position (p.G162S), induces allosteric clashes between the 
new side chain and the hydrophobic residues in the region in 
agreement with the previous work (Theunissen et al. 2016). 
The potential detrimental effect of these three substitu-
tions, p.C86Y, p.G162S and p.T135S, on the shape of the 
CLPX binding site are predicted to impair formation of the 
CLPP-CLPX active complex and consequently diminishing 
CLPP proteolytic function (Fig. 2). In contrast to p.C86, 
p.G162 and p.T135 residues, which are not located directly 
in the CLPX binding site, p.C144 faces the cavity where 
CLPX binds. The p.C144R substitution introduces a large, 
positively charged residue directly in the CLPX binding site 
that not only is predicted to change the volume available for 
CPLX to bind to CLPP but also the electrostatic potential 
of the pocket itself.

The substitutions p.P142L, p.T145P, p.C147S and 
p.I208M (Supplementary Fig.  2) have a more subtle 
impact on the structure, which is more difficult to relate to 
changes in CLPX binding or protease activity. We predict 
that p.P142L introduces a large hydrophobic residue that 
might change the local packing in agreement with pub-
lished speculation that this may affect CLPP-CLPX binding 
(Theunissen et al. 2016). The p.T145P substitution com-
pletely abolishes the local interacting network that involves 
a loop and two helices. Yet such a change is not predicted to 
affect CLPX binding but may induce a toxic-gain of protease 
activity (Brodie et al. 2018). p.C147S has a minimal struc-
tural impact which agrees with the fact that such a mutation 
does not affect CLPX binding or protease activity and may 

explain the mild symptoms observed in patients with this 
mutation (Brodie et al. 2018). The substitution of p.I208 
by a methionine that contains a larger side chain introduces 
steric clashes in a region (Brodie et al. 2018) and is close to 
the catalytic triad, possibly impacting the protease activity 
of the CLPP mutant.

While the variants p.C86Y, p.G162S, p.T135S and 
p.C144R misshape the CLPX binding site of CLPP, 
p.Y229D has severe structural impact as it affects different 
aspects of CLPP. p.Y229 is part of the interacting network 
located at the interface between CLPP protomers and is also 
close to the catalytic triad responsible of the protease activ-
ity of CLPP. The introduction of an aspartate at position 
229 may abolish the interactions at the interface between 
protomers destabilizing the formation of the heptameric ring 
of CLPP itself but it may also affect the relative orienta-
tion of the catalytic triad. These observations agree with the 
experiments of Brodie and co-authors in which p.Y229D not 
only affects the correct formation of the heptameric CLPP 
complex and subsequent CLPX binding but also decreases 
the protease activity of CLPP (Brodie et al. 2018). Consider-
ing that p.C86Y, p.G162S, p.T135S, p.P142L and p.C144R 
are each predicted to impair binding of CLPX to form a 
CLPP proteolytic active complex, we hypothesize that the 
missense-mutated CLPP may, nevertheless, still be avail-
able for a CLPX-independent “chemical activation” using 
small molecules such as imipridones. This family of com-
pounds, for instance ONC201, is used as chemical activators 
of CLPP as they induce similar structural changes in CLPP 
when CLPX binds to CLPP (Bonner et al. 2020). ONC201 
binds in the same CLPP cavity as CLPX (Ishizawa et al. 
2019) and it activates the CLPP proteolytic machinery, but 
without the need for CLPX and is already being used in 
the clinic as a cancer chemotherapeutic drug (Bonner et al. 
2020). We further speculate that imipridone compounds may 
improve hearing and fertility in a subset of Perrault syn-
drome patients. One prerequisite for this potential therapeu-
tic intervention to work in patients with an amino acid sub-
stitution of CLPP predicted to abolish the binding of CLPX 
to CLPP, is a lack of secondary structural degeneration of 
the inner ear at the time of treatment. In addition, females 
should have intact ovaries.

ERAL1

ERAL1 is a nuclear gene that encodes a 48 kDa mitochon-
drial protein that is indispensable for the assembly of the 
12S ribosomal RNA subunit. Exome sequencing of a male 
and three females of Dutch ancestry revealed a homozygous 
missense variant (c.707A > T; p.N236I) of ERAL1 (Era-like 
12S mitochondrial rRNA chaperone) (Fig. 1) associated 
with Perrault syndrome (Chatzispyrou et  al. 2017). All 
affected individuals had variable degrees of progressive 
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sensorineural hearing loss. There was a spectrum of ovar-
ian insufficiency in the females from early menopause at age 
27 years to complete ovarian dysgenesis. This c.707A > T 
is a founder variant with an allele frequency of 4.6% (49 
heterozygotes of 530 individuals) in a Dutch isolate (Chatz-
ispyrou et al. 2017). To date no other variants in ERAL1 
have been reported to be associated with Perrault syndrome. 
However, the authors of the original discovery paper pro-
vided convincing supporting experimental data for the 
pathogenicity of p.N236I damaging the normal function of 
ERAL1 (Chatzispyrou et al. 2017). The asparagine at resi-
due 236 is evolutionarily conserved and directly interacts 
with GTP. Cultured skin fibroblasts from one of the Perrault 
subjects displayed decreased levels of ERAL1 protein com-
pared to control fibroblasts, impaired assembly of the small 
28S ribosomal subunit and a 30 to 40% reduced level of 
proteins composing the small 28S mitochondrial ribosomal 
subunit. Excess expression of ERAL1 in these fibroblasts 
restores 12S ribosomal RNA levels. RNAi knockdown in 
the C. elegans orthologue of human ERAL1 induced reduced 
fecundity. Moreover, in the wild type mouse, the necessary 
and timely normal withdrawal of ERAL1 from the matur-
ing mitochondrial ribosomes requires CLPX and CLPP 
(CLPXP) proteolytic function (Szczepanowska et al. 2016). 
In mouse, the absence of CLPP proteolysis of ERAL1 results 
in its increased level and ERAL1 remains abnormally asso-
ciated with mitochondrial ribosomes preventing maturation 
to functional mitoribosomes. Both male and female CLPP 
deficient mice have respiratory chain deficiency, are reduced 
in size and are sterile (Gispert et al. 2013; Szczepanowska 
et al. 2016). When CLPP function is deficient, there is excess 
ERAL1 expression resulting in reduced mitochondrial pro-
tein synthesis. Collectively, these observations point to a 
breakdown in mitochondrial protein homeostasis as the pre-
dominant pathogenic hypothesis that connects a spectrum 

of variants of ERAL1, CLPP, LARS2 and HARS2 with the 
Perrault syndrome phenotype (Szczepanowska et al. 2016).

GGPS1

GGPS1 encodes a cytosolic and perhaps mitochondrial, 
geranylgeranyl diphosphate (GGPP) synthase. There appears 
to be some colocalization of GGPS1 with ATP synthase 
beta, a marker for mitochondria (Foley et  al. 2020). In 
11 patients of six unrelated families, Foley and coauthors 
described a new syndrome manifesting with early-onset, 
progressive muscular dystrophy, likely congenital deafness 
and POI with a menopausal level of FSH (Foley et al. 2020). 
The fertility status of five deaf males in these families is 
unknown. GGPS1 is expressed in testes and reduced expres-
sion of GGPS1 is associated with infertility in men (Bae 
et al. 2019; Foley et al. 2020; Wang et al. 2013). Eight of the 
11 affected subjects had short stature and a failure to thrive. 
Exome sequencing revealed biallelic missense variants in 
GGPS1 (Fig. 1). Two unrelated individuals with Perrault 
syndrome were reported as homozygous for missense vari-
ants (R261H and N90S) of GGPS1 (Tucker et al. 2020). The 
substitutions of GGPS1 associated with Perrault syndrome 
are not located in the catalytic domain and are suggested to 
alter interactions with predicted, although presently unre-
ported, binding partners important for function of GGPS1 
in ovaries, ears and muscle (Foley et al. 2020).

LARS2

LARS2 and HARS2 are nuclear genes that encode mitochon-
drial amino acyl tRNA synthetases. To date, nine variants 
of LARS2 have been reported associated with Perrault syn-
drome (Fig. 1). LARS2 is located on human chromosome 
3p21.31 and encodes mitochondrial leucyl aminoacyl tRNA 
synthetase (Konovalova and Tyynismaa 2013). In the dis-
covery paper, the female probands had hearing loss and POI 
with normal 46, XX karyotypes. After exome sequencing, 
a homozygous missense variant (p.T522N) was segregating 
in one consanguineous family. The affected individuals in 
the other family have a compound heterozygous genotype 
for a p.T629M substitution and, in trans, a frameshift allele 
of LARS2 (c.1077delT; p.I360Ffs*15) (Fig. 1). The three 
variants of LARS2 are predicted to be damaging (Pierce et al. 
2013). At the age of 8 years, one of the probands presented 
with mild to moderate hearing loss, which was more severe 
at low frequencies (upsloping audiogram) and rapidly pro-
gressed from severe to profound deafness by 17 years of age 
at which time she was diagnosed with primary amenorrhea, 
post-menopausal high levels of LH and FSH. By ultrasound, 
her ovaries were not visualized (Pierce et al. 2013). When 
a truncated LARS2 protein is expressed in C. elegans, the 

Fig. 2  Structural models of amino acid substitutions of CLPP protein 
associated with Perrault syndrome. a Human CLPP X-ray structure 
without a ligand bound (apo) and with ONC201 bound (CLPP ring1) 
superimposed on the CLPP-CLPX complex formed by two CLPP 
rings and one heptamer of CLPX. ONC201 is shown as sticks in mus-
tard color and the CLPP heptamer corresponding to the apo structure. 
CLPP and CLPX are represented as cartoon where the superimposed 
apo CLPP (ring 1) is highlighted in a different color per protomer, 
while the remainder CLPP heptamer (ring2) and the CLPX pen-
tamer (corresponding to the CLPP-CLPX structure) are gray and red 
colored. The C-alphas of the residues mutated in Perrault syndrome 
are shown as spheres only in one of the CLPP protomers (green) 
where the residues in or close to the CLPX binding site are dark-
green colored. b Structural comparison of the interacting networks 
where C86, T135, C144 G162 and Y229 participate in the WT and 
the corresponding modelled variant. As before, the model of each 
mutant was structurally superimposed on the CLPP-CLPX complex. 
The interactions between residues are shown as dashed lines and the 
residues participating in each interacting network are shown as sticks

◂
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worms are sterile due to lack of functional germ cells (Lee 
et al. 2003; Pierce et al. 2013).

A non‐consanguineous British family presenting with 
hearing loss and infertility was ascertained and found to 
be segregating compound heterozygous variants of LARS2 
(c.1565C > A, p.T522N and a novel LARS2: c.351G > C 
p.M117I) (Demain et al. 2017). The proband and an affected 
male sibling had bilateral severe to profound hearing loss. 
The proband presented with oligomenorrhea and a 46, XX 
karyotype. Her ovaries and uterus were structurally normal 
but small. Hormone levels of the affected male were in the 
normal range, but he presented with hypospadias without 
other urogenital abnormalities. Both siblings had mild 
dysmorphic features, low set ears but without other neu-
rological features (Demain et al. 2017). Additionally, two 
variants of LARS2 (c.899C > T, p.T300M and c.1912G > A, 
p.E638K) in compound heterozygosity were reported in two 
affected siblings. The family was ascertained in Italy and the 
proband had congenital profound hearing loss, but a normal 
menarche at age 13 and premature menopause at the age of 
28 years (Solda et al. 2016).

HARS2

The HARS1 gene encodes the cytoplasmic histidyl aminoa-
cyl tRNA synthetase while the closely linked head-to-head 
HARS2 gene encodes the mitochondrial histidyl aminoacyl 
tRNA synthetase. A family was ascertained with five sib-
lings, three females presenting with Type 1 Perrault syn-
drome and two deaf males. Genome-wide linkage analy-
sis, followed by positional cloning and Sanger sequence 
screening of 58 candidate genes in a 4.1 Mb interval on 
human chromosome 5q31 identified two missense variants 
(p.V368L and p.L200V) of HARS2 (Pierce et al. 2011). 
Lymphoblasts mRNA was evaluated from one of the affected 
females. The p.L200V substitution created an alternative 
splice site deleting 12 amino acid residues in-frame (Pierce 
et al. 2011). Both wild type residues of human HARS2 are 
conserved in the yeast orthologue. In comparison to wild 
type, HARS2 purified protein with either the leucine-368 or 
valine-200 have reduced enzymatic aminoacylation activity 
(Pierce et al. 2011). Together with additional experimental 
data, a convincing case was made that the variants of HARS2 
are associated with Perrault syndrome. A total of 13 vari-
ants of HARS2 associated with Perrault syndrome have been 
reported (Fig. 1).

HSD17B4

The nascent HSD17B4 protein is an 80 kDa 736-amino 
acid polypeptide that is imported into the peroxisome and 
proteolytically cleaved into 35 kD and 45 kDa monomers. 
The monomers then assemble into two distinct homodimeric 

enzymes, respectively, a 17 beta-hydroxysteroid dehydroge-
nase catalyzing the beta-oxidation of very long-chain fatty 
acids (VLCFA) and a fatty acyl-CoA-hydratase (Baes et al. 
2000; Leenders et al. 1996). Two deaf sisters were reported 
to have short stature, intellectual disability, peripheral motor 
neuropathy and ovarian dysgenesis (Fiumara et al. 2004). 
By exome sequencing, the authors identified compound het-
erozygous variants (p.Y217C and p.Y568X) of HSD17B4, 
which was the first gene associated with Perrault syndrome 
(Pierce et al. 2010). HSD17B4 expresses multiple spliced 
transcripts. Prior to post-translation proteolytic cleavage, the 
longest HSD17B4 protein has two independent enzymatic 
active domains that catalyze two steps in the beta-oxidation 
of fatty acids (de Launoit and Adamski 1999) and at the 
carboxy-terminus there is a peroxisome targeting signal (ala-
nine-lysine-isoleucine). Peroxisomes are organelles special-
ized for catabolism of hydrogen peroxide and oxidation of 
fatty acids (Fujiki et al. 2020; Violante et al. 2019).

There are other cases of Type 2 Perrault syndrome associ-
ated with variants of HSD17B4 (Chen et al. 2017; Demain 
et al. 2017; Kim et al. 2013) for a total of 10 variants (Fig. 1). 
One or both of the Perrault syndrome-associated HSD17B4 
variants are located in 9 of its 24 exons and at least one of 
the two alleles results in an amino acid substitution in one 
of the two catalytic domains of the two HSD17B4 proteins. 
However, the majority of pathogenic variants of HSD17B4 
are not associated with Perrault syndrome, but rather with 
DBP deficiency (D-bifunctional protein), characterized by 
a severe spectrum of life-limiting neurological symptoms 
usually fatal in the first few years after birth. DBP deficiency 
was first described in two patients (Suzuki et al. 1997) exhib-
iting reduced fertility, seizures, hypotonia, loss of vision due 
to retinal atrophy and mild to severe hearing loss. Variants 
of HSD17B4 associated with Perrault syndrome (Fig. 1) are 
on the mild side of the continuum with more severe DBP-
deficiency peroxisomal disorders.

TWNK

TWINKLE is a nuclear encoded hexameric mitochon-
drial protein with primase and helicase domains essential 
for replication of the mitochondrial chromosome (Morino 
et al. 2014). Two unrelated families of Japanese ancestry 
were reported to be segregating hearing loss and ovarian 
dysgenesis as well as multiple neurological impairment, 
including progressive ataxia, axonal neuropathy, hypore-
flexia, and abnormal eye movements. Exome sequencing of 
the two affected females in each family identified a total of 
four different pathogenic variants of TWNK (c10orf2). Only 
12 variants of TWNK have been reported to date which are 
responsible for Perrault syndrome (Fig. 1) (Gotta et al. 2020; 
Oldak et al. 2017). There are additional recessive variants of 
TWNK that are associated with mtDNA depletion syndrome 
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7 (infantile-onset spinocerebellar ataxia) while progressive 
external ophthalmoplegia type 3 (PEOA3, OMIM 609286) is 
due to a different set of dominant variants of TWNK (Tyyn-
ismaa et al. 2005).

RNA‑Seq of Perrault syndrome genes 
demonstrates prominent expression 
in spiral ganglion neurons

Heatmaps of gene expression across cochlear cell types 
were generated by utilizing single-nucleus RNA-Seq data-
sets from the P30 adult mouse SV (Gu et al. 2020), single-
cell RNA-Seq datasets from P7 mouse organ of Corti (Kolla 
et al. 2020) and P25-P27 mouse spiral ganglion neurons 
(SGN) (Shrestha et al. 2018) (Fig. 3a–c). In mouse, hair cells 
exist in a postmitotic state by P0. By postnatal day seven 
(P7), hair cells are at an early stage of maturity. The onset 
of hearing in mouse occurs at approximately P12. Datasets 
were normalized using a previously published analysis pipe-
line (Gu et al. 2020). All data were scaled between 0 and 1 
using min–max scaling as described (Gu et al. 2020). Low 
levels of expression of Perrault syndrome-associated genes 
can be seen in the stria vascularis (SV) cell types includ-
ing marginal, intermediate, basal and spindle cells as well 
as the adjacent root cells and Reissner’s cell type (Fig. 3a). 
Similarly, from the P7 organ of Corti single-cell RNA-Seq 
dataset, Perrault syndrome-associated gene expression 
in inner and outer hair cells, pillar and Deiters cells show 
relatively low levels of expression of these genes except for 
Clpp, which exhibits broad low-level expression across all 
of these cell types (Fig. 3b) compared to spiral ganglion 
neurons (SGN) (Fig. 3c). Perrault syndrome-associated 
genes are ubiquitously and prominently expressed across 
all type 1 SGNs (1A, 1B, 1C) (Shrestha et al. 2018). With 
the exception of Eral1, similar expression of these genes was 
noted in type 2 SGNs. However, there are only seven type 
2 SGN single cell transcriptomes included in the dataset 
making it difficult to draw conclusions about the expression 
of these genes in type 2 SGNs. These data are consistent 
with Perrault syndrome gene expression in regions of the 
adult mouse cochlea (organ of Corti, lateral wall, and spiral 
ganglion region) from laser-capture micro-dissected adult 
mouse tissues (Nishio et al. 2017). Twnk was not found to be 
expressed amongst type 1 SGNs but is expressed in the bulk 
RNA-Seq of P8 glial cells reported by  Li and colleagues (Li 
et al. 2020) visualized in the “Neuron” datasets in gEAR 
(https:// umgear. org/p? l= fee36 0e8).

From the combined datasets in these reported RNAseq 
studies (Fig. 3), we hypothesize a common cellular patho-
physiology for Perrault syndrome. We propose that the 
pathogenic variants of the Perrault syndrome-associated 
genes discussed in this review damage essential processes in 

spiral ganglion neurons resulting in deafness. This hypoth-
esis rests on the assumption, perhaps simplistic, that a dis-
tinct high level of expression in a cell type of a complex 
organ, such as the inner ear, points towards the cell type 
where a gene serves an essential function. These RNA-Seq 
data also suggest that rehabilitation with a hearing aid or 
cochlear implant (CI) might be problematic in some Per-
rault syndrome individuals if spiral ganglion neurons are not 
functioning properly. Spiral ganglion neurons are necessary 
to transmit a CI-initiated electrical stimulation to the brain-
stem. Nevertheless, two recent reviews on this subject point 
to individuals with auditory neuropathy spectrum disorders 
(ANSD) who do benefit from cochlear implants (Eshraghi 
et al. 2020; Shearer and Hansen 2019). Benefit from a CI 
depends on the site and magnitude of the physiological 
lesion. Importantly, although these two reviews discussed 
results of cochlear implantation in ANSD, which is thought 
to be genetically heterogeneous, neither discussed the results 
of cochlear implantation in patients with genetic mutations 
in genes associated with Perrault syndrome. While data on 
CI outcomes in patients with Perrault syndrome is limited 
and mixed, some studies of patients with LARS2 variants 
indicated that these patients achieved expected hearing lev-
els from cochlear implantation (Carminho-Rodrigues et al. 
2020; Solda et al. 2016; van der Knaap et al. 2019). How-
ever, a patient was reported who failed to develop speech 
after receiving a cochlear implant at 1.5 years of age (van 
der Knaap et al. 2019). Thus, more detailed reporting of 
clinical outcomes with cochlear implantation are needed to 
identify whether specific genetic variants associated with 
Perrault syndrome will impact the ability of these patients 
to benefit from cochlear implantation. Examining the spiral 
ganglion neurons in the temporal bones from humans with 
Perrault syndrome may also help to resolve this question by 
identifying structures in the cochlea that have undergone 
degeneration, possibly revealing if and to what extent SGNs 
degenerate in the setting of Perrault syndrome.

Pleiotropic manifestations of variants 
in genes associated with Perrault syndrome

It is important to emphasize that more deleterious vari-
ants in some of the genes associated with Perrault syn-
drome can result in a more severe childhood onset clinical 
phenotype (Theunissen et al. 2016). Riley and coauthors 
reported biallelic variants of LARS2 in a neonate who died 
in the first few days of life with hydrops, lactic acidosis, 
sideroblastic anemia (HLASA), and multisystem failure 
(Riley et al. 2016). One variant in the child was shown to 
have reduced aminoacylation activity (Riley et al. 2016). 
These investigators have recently expanded this obser-
vation of severe phenotypes associated with variants of 

https://umgear.org/p?l=fee360e8
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LARS2, with the description now of three patients with a 
HLASA‐like phenotype, an individual with Perrault syn-
drome whose affected siblings also had leukodystrophy, 
and an individual with a reversible mitochondrial myo-
pathy, lactic acidosis, and developmental delay (Riley 
et al. 2020). Leukodystrophy appears to be an emerging 
clinical phenotype caused by a number of variants in genes 
associated with Perrault syndrome. Many individuals with 

variants of LARS2 and CLPP have been described with 
white matter changes and neurological features includ-
ing ataxia, intellectual disability and epilepsy (Theunis-
sen et al. 2016; van der Knaap et al. 2019). Importantly, 
complete loss of function of the genes associated with 
Perrault syndrome is likely to be incompatible with life 
and so interpretation of hypomorphic variants of uncertain 
significance is challenging.
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Genotype–phenotype correlations 
in Perrault syndrome

When the clinical phenotypes of the published individu-
als with Perrault syndrome are collated some interesting 
genotype–phenotype correlations emerge (Table 1 and 
Supplementary Table 2). Variable degrees of SNHL are 
found in affected individuals, ranging from mild-moder-
ate to profound and associated with variants in all of the 
genes, except for CLPP where the majority of individu-
als have severe to profound hearing loss. Variants of the 
Perrault syndrome genes, except for HARS2 and ERAL1, 
have been associated with evidence of neurological seque-
lae and have all resulted in more severe childhood onset 
phenotypes. This is most striking for TWNK, HSD17B4, 
CLPP and GGPS1. It is difficult to draw conclusions about 
ERAL1 due to the report of only a single disease associ-
ated variant, but biallelic variants in HARS2 do not appear 
to result in neurological problems. Therefore, based on 
the classification into Type 1 and Type 2, it appears that 
variants in all of the Perrault syndrome associated genes 
can result in either form, except for HARS2 and possibly 
ERAL1. Consistent with ascertainment biases in novel 
disease gene discovery, variants in the more recently 
described Perrault syndrome-associated genes, TWNK, 
ERAL1 and GGPS1 have been described predominantly 
in females with ovarian dysfunction as well as SNHL. It is 

likely that more males with hearing loss will be identified 
with variants in these genes.

Coincidental Perrault syndrome

There are many non-genetic causes of permanent deafness 
including ototoxic drugs and viral infections (Kros and Steyger 
2019). Nongenetic etiologies such as chemotherapy and micro-
bial infections also cause infertility (Cohen et al. 2014; Grosse 
et al. 2008). Some sporadic cases of Perrault syndrome may be 
caused in part or entirely to nongenetic etiologies. Addition-
ally, there are hundreds of genes with variants associated with 
just deafness (Griffith and Friedman 2016) and similarly there 
are many genetic variants associated with infertility (Imtiaz 
et al. 2018; Kosova et al. 2012; Zorrilla and Yatsenko 2013).

John M. Opitz suggested there may be coincidental syn-
dromes caused by the co-occurrence of more than one etiology 
for a multisystem disorder with features taken together that 
define a distinct syndrome (Opitz et al. 1979), for example, 
the combination of POI and deafness. We reported such a case 
of coincidental Perrault syndrome in a consanguineous fam-
ily (Faridi et al. 2017). The 24-year-old proband was deaf, 
presented with oligomenorrhea and had an endocrine profile 
in the reference range for post-menopausal women consistent 
with hypergonadotropic hypogonadism. After exome sequenc-
ing, the POI was associated with a homozygous frameshift 
variant of SGO2 (previous gene symbol, SGOL2). So far, there 
is only one homozygous loss of function variant of SGO2 
(c.1453_1454delGA, p.E485Kfs*5) reported in the Human 
Gene Mutation Database (HGMD). In mouse, shugoshin 2a 
encoded by Sgol2a, the orthologue of human SGO2, is essen-
tial for meiosis and its absence causes infertility in males and 
females (Llano et al. 2008; Salic et al. 2004).

While the proband’s infertility was likely due to homozy-
gous null alleles of SGO2, the profound deafness was associ-
ated with homozygosity for pathogenic variants of CLDN14 
encoding claudin 14, a member of the claudin family of tight 
junctions (Wilcox et al. 2001). In mouse, a homozygous 
knockout mutation of Cldn14 also causes deafness by partial 
loss of the cation-restrictive paracellular barrier in the organ 
of Corti and the subsequent post-natal death of hair cells (Ben-
Yosef et al. 2003). Perhaps there are other unexplained cases 
of deafness and infertility resulting from coincidental Perrault 
syndrome. Importantly, individuals classified as Perrault syn-
drome who subsequently turn out to have two independent 
genetic disorders, one causing deafness and the other POI, 
would benefit from counseling that their clinical phenotype is 
the result of more than one monogenic disorder.

Fig. 3  Cochlear localization of Perrault syndrome genes using single-
cell and single-nucleus RNA-Seq datasets to pinpoint the possible 
cell types associated with deafness in this genetically heterogenous 
disorder. Single-cell RNA-Seq datasets from the P7 mouse organ of 
Corti (Kolla et al. 2020) and P25-27 mouse spiral ganglion neurons 
(Shrestha et  al. 2018) along with a published P30 adult mouse stria 
vascularis single-nucleus RNA-seq dataset (Gu et al. 2020) were uti-
lized to identify Perrault gene expression levels in the cell types of 
the inner ear. Heatmaps display Perrault syndrome-associated genes 
along the vertical axis and cell types are grouped along the horizontal 
axis. Expression is in normalized counts scaled from 0 to 1. Higher 
expression of a gene of interest is indicated by an increasing darker 
purple color. a Heatmap of Perrault syndrome gene expression among 
P30 stria vascularis cell types including marginal, intermediate, basal, 
spindle, root, and Reissner’s membrane cells, as well as macrophages. 
Note the low level of expression of these genes across the stria vas-
cularis. b Heatmap of Perrault syndrome gene expression among 
cell types in the P7 organ of Corti including inner hair cells (IHC), 
outer hair cells (OHC), pillar cells, and Deiters cells. Note the low 
level of expression of Clpp in these cell types in the organ of Corti. 
c Heatmap of Perrault syndrome gene expression among type 1 (1A, 
1B, and 1C) and type 2 spiral ganglion neurons (SGN). Note that the 
prominent expression of these Perrault syndrome-associated genes 
across all SGN types suggests the hypothesis that the hearing loss for 
variants of the majority of Perrault syndrome genes is related to dys-
functional SGNs

◂
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Features of Perrault syndrome can be part 
of a multisystem disorder

RMND1 is a nuclear encoded mitochondrial protein involved 
in the translation of mitochondrial encoded respiratory chain 
proteins (Broenen et al. 2019). Biallelic variants in RMND1 
were initially described to result in a severe childhood disor-
der of encephalopathy associated with defective mitochondrial 
translation (Janer et al. 2012). Subsequent reports expanded the 
phenotype to include hearing loss and renal defects as key clini-
cal features (Ng et al. 2016). We described a family segregating 
a known pathogenic variant in RMND1: c.713A > G, p.N238S 
with clinical features of Perrault syndrome and distal renal 
tubular acidosis (Demain et al. 2018) (Fig. 1). This association 
between RMND1 and features of Perrault syndrome with renal 
impairment has been replicated recently (Ozieblo et al. 2020).

Biallelic loss of function variants in the gene PEX1 and PEX6 
are associated with the fatal peroxisomal disorder Zellweger syn-
drome. Hypomorphic variants in these genes result in a milder 
phenotype characterized by amelogenesis imperfecta, retinal 
dysfunction and SNHL (Ratbi et al. 2015). Recently an indi-
vidual with SNHL, POI, retinitis pigmentosa and leukodystophy 
was reported to be compound heterozygous for c.2356C > T, 
p.R786W and c.371 T > C, p.L124P in PEX6 (Tucker et al. 2020). 
This further shows the clinical overlap between peroxisomal dys-
function including HSD17B4 and dysfunction of mitochondrial 
translation evident in other individuals with Perrault syndrome. 
In light of this finding, it will be important to assess the ovarian 
reserve in woman identified to have biallelic hypomorphic vari-
ants in PEX1, PEX6 and other peroxisomal genes.

Therapeutic options

Treatment for individuals with Perrault syndrome is sympto-
matic. Presently, there are no specific therapeutic approaches 
based on genotype. Dependent on the degree of impairment, 

restoring hearing capacity is either through hearing aids or 
cochlear implantation. Anecdotal evidence suggests that coch-
lear implantation is effective. Eventually otolaryngologists will 
be able to provide personalized gene therapies to correct either 
one or both copies of the recessive variant allele or provide a 
wild-type transgene to compensate for the difunctional endog-
enous gene. A pediatric endocrinologist may treat the primary 
amenorrhea with estrogen replacement to induce secondary 
sexual characteristics. The degree of residual ovarian function 
in women with POI is variable and despite reduced ovarian 
reserve, some women with Perrault syndrome may experi-
ence spontaneous ovulation, resulting in conception and live 
birth (Jenkinson et al. 2013). In vitro fertilization (IVF) with 
autologous oocytes is an effective treatment for women with 
POI when the residual ovarian reserve is sufficient for ovarian 
stimulation (Chae-Kim and Gavrilova-Jordan 2018). Oocyte 
cryopreservation should be considered in young women with 
Perrault syndrome with ovarian reserve who wish to defer 
starting a family. In contrast, women with follicular depletion, 
diminished ovarian reserve and clinical hypoestrogenism can 
benefit from IVF with donor oocytes.

Conclusions

Perrault syndrome is a complex genetically and clinically 
heterogeneous condition. Recent work has expanded the 
clinical phenotype to encompass more severe childhood 
onset presentations with multisystem metabolic and neuro-
logical features. The dysfunction of mitochondrial protein 
translation underlying the pathogenesis of most cases of Per-
rault syndrome provides important insight into the role of 
this pathway in the normal development of hearing function 
and offers opportunities for therapeutic intervention.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00439- 021- 02319-7.

Table 1  Summary of 
clinical features in published 
molecularly defined individuals 
with Perrault syndrome

m-m mild to moderate; m-s moderate to severe; s-p severe to profound sensorineural hearing loss. NR not 
recorded

Gene Sex (Female:Male) Degree of sensorineural 
hearing loss (m-m: m-s: 
s-p)

Gonadal 
dysfunction 
present:NR

Neurological fea-
tures present:absent/
NR

CLPP 15:10 0:4:13 (8 NR) 12:13 13:12
ERAL1 3:1 NR 3:1 0:4
GGPS1 3:0 NR 2:1 3:0
HARS2 9:8 (1 NR) 4:6:8 8:10 0:18
HSD17B4 5:2 2:4:1 3:4 6:1
LARS2 13:10 6:3:7 (5 NR) 11:12 5:18
RMND1 3:0 0:1:2 3:0 0:3
TWNK (C10orf2) 5:0 1:1:1 (2 NR) 5:0 5:0

https://doi.org/10.1007/s00439-021-02319-7
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CLPP.  NM_006012.2 Nucleotide change protein Phenotype Reference

c.173T>G p.L58R Hearing loss Brownstein (2020) Clin Genet 98, 353

c.233G>C p.R78P Hearing loss Brownstein (2020) Clin Genet 98, 353

c.425C>T p.P142L Perrault syndrome Theunissen (2016) Front Neurol 7, 203

c.430T>C p.C144R Perrault syndrome Demain (2017) Clin Genet 91, 302

c.433A>C p.T145P Perrault syndrome Jenkinson (2013) Am J Hum Genet 92, 605

c.439T>A p.C147S Perrault syndrome Lerat (2016) Hum Mutat 37, 1354

c.440G>C p.C147S Perrault syndrome Jenkinson (2013) Am J Hum Genet 92, 605

c.484G>A p.G162S Perrault syndrome Theunissen (2016) Front Neurol 7, 203

c.624C>G p.I208M Perrault syndrome type-3 Dursun (2016) J Clin Res Pediatr Endocrinol 8, 472

c.685T>G p.Y229D Perrault syndrome type-3 Ahmed (2015) J Neurol Sci 353, 149

c.270+3G>T Hearing loss Abu Rayyan (2020) Proc Natl Acad Sci U S A 117, 20070

c.270+4A>G Perrault syndrome Jenkinson (2013) Am J Hum Genet 92, 605

c.661G>A Microcephaly, deafness, and severe psychomotor retardation Kremer (2017) Nat Commun 8, 15824

c.21delA p.(A10Pfs*117) Perrault syndrome type-3 Theunissen (2016) Front Neurol 7, 203

gDNA: incl. ex. 3-4 Not yet available Perrault syndrome Theunissen (2016) Front Neurol 7, 203

gDNA: incl. ex. 3-6 Not yet available Perrault syndrome Theunissen (2016) Front Neurol 7, 203
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ERAL1.  NM_005702.3 Nucleotide change protein Phenotype Reference

c.707A>T p.N236I Perrault syndrome Chatzispyrou (2017) Hum Mol Genet 26, 2541

HARS2. NM_012208.3 Nucleotide change Protein Phenotype Reference

c.72C>A p.C24* Hearing loss, sensorineural Demain (2020) J Hum Genet 65, 305

c.137T>A p.L46Q Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

c.172A>G p.K58E Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

c.259C>T p.R87C Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

c.413G>A p.R138H Hearing loss, sensorineural Demain (2020) J Hum Genet 65, 305

c.448C>T p.R150C Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

c.598C>G p.L200V Perrault syndrome Pierce (2011) Proc Natl Acad Sci U S A 108, 6543

c.647G>A p.R216Q Deafness, autosomal recessive Zou (2020) Clin Genet 97, 352

c.697C>T p.R233C Deafness, autosomal recessive Zou (2020) Clin Genet 97, 352

c.980G>A p.R327Q Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

c.1010A>G p.Y337C Perrault syndrome Lerat (2016) Hum Mutat 37, 1354

c.1102G>T p.V368L Perrault syndrome Pierce (2011) Proc Natl Acad Sci U S A 108, 6543

c.1439G>A p.R480H Hearing loss, sensorineural Demain (2020) J Hum Genet 65, 305

c.828delTinsGTATCCCTAGTATTTCTACTA Hearing loss, sensorineural Demain (2020) J Hum Genet 65, 305
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HSD17B4  NM_000414.3 Nucleotide change Protein Phenotype Reference

c.43A>G p.T15A D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.46G>A p.G16S D-bifunctional protein deficiency van Grunsven (1998) Proc Natl Acad Sci U S A 95, 2128

c.50C>T p.A17V D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.63G>T p.L21F D-bifunctional protein deficiency van Grunsven (1999) Am J Hum Genet 64, 99

c.71C>T p.A24V D-bifunctional protein deficiency Sawyer (2014) Hum Mutat 35, 45

c.76G>C p.A26P D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.101C>T p.A34V D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.216C>A p.N72K D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.244G>T p.V82F Perrault syndrome Demain (2017) Clin Genet 91, 302

c.293A>G p.N98S D-bifunctional protein deficiency Amor (2016) Neurol Genet 2, 114

c.298G>T p.A100S Perrault syndrome, type II Chen (2017) BMC Med Genet 18, 91

c.311G>T p.R104M D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.317G>A p.R106H Premature ovarian failure Lee (2016) Genomics 108, 209

c.317G>C p.R106P D-bifunctional protein deficiency Nakano (2001) J Pediatr 139, 865

c.367C>G p.H123D Neuropathy Abouelhoda (2016) Genet Med 18, 1244

c.367C>T p.H123Y Hypotony, seizures, and suspicion of muscular dystrophy Pronicka (2016) J Transl Med 14, 174

c.377G>T p.G126V D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.394C>T p.R132W D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.430G>A p.G144R Peroxisomal biogenesis disorder Alshenaifi (2019) Clin Genet 95, 310

c.458C>T p.S153L D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.472A>G p.N158D D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.485C>A p.A162D D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.523G>A p.A175T D-bifunctional protein deficiency Matsukawa (2017) J Neurol Sci 372, 6

c.526A>G p.N176D Neuropathy Abouelhoda (2016) Genet Med 18, 1244

c.530C>T p.S177F D-bifunctional protein deficiency Moller (2001) Mol Cell Endocrinol 171, 61

c.587C>T p.A196V D-bifunctional protein deficiency with male infertility Lieber (2014) BMC Med Genet 15, 30

c.650A>G p.Y217C Perrault syndrome Pierce (2010) Am J Hum Genet 87, 282

c.652G>T p.V218L D-bifunctional protein deficiency Moller (2001) Mol Cell Endocrinol 171, 61

c.661C>T p.L221F D-bifunctional protein deficiency Amor (2016) Neurol Genet 2, 114

c.672G>A p.W224* D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.680A>G p.H227R D-bifunctional protein deficiency Amor (2016) Neurol Genet 2, 114

c.694G>A p.E232K D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.710T>C p.F237S D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.721G>A p.A241T D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.725G>A p.G242E D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.742C>T p.R248C D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.745T>G p.W249G D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.819G>T p.W273C D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.823A>T p.K275* D-bifunctional protein deficiency Bell (2011) Sci Transl Med 3, 65ra4

c.865C>T p.Q289* Peroxisomal biogenesis disorder Alshenaifi (2019) Clin Genet 95, 310

c.1042G>A p.A348T D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.1052T>G p.V351G D-bifunctional protein deficiency Dib (2008) J Pediatr Neurol 6 357

c.1097A>G p.E366G D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.1132G>A p.G378R Perrault syndrome with neurologic features Marelli (2016) Hum Mutat 37, 1340

c.1132G>T p.G378* D-bifunctional protein deficiency Amor (2016) Neurol Genet 2, 114

c.1148A>G p.Q383R D-bifunctional protein deficiency Farkas (2018) Pediatr Neurol ,

c.1214T>C p.L405P D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.1369A>G p.N457D D-bifunctional protein deficiency van Grunsven (1999) Hum Mol Genet 8, 1509

c.1369A>T p.N457Y D-bifunctional protein deficiency van Grunsven (1999) Hum Mol Genet 8, 1509

c.1417C>T p.R473W Arthrogryposis Pehlivan (2019) Am J Hum Genet 105, 132

c.1516C>T p.R506C D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.1517G>A p.R506H D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.1528G>T p.D510Y D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.1537C>A p.P513T D-bifunctional protein deficiency Sawyer (2014) Hum Mutat 35, 45

c.1545C>G p.H515Q Peroxisome biogenesis disorder Shaheen (2011) Clin Genet 79, 60

c.1547T>C p.I516T D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.1574G>T p.G525V D-bifunctional protein deficiency Mizumoto (2012) Pediatr Int 54, 303

c.1586C>T p.P529L D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.1595A>G p.H532R D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112
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c.1597G>C p.G533R D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.1628G>C p.R543P D-bifunctional protein deficiency Sawyer (2014) Hum Mutat 35, 45

c.1675A>G p.I559V Premature ovarian failure Lee (2016) Genomics 108, 209

c.1685G>A p.R562H Increased activity Tsuchida (2015) Mol Genet Metab Rep 2, 41

c.1685G>T p.R562L Increased activity Tsuchida (2015) Mol Genet Metab Rep 2, 41

c.1704T>A p.Y568* Perrault syndrome Pierce (2010) Am J Hum Genet 87, 282

c.1972G>T p.G658* D-bifunctional protein deficiency Mizumoto (2012) Pediatr Int 54, 303

c.2029C>T p.Q677* D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.2203A>G p.K735E Peroxisomal targeting motif, loss of function Chong (2019) Int J Mol Sci 20,

c.2207T>A p.L736H Peroxisome biogenesis disorder Shaheen (2011) Clin Genet 79, 60

IVS1 ds G-A +1 c.58+1G>A D-bifunctional protein deficiency Amor (2016) Neurol Genet 2, 114

IVS5 ds G-C +1 c.302+1G>C D-bifunctional protein deficiency Paton (2002) Prenat Diagn 22, 38

IVS13 as C-G -11 c.1210-11C>G D-bifunctional protein deficiency/Perrault syndrome, type 1 Meng (2017) JAMA Pediatr 171, 173438

IVS20 ds G-A -1 c.1767G>A Hearing loss Abu Rayyan (2020) Proc Natl Acad Sci U S A 117, 20070

c.45delC p.G16Afs*20 D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.130delG p.D44Tfs*10 D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.186_187delAA p.I62Mfs*12 D-bifunctional protein deficiency Amor (2016) Neurol Genet 2, 114

c.233_235delAAG p.E78del D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.302+3_302+6delGAGT Not yet available D-bifunctional protein deficiency Khromykh (2015) Mol Syndromol 6, 141

c.423_424delGA p.K142Vfs*23 D-bifunctional protein deficiency van Grunsven (1999) Am J Hum Genet 64, 99

c.788delC p.P263Qfs*2 D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.824_826delAGA p.K275del D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.869_881del13 p.E290Vfs*2 D-bifunctional protein deficiency van Grunsven (1999) Am J Hum Genet 64, 99

c.936_937delTA p.T313* D-bifunctional protein deficiency/Perrault syndrome, type 1 Meng (2017) JAMA Pediatr 171, 173438

c.2130delT p.F710Lfs*5 Peroxisomal biogenesis disorder Alshenaifi (2019) Clin Genet 95, 310

c.941dupG p.(S314Rfs*53 D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.973-9_973-1dupTGTTCTTAG Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.281-1_622+1del3318 p.V95_D208del Oligohydramnios Gambin (2017) Nucleic Acids Res 45, 1633

138 bp nt. 145 to E3I3+63 Not yet available D-bifunctional protein deficiency Ferdinandusse (2002) Am J Hum Genet 70, 1589

c.281_302del22 p.D94Efs*3 D-bifunctional protein deficiency Moller (2001) Mol Cell Endocrinol 171, 61

c.974_1209+1del237 p.A325Gfs*12 D-bifunctional protein deficiency Suzuki (1997) Am J Hum Genet 61, 1153

3.64 Mb incl. entire gene + 9 others Not yet available Cerebellar hypoplasia Sajan (2013) PLoS Genet 9, e1003823

c.281_622del3316 p.V95_D208del D-bifunctional protein deficiency van Grunsven (1999) Am J Hum Genet 64, 99

c.303_349del47 p.I102Yfs*48 D-bifunctional protein deficiency Moller (2001) Mol Cell Endocrinol 171, 61

c.1212_1261+2del52 p.L405Kfs*5 D-bifunctional protein deficiency Suzuki (1997) Am J Hum Genet 61, 1153

c.1441_1503+3del66 p.V482_A502del D-bifunctional protein deficiency van Grunsven (1999) Am J Hum Genet 64, 99

c.715-1207, ex. 10-13 Not yet available D-bifunctional protein deficiency with male infertility Lieber (2014) BMC Med Genet 15, 30

n. 1262-1333 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

nt. 113-220 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

nt. 1210-1333 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

nt. 1936-1993 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

nt. 221-280 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

nt. 230-289 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

nt. 435-622 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

nt. 623-714 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

nt. 715-1261 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

nt. 740-868 Not yet available D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

65 bp nt.112_113 D-bifunctional protein deficiency Ferdinandusse (2006) Am J Hum Genet 78, 112

c.280+3del16ins99 Peroxisome biogenesis disorder Shaheen (2011) Clin Genet 79, 60
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LARS   NM_015340.3 Nucleotide change Protein Reported phenotype Reference

c.308G>A p.R103H Myopathy, lactic acidosis and developmental delay Riley (2020) Hum Mutat 41, 1425

c.351G>C p.M117I Perrault syndrome Demain (2017) Clin Genet 91, 302

c.371A>T p.N124I Intellectual disability Chérot (2018) Clin Genet 93, 567

c.388G>A p.A130T Hydrops, lactic acidosis, sideroblastic anaemia & multisystem failure Lunke (2020) JAMA 323, 2503

c.440A>C p.Q147P Sensorineural hearing loss Riley (2020) Hum Mutat 41, 1425

c.457A>C p.N153H Intellectual disability Anazi (2017) Mol Psychiatry 22, 615

c.516G>T p.R172S Leukodystrophy van der Knaap (2019) Neurology 92, e1225

c.683G>A p.R228H Hearing impairment Zazo Seco (2017) Eur J Hum Genet 25, 308

c.880G>A p.E294K Hearing impairment Zazo Seco (2017) Eur J Hum Genet 25, 308

c.899C>T p.T300M Perrault syndrome Soldà (2016) J Hum Genet 61, 295

c.972C>A p.H324Q Diabetes, type 2, risk, association with 't Hart (2005) Diabetes 54, 1892

c.1028C>T p.T343M Leukodystrophy van der Knaap (2019) Neurology 92, e1225

c.1120A>C p.I374L Leukodystrophy van der Knaap (2019) Neurology 92, e1225

c.1237G>A p.E413K Perrault syndrome Tucker (2020) Hum Genet 139, 1325

c.1249A>G p.M417V Perrault syndrome Zafar et al., 2020

c.1289C>T p.A430V Hydrops, lactic acidosis, sideroblastic anaemia & multisystem failure Riley (2016) JIMD Rep 28, 49

c.1313A>G p.D438G Hydrops, lactic acidosis, sideroblastic anaemia & multisystem failure Riley (2020) Hum Mutat 41, 1425

c.1358G>A p.R453Q Perrault syndrome Lerat (2016) Hum Mutat 37, 1354

c.1552G>A p.D518N Myopathy, lactic acidosis and developmental delay Riley (2020) Hum Mutat 41, 1425

c.1556C>T p.T519M Perrault syndrome, type II Kosaki (2018) Am J Med Genet A 176, 404

c.1565C>A p.T522N Perrault syndrome Pierce (2013) Am J Hum Genet 92, 614

c.1607C>T p.P536L Sensorineural hearing loss Riley (2020) Hum Mutat 41, 1425

c.1784C>A p.A595D Hydrops, lactic acidosis, and sideroblastic anemia/Perrault syndrome 4 Liu (2019) N Engl J Med 380, 2478

c.1886C>T p.T629M Perrault syndrome Pierce (2013) Am J Hum Genet 92, 614

c.1912G>A p.E638K Perrault syndrome Soldà (2016) J Hum Genet 61, 295

c.1947C>A p.D649E Mitochondrial dysfunction / disease Nogueira (2019) Mitochondrion ,

c.1987C>T p.R663W Intellectual disability Chérot (2018) Clin Genet 93, 567, Tucker (2020) Hum Genet 139: 1325

c.2099C>T p.T700I Hydrops, lactic acidosis, sideroblastic anaemia & multisystem failure Lunke (2020) JAMA 323, 2503

c.2134C>T p.P712S Neu-Laxova syndrome Maddirevula (2020) Genome Biol 21, 145

c.2269A>T p.M757L Hydrops, lactic acidosis, and sideroblastic anemia/Perrault syndrome 4 Liu (2019) N Engl J Med 380, 2478

c.2572C>A p.Q858K Mitochondrial dysfunction / disease Nogueira (2019) Mitochondrion ,

c.462delT p.K155Nfs*3 Leukodystrophy van der Knaap (2019) Neurology 92, e1225

c.1077delT p.I360Ffs*15 Perrault syndrome Pierce (2013) Am J Hum Genet 92, 614
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TWNK  NM_021830.4 Nucleotide change Protein Phenotype Reference

c.85C>T p.R29* Cholestatic liver disease in infancy Goh (2012) J Pediatr Gastroenterol Nutr 54, 291

c.205A>T p.I69F Intellectual disability Alkhateeb (2016) Metab Brain Dis 31, 901

c.247C>T p.P83S Spinocerebellar ataxia, infantile onset Hartley (2012) Case Rep Pediatr 2012, 303096

c.316A>G p.K106E Encephalopathy, abnormal movements, deafness & axonal neuropathy Bouchereau (2016) JIMD Rep 29, 109

c.341T>G p.M114R Progressive external ophthalmoplegia Lehmann (2016) Neurol Genet 2, e113

c.649C>T p.R217* Mitochondrial DNA depletion syndrome Hu (2018) Genet Med 20, 1045

c.709A>G p.T237A Ataxia, infantile onset with hearing loss Faruq (2014) Clin Genet 86, 335

c.716C>A p.P239H Cerebellar ataxia (metabolic presentation) Coutelier (2018) JAMA Neurol 75, 591

c.743T>C p.F248S Perrault syndrome with neurologic features Gotta (2020) Ann Hum Genet 84, 417

c.793C>T p.R265C Perrault syndrome with neurologic features Lerat (2016) Hum Mutat 37, 1354

c.794G>A p.R265H Perrault syndrome Duan (2019) Zhonghua Yi Xue Yi Chuan Xue Za Zhi 36, 577

c.854G>A p.R285Q Mitochondrial DNA depletion syndrome Sukhudyan (2019) Eur J Paediatr Neurol ,

c.874C>A p.P292T Intellectual disability Hu (2019) Mol Psychiatry 24, 1027

c.904C>T p.R302W Spinocerebellar ataxia, hearing loss, optic atrophy, peripheral neuropathy & hypergonadotropic hypogonadism Pierce (2016) Cold Spring Harb Mol Case Stud 2, a001107

c.908G>A p.R303Q Progressive external ophthalmoplegia Van Hove (2009) Am J Med Genet A 149A, 861

c.907C>T p.R303W Progressive external ophthalmoplegia Agostino (2003) Neurology 60, 1354

c.938G>A p.R313Q Neurology, pediatric Vissers (2017) Genet Med 19, 1055

c.944G>T p.W315L Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.944G>C p.W315S Progressive external ophthalmoplegia Virgilio (2008) J Neurol 255, 1384

c.952G>A p.A318T Encephalopathy, early-onset Hakonen (2007) Brain 130, 3032

c.955A>G p.K319E Progressive external ophthalmoplegia Hudson (2005) Neurology 64, 371

c.956A>C p.K319T Progressive external ophthalmoplegia Deschauer (2003) Neurobiol Dis 13, 568

c.968G>A p.R323Q Perrault syndrome with neurologic features Demain (2017) Clin Genet 91, 302

c.985C>T p.R329* Dystonia, generalised Zhu (2020) Clin Neurophysiol 131, 1453

c.1001G>A p.R334Q Progressive external ophthalmoplegia Agostino (2003) Neurology 60, 1354

c.1001G>C p.R334P Progressive external ophthalmoplegia Virgilio (2008) J Neurol 255, 1384

c.1004C>T p.P335L Progressive external ophthalmoplegia Lewis (2002) J Neurol Sci 201, 39

c.1003C>A p.P335T Mitochondrial DNA depletion syndrome, type 7 Nair (2018) Mol Genet Genomic Med 6, 1041

c.1061G>C p.R354P Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.1070G>C p.R357P Ocular myopathy Rivera (2007) Neuromuscul Disord 17, 677

c.1075G>A p.A359T Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.1084G>C p.A362P Progressive external ophthalmoplegia Fratter (2010) Neurology 74, 1619

c.1087T>C p.W363R Mitochondrial disease Theunissen (2018) Front Genet 9, 400

c.1088G>T p.W363L Progressive external ophthalmoplegia Fratter (2010) Neurology 74, 1619

c.1100T>C p.I367T Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.1102G>A p.V368I Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.1105T>C p.S369P Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.1106C>A p.S369Y Progressive external ophthalmoplegia Lewis (2002) J Neurol Sci 201, 39

c.1109T>G p.F370C Progressive external ophthalmoplegia Fratter (2010) Neurology 74, 1619

c.1110C>A p.F370L Progressive external ophthalmoplegia Jeppesen (2008) Neuromuscul Disord 18, 306

c.1121G>A p.R374Q Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.1120C>T p.R374W Dementia, late-onset Echaniz-Laguna (2010) Neurogenetics 11, 21

c.1133T>C p.L378P Progressive external ophthalmoplegia Ronchi (2011) J Neurol Sci 308, 173

c.1142T>C p.L381P Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.1163C>T p.A388V Spinocerebellar ataxia, infantile onset Dai (2019) Zhonghua Er Ke Za Zhi 57, 211

c.1172G>A p.R391H Perrault syndrome with neurologic features Morino (2014) Neurology 83, 2054

c.1181G>A p.R394H Encephalopathy, abnormal movements, deafness & axonal neuropathy Bouchereau (2016) JIMD Rep 29, 109

c.1183T>C p.F395L Mitochondrial DNA depletion syndrome Prasad (2013) Mol Genet Metab 108, 190

c.1186C>T p.P396S Mitochondrial DNA depletion syndrome, hepatocerebral Li (2019) BMC Med Genet 20,

c.1190A>G p.D397G Mitochondrial DNA depletion syndrome Stalke (2018) Clin Genet 93, 665

c.1196A>G p.N399S Perrault syndrome with neurologic features Demain (2017) Clin Genet 91, 302

c.1198C>T p.R400C Complex I deficiency Calvo (2010) Nat Genet 42, 851

c.1267A>T p.T423S Progressive external ophthalmoplegia Horga (2014) Brain 137, 3200

c.1277G>A p.S426N Progressive external ophthalmoplegia Virgilio (2008) J Neurol 255, 1384

c.1287C>T p.A429= Reduced expression Nikali (2005) Hum Mol Genet 14, 2981

c.1306G>A p.G436R Ataxia Neveling (2013) Hum Mutat 34, 1721

c.1306G>C p.G436R Cerebellar ataxia van de Warrenburg (2016) Eur J Hum Genet 24, 1460

c.1319T>C p.L440P Spinocerebellar ataxia, infantile onset Dai (2019) Zhonghua Er Ke Za Zhi 57, 211
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c.1321T>G p.W441G Perrault syndrome with neurologic features Morino (2014) Neurology 83, 2054

c.1342A>G p.N448D Progressive external ophthalmoplegia Hong (2009) Muscle Nerve 41, 92

c.1358G>A p.R453Q Perrault syndrome Fekete (2019) BMC Med Genet 20,

c.1364T>C p.M455T Progressive external ophthalmoplegia & orthostatic tremor Milone (2013) JAMA Neurol 70, 1429

c.1363A>G p.M455V Progressive external ophthalmoplegia Lehmann (2016) Neurol Genet 2, e113

c.1366C>G p.L456V Spinocerebellar ataxia, infantile onset Dündar (2012) Pediatr Neurol 46, 172

c.1370C>T p.T457I Mitochondrial DNA depletion syndrome Sarzi (2007) Ann Neurol 62, 579

c.1374G>T p.Q458H Progressive external ophthalmoplegia Fratter (2010) Neurology 74, 1619

c.1379C>G p.A460G Progressive external ophthalmoplegia Fratter (2010) Neurology 74, 1619

c.1378G>C p.A460P Progressive external ophthalmoplegia Fratter (2010) Neurology 74, 1619

c.1388G>A p.R463Q Spinocerebellar ataxia, infantile onset Dai (2019) Zhonghua Er Ke Za Zhi 57, 211

c.1387C>T p.R463W Spinocerebellar ataxia, infantile onset Hartley (2012) Case Rep Pediatr 2012, 303096

c.1422G>T p.W474C Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.1421G>C p.W474S Progressive external ophthalmoplegia Virgilio (2008) J Neurol 255, 1384

c.1424C>A p.A475D Progressive external ophthalmoplegia Fratter (2010) Neurology 74, 1619

c.1423G>C p.A475P Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223

c.1423G>A p.A475T Progressive external ophthalmoplegia Liu (2008) Hum Genet 123 109

c.1433T>G p.F478C Progressive external ophthalmoplegia Berardo (2012) Neurol Arg 04 157

c.1432T>A p.F478I Progressive external ophthalmoplegia Virgilio (2008) J Neurol 255, 1384

c.1435G>A p.E479K Progressive external ophthalmoplegia Virgilio (2008) J Neurol 255, 1384

c.1455C>A p.F485L Progressive external ophthalmoplegia Kiechl (2004) J Neurol Neurosurg Psychiatry 75, 1125

c.1460C>T p.T487I Spinocerebellar ataxia, infantile onset Park (2014) Neurogenetics 15, 171

c.1495G>T p.D499Y Blepharospasm, benign essential Dong (2019) Front Neurol 10,

c.1502T>C p.M501T Cerebellar ataxia (metabolic presentation) Coutelier (2018) JAMA Neurol 75, 591

c.1519G>A p.V507I Perrault syndrome with neurologic features Morino (2014) Neurology 83, 2054

c.1523A>G p.Y508C Spinocerebellar ataxia, infantile onset Nikali (2005) Hum Mol Genet 14, 2981

c.1609T>C p.Y537H Progressive external ophthalmoplegia Ronchi (2011) J Neurol Sci 308, 173

c.1754A>G p.N585S Perrault syndrome with neurologic features Morino (2014) Neurology 83, 2054

c.1802G>A p.R601Q Perrault syndrome with neuro-audiological features Ołdak (2017) J Transl Med 15, 25

c.1844G>C p.G615A Mitochondrial DNA depletion syndrome, hepatocerebral Li (2019) BMC Med Genet 20,

c.1853C>T p.P618L Mitochondrial DNA depletion syndrome Alfares (2017) Mol Genet Metab 121, 91

c.1886C>T p.S629F Perrault syndrome with neurologic features Domínguez-Ruiz (2019) J Transl Med 17, 290

c.1964G>A p.G655D Progressive external ophthalmoplegia Paramasivam (2015) Mitochondrion 26, 81

c.1485-1G>A Spinocerebellar ataxia, infantile onset Park (2014) Neurogenetics 15, 171

c.257_258delAG p.E86Vfs*19 Spinocerebellar ataxia, infantile onset Dai (2019) Zhonghua Er Ke Za Zhi 57, 211

c.333delT p.L112Sfs*3 Spinocerebellar ataxia, hearing loss, optic atrophy, peripheral neuropathy & hypergonadotropic hypogonadism Pierce (2016) Cold Spring Harb Mol Case Stud 2, a001107

c.1462_1463delTT p.F488Pfs*21 Abnormality of the nervous system Retterer (2016) Genet Med 18, 696

c.1078_1079delCTinsGG p.L360G Progressive external ophthalmoplegia & multisystem failure Bohlega (2009) Neuromuscul Disord 19, 845

39 bp nt. 1053-1072 a.a. 352-364 Progressive external ophthalmoplegia Spelbrink (2001) Nat Genet 28, 223
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GGPS1  NM_001037277.1 Nucleotide change Protein Phenotype Reference

c.43C>T p.P15S Muscular dystrophy, early-onset, with sensorineural hearing loss and primary ovarian insufficiency Foley (2020) Ann Neurol 88, 332

c.269A>G p.N90S Perrault syndrome Tucker (2020) Hum Genet 139, 1325

c.562G>T p.D188Y Femoral fractures, atypical Roca-Ayats (2017) N Engl J Med 376, 1794

c.770T>G p.F257C Muscular dystrophy, early-onset, with sensorineural hearing loss Foley (2020) Ann Neurol 88, 332

c.776A>G p.Y259C Muscular dystrophy, early-onset, with sensorineural hearing loss and primary ovarian insufficiency Foley (2020) Ann Neurol 88, 332

c.781C>G p.R261G Muscular dystrophy, early-onset, with sensorineural hearing loss and primary ovarian insufficiency Foley (2020) Ann Neurol 88, 332

c.782G>A p.R261H Muscular dystrophy, early-onset, with sensorineural hearing loss and primary ovarian insufficiency Foley (2020) Ann Neurol 88, 332
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Gene and RefSeq Variant cDNA of longest transcript Variant predicted protein change of longest isoform Phenotype Relevant references or source

CLPP.  NM_006012.2 c.425C>T p.P142L Perrault syndrome Theunissen (2016) Front Neurol 7, 203

c.430T>C p.C144R Perrault syndrome Demain (2017) Clin Genet 91, 302

Jenkinson (2013) Am J Hum Genet 92, 605

Brodie (2018) Sci Rep 8: 12862 [Functional characterisation]

Lerat (2016) Hum Mutat 37, 1354

Brodie (2018) Sci Rep 8: 12862 [Functional characterisation]

Tucker (2020) Hum Genet 139: 1325 [Additional case report]

Jenkinson (2013) Am J Hum Genet 92, 605

Lerat (2016) Hum Mutat 37: 1354 [Additional case report]

c.484G>A p.G162S Perrault syndrome Theunissen (2016) Front Neurol 7, 203

c.624C>G p.I208M Perrault syndrome type-3 Dursun (2016) J Clin Res Pediatr Endocrinol 8, 472

Ahmed (2015) J Neurol Sci 353, 149

Brodie (2018) Sci Rep 8: 12862 [Functional characterisation]

IVS2 ds A-G +4 c.270+4A>G Perrault syndrome Jenkinson (2013) Am J Hum Genet 92, 605

Theunissen (2016) Front Neurol 7, 203

Theunissen (2018) Front Genet 9: 400 [Additional report]

incl. ex. 3-4 Not yet available Perrault syndrome

incl. ex. 3-6 Not yet available Perrault syndrome

ERAL1.  NM_005702.3 c.707A>T p.N236I Perrault syndrome Chatzispyrou (2017) Hum Mol Genet 26, 2541

HARS2 NM_012208.3 c.137T>A p.L46Q Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

c.172A>G p.K58E Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

c.259C>T p.R87C Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

c.448C>T p.R150C Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

c.598C>G p.L200V Perrault syndrome Pierce (2011) Proc Natl Acad Sci U S A 108, 6543

c.980G>A p.R327Q Perrault syndrome Karstensen (2020) Eur J Med Genet 63,

Lerat (2016) Hum Mutat 37, 1354

Yang (2018) J Assist Reprod Genet : [Additional phenotype]

c.1102G>T p.V368L Perrault syndrome Pierce (2011) Proc Natl Acad Sci U S A 108, 6543

HSD17B4  NM_000414.3 c.244G>T p.V82F Perrault syndrome

c.298G>T p.A100S Perrault syndrome, type II Chen (2017) BMC Med Genet 18, 91

c.317G>A p.R106H Premature ovarian failure Lee (2016) Genomics 108, 209

c.244G>T p.V182F Perrault syndrome Chen et al., 2017

c.650A>G p.Y217C Perrault syndrome Pierce (2010) Am J Hum Genet 87, 282

c.1675A>G p.I559V Premature ovarian failure Lee (2016) Genomics 108, 209

c.1704T>A p.Y568* Perrault syndrome Pierce (2010) Am J Hum Genet 87, 282

c.1010A>G p.Y337C Perrault syndrome

c.21delA p.(A10Pfs*117) Perrault syndrome type-3

c.440G>C p.C147S Perrault syndrome

c.685T>G p.Y229D Perrault syndrome type-3

c.433A>C p.T145P Perrault syndrome

c.439T>A p.C147S Perrault syndrome



Supplementary Table 1 - Perrault variants (continued) 

 

 

 

 

LARS  NM_015340.3 c.351G>C p.M117I Perrault syndrome Demain (2017) Clin Genet 91, 302

c.880G>A p.E294K Perrault syndrome Zerkaoui et al., 2017

c.899C>T p.T300M Perrault syndrome Soldà (2016) J Hum Genet 61, 295

c.1237G>A p.E413K Perrault syndrome Tucker (2020) Hum Genet 139, 1325

c.1249A>G p.M417V Perrault syndrome Zafar et al., 2020

c.1358G>A p.R453Q Perrault syndrome Lerat (2016) Hum Mutat 37, 1354

c.1556C>T p.T519M Perrault syndrome, type II Kosaki (2018) Am J Med Genet A 176, 404

c.1565C>A p.T522N Perrault syndrome Pierce (2013) Am J Hum Genet 9

c.1886C>T p.T629M Perrault syndrome Pierce (2013) Am J Hum Genet 9

c.1912G>A p.E638K Perrault syndrome Soldà (2016) J Hum Genet 61, 295

c.1077delT p.I360Ffs*15 Perrault syndrome Pierce (2013) Am J Hum Genet 92, 614

TWNK  NM_021830.4 c.743T>C p.F248S Perrault syndrome with neurologic features Gotta (2020) Ann Hum Genet 84, 417

c.793C>T p.R265C Perrault syndrome with neurologic features Lerat (2016) Hum Mutat 37, 1354

c.794G>A p.R265H Perrault syndrome Duan (2019) Zhonghua Yi Xue Yi Chuan Xue Za Zhi 36, 577

c.968G>A p.R323Q Perrault syndrome with neurologic features Demain (2017) Clin Genet 91, 302

c.1172G>A p.R391H Perrault syndrome with neurologic features Morino (2014) Neurology 83, 2054

c.1196A>G p.N399S Perrault syndrome with neurologic features Demain (2017) Clin Genet 91, 302

c.1321T>G p.W441G Perrault syndrome with neurologic features Morino (2014) Neurology 83, 2054

c.1358G>A p.R453Q Perrault syndrome Fekete (2019) BMC Med Genet 20,

c.1519G>A p.V507I Perrault syndrome with neurologic features Morino (2014) Neurology 83, 2054

c.1754A>G p.N585S Perrault syndrome with neurologic features Morino (2014) Neurology 83, 2054

c.1802G>A p.R601Q Perrault syndrome with neuro-audiological features Ołdak (2017) J Transl Med 15, 25

c.1886C>T p.S629F Perrault syndrome with neurologic features Domínguez-Ruiz (2019) J Transl Med 17, 290

CLDN14 + SGO2

CLDN14 NM_144492.3 c.254T>A p.V85D Deafness, autosomal recessive Wilcox (2001) Cell 104, 165

SGO2 NM_152524.6 c.1453_1454delGA p.E485Kfs*5 Primary ovarian insufficiency Faridi (2017) Clin Genet 91, 328

GGPS1 NM_001037277.1

c.43C>T p.P15S Muscular dystrophy, early-onset, with sensorineural hearing loss and primary ovarian insufficiency Foley (2020) Ann Neurol 88, 332

c.269A>G p.N90S Perrault syndrome Tucker (2020) Hum Genet 139, 1325

c.776A>G p.Y259C Muscular dystrophy, early-onset, with sensorineural hearing loss and primary ovarian insufficiency Foley (2020) Ann Neurol 88, 332

c.781C>G p.R261G Muscular dystrophy, early-onset, with sensorineural hearing loss and primary ovarian insufficiency Foley (2020) Ann Neurol 88, 332

c.782G>A p.R261H Muscular dystrophy, early-onset, with sensorineural hearing loss and primary ovarian insufficiency Foley (2020) Ann Neurol 88, 332

RMND1  NM_017909.4

c.583G>A p.G195R Perrault syndrome with renal involvement Oziębło (2020) Genes (Basel) 11,

c.818A>C p.Y273S Perrault syndrome with renal involvement Oziębło (2020) Genes (Basel) 11,

PEX6  NM_000287.4

c.371T>C p.L124P Perrault syndrome Tucker (2020) Hum Genet 139, 1325



 

Supplementary Table 2 - Clinical phenotypes of the published individuals with Perrault syndrome 

(see table below) 



 

Individual ID II-2 II-4 II-6   

Variants CLPP c.433A>C p.(Thr145Pro)  
Ethnicity Pakistani Pakistani Pakistani   
Sex F F F   
Consanguineous Y Y Y   
Karyotype NR NR NR   
Age (years) at last 
assessment 

22 21 15   

Age (years) at molecular 
diagnosis 

NR NR NR   

Sensorineural hearing loss      
Present at birth Y Y Y   
Age (years) at hearing loss 
diagnosis 

NR NR NR   

Degree of hearing loss Profound Profound Profound   
Pattern of hearing loss Same level across all 

frequencies 
Same level across all 
frequencies 

Same level across all 
frequencies 

  

Treatment NR NR NR   
Gonadal dysfunction      
Pelvic ultrasound NR NR Streak ovaries   
Menarche Y Y N   
POI Y Y Y   
FSH [normal range] 41.5 [2–14 IU/l] 24.6 [2–14 IU/l] 45 [2–14 IU/l]   
LH [normal range] 64.6 [2–14 IU/l] 17.7 [2–14 IU/l] 104 [2–14 IU/l]   
Oestradiol [normal range] 777 [70–1,480 pmol/l] 281 [70–1,480 pmol/l] 89 [70–1,480 pmol/l]   



Azoospermia NA NA NA   
Neurological features      
Ataxia N N N   
Other Epilepsy, moderate learning 

difficulties 
Epilepsy, moderate learning 
difficulties 

Epilepsy, moderate learning 
difficulties 

  

Additional features Short stature, microcephaly Short stature, microcephaly Short stature, microcephaly   

References Am J Hum Genet. 2013 Apr 4;92(4):605-13.   
 
F, female; FSH, follicle stimulating hormone; LH, luteinising hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Individual ID II-2 II-3 II-4 II-5  

Variants CLPP c.440G>C p.(Cys147Ser)  



Ethnicity Pakistani Pakistani Pakistani Pakistani  
Sex F F F F  
Consanguineous Y Y Y Y  
Karyotype NR NR NR NR  
Age (years) at last 
assessment 

15 20 23 25  

Age (years) at molecular 
diagnosis 

NR NR NR NR  

Sensorineural hearing loss      
Present at birth Y Y Y Y  
Age (years) at hearing loss 
diagnosis 

NR NR NR NR  

Degree of hearing loss Severe to profound Severe to profound Severe to profound Severe to profound  
Pattern of hearing loss NR NR NR NR  
Treatment NR NR NR NR  
Gonadal dysfunction      
Pelvic ultrasound Small uterus and normal-

sized ovaries 
Rudimentary uterus and 
small ovaries 

Rudimentary uterus and small 
ovaries 

Rudimentary uterus and small 
ovaries 

 

Menarche N N N N  
POI Y Y Y Y  
FSH [normal range] 111 [2.8–11.1 IU/l] 104 [2.8–11.1 IU/l] 81 [2.8–11.1 IU/l] 101 [2.8–11.1 IU/l]  
LH [normal range] 29.4 [0–11.6 IU/l] 49.8 [0–11.6 IU/l] 26 [0–11.6 IU/l] 31 [0–11.6 IU/l]  
Oestradiol [normal range] <20 [ND–160 pg/ml] <20 [ND–160 pg/ml] <20 [ND–160 pg/ml] <20 [ND–160 pg/ml]  
Azoospermia NA NA NA NA  
Neurological features      



Ataxia N N N N  
Other N N N N  
Additional features N N N N  

References Am J Hum Genet. 2013 Apr 4;92(4):605-13.  
 
 
F, female; FSH, follicle stimulating hormone; LH, luteinising hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Individual ID IV-3 IV-4 IV-5   

Variants CLPP c.270+4A>G   
Ethnicity Pakistani Pakistani Pakistani   
Sex M F F   



Consanguineous Y Y Y   
Karyotype NR NR NR   
Age (years) at last 
assessment 

25 NR NR   

Age (years) at molecular 
diagnosis 

NR NR NR   

Sensorineural hearing loss      
Present at birth Y Y Y   
Age (years) at hearing loss 
diagnosis 

NR NR NR   

Degree of hearing loss Profound Profound Profound   
Pattern of hearing loss Less severe at high 

frequencies 
NR NR   

Treatment NR NR NR   
Gonadal dysfunction      
Pelvic ultrasound NR NR NR   
Menarche NA NR NR   
POI NA NR NR   
FSH [normal range] NR NR NR   
LH [normal range] NR NR NR   
Oestradiol [normal range] NR NR NR   
Azoospermia N NR NR   
Neurological features      
Ataxia N N N   
Other N N N   



Additional features N N N   

References Am J Hum Genet. 2013 Apr 4;92(4):605-13.   
 
 
 
F, female; FSH, follicle stimulating hormone; LH, luteinising hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Individual ID V-4 V-5 V-6 1.1 1.2 2  

Variants CLPP c.685T>G p.(Tyr229Asp) CLPP c.21delA p.(Ala10Profs*117) CLPP c.484G>A 
p.(Gly162Ser) 

 

Ethnicity Saudi Arabian Saudi Arabian Saudi Arabian NR NR NR  
Sex M F M M M M  
Consanguineous Y Y Y Y Y Y  



Karyotype NR NR NR NR NR NR  
Age (years) at last 
assessment 

12 8 8 months 20 22 20  

Age (years) at molecular 
diagnosis 

NR NR NR NR NR NR  

Sensorineural hearing loss        

Present at birth NR NR NR Y N N  
Age (years) at hearing loss 
diagnosis 

NR NR NR Birth 16 months 1  

Degree of hearing loss Severe Severe NR Profound Profound NR  
Pattern of hearing loss NR NR NR NR NR NR  
Treatment Cochlear implant N N NR NR NR  
Gonadal dysfunction        
Pelvic ultrasound NR NR NR NR NR NR  
Menarche NA NA NA NA NA NA  
POI NA NR NA NA NA NA  
FSH [normal range] NR NR NR NR NR NR  
LH [normal range] NR NR NR NR NR NR  
Oestradiol [normal range] NR NR NR NR NR NR  

Azoospermia N NA NR NR NR NR  
Neurological features        
Ataxia N N NR Y Y Y  



Other Severe spastic diplegia in 
the lower limbs, 
hypertonia, loss of white 
matter  

Loss of white matter NR Psychomotor 
retardation, autism, 
epilepsy, spastic-ataxic 
gait, mild dystonia 

Psychomotor 
retardation, autism, 
spastic-ataxic gait, mild 
dystonia 

Psychomotor retardation, 
epilepsy, sensorimotor 
neuropathy, tremor in legs 

 

Additional features N N NR N N Occasional dysphagia  
References J Neurol Sci. 2015;353(1-2):149-54. Front Neurol. 2016 Nov 16;7:203.  
F, female; FSH, follicle stimulating hormone; LH, luteinising hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 

 

 

 

 

 

 

 

 

 

 

 

Individual ID 3.1 3.2 XI-1 and XI-2 III-2 III-1 II-1  

Variants CLPP c.425C>T p.(Pro142Leu) CLPP c.439T>A 
p.(Cys147Ser) 

CLPP c.624C>G p.(Ile208Met) CLPP c.430T>C 
p.(Cys144Arg) 

 

Ethnicity NR NR Algeria Turkish Turkish Arabian  
Sex M M F F M M  
Consanguineous NR NR Y N N Y  



Karyotype NR NR 46,XX (NR) 46,XX 46,XX 46,XY  
Age (years) at last 
assessment 

25 21 NR 16 21 24  

Age (years) at 
molecular diagnosis 

NR NR NR NR NR 32  

Sensorineural hearing 
loss 

       

Present at birth NR NR N (3 and 6 yrs) NR NR NR  
Age (years) at hearing 
loss diagnosis 

NR NR NR NR NR 14 months  

Degree of hearing loss NR NR Severe NR NR Severe to profound  
Pattern of hearing loss NR NR NR NR NR Cookie-bite HL  
Treatment NR NR NR NR NR NR  
Gonadal dysfunction        
Pelvic ultrasound NR NR NR Ovaries not 

detected 
NA NA  

Menarche NA NA Y NR NA NA  
POI NA NA Y Y NA NA  
FSH [normal range] NR NR NR 63.8 mIU/mL NR NR  
LH [normal range] NR NR NR 20.7 mIU/mL NR NR  
Oestradiol [normal 
range] 

NR NR NR 15 pg/mL NR NR  

Azoospermia NR NR NA NA N Y  
Neurological features        
Ataxia N N N N N Y  



Other Psychomotor 
retardation, spastic 
diplegia, epilepsy 
mild dystonia 

Psychomotor 
retardation, spastic 
diplegia, mild 
dystonia 

N N Attention-deficit 
disorder 

Foot drop  

Additional features Microcephaly, 
diabetes mellitus, 
myopia, strabism 

Microcephaly, 
hypothyroidism 

N N N N  

References Front Neurol. 2016 Nov 16;7:203. Hum Mutat. 2016 
Dec;37(12):1354-1362. 

J Clin Res Pediatr Endocrinol. 2016 Dec; 
8(4): 472–477. 

Clin Genet. 2017 
Feb;91(2):302-312. 

 

F, female; FSH, follicle stimulating hormone; LH, luteinising hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 

 

 

 

 

 

 

 

 

 

Individual ID II-1 II-2 This report     

Variants CLPP c.439T>A p.(Cys147Ser) CLPP p.Thr135Ser     
Ethnicity Maghrebi Maghrebi Pakistani     
Sex F F F     
Consanguineous N N Y     
Karyotype NR NR NR     



Age (years) at last 
assessment 

NR NR NR     

Age (years) at molecular 
diagnosis 

NR NR NR     

Sensorineural hearing loss        

Present at birth NR NR NR     
Age (years) at hearing loss 
diagnosis 

Childhood Childhood Childhood     

Degree of hearing loss NR NR Severe     
Pattern of hearing loss NR NR NR     
Treatment NR NR NR     
Gonadal dysfunction        
Pelvic ultrasound NR NR NR     
Menarche Y Y N     
POI Y Y Y     
FSH [normal range] 73 IU/L [2-8 IU/L] 151 IU/L [2-8 IU/L] NR     
LH [normal range] NR NR NR     
Oestradiol [normal range] 20 pg/ml [20-350 pg/ml] 10 pg/ml [20-350 pg/ml] NR     

Azoospermia NA NA NA     
Neurological features        
Ataxia N N N     
Other N N N     
Additional features N N N     
References Hum Genet. 2020 Oct;139(10):1325-1343.      



F, female; FSH, follicle stimulating hormone; LH, luteinising hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Individual ID II-1 II-1 II-1 I-1   

Variants ERAL1 c.707A>T p.(Asn236Ile)   
Ethnicity Dutch Dutch Dutch Dutch   
Sex F F F M   

Consanguineous N N N N   

Karyotype NR NR NR NR   

Age (years) at last 
assessment 

66 38 NR NR   



Age (years) at molecular 
diagnosis 

NR NR NR NR   

Sensorineural hearing loss       

Present at birth N NR Y NR   
Age (years) at hearing loss 
diagnosis 

20 4 NR NR   

Degree of hearing loss NR NR NR NR   

Pattern of hearing loss NR More severe at high frequencies NR NR   

Treatment NR NR NR NR   

Gonadal dysfunction       

Pelvic ultrasound NR Streak ovaries and small uterus NR NA   
Menarche Y N NR NA   

POI Y Y Y NA   

FSH [normal range] NR NR NR NR   

LH [normal range] NR NR NR NR   

Oestradiol [normal range] NR NR NR NR   

Azoospermia NA NA NA NR   

Neurological features       

Ataxia NR NR NR NR   
Other N N N NR   

Additional features N N N NR   

References Hum Mol Genet. 2017 Jul 1;26(13):2541-2550.    
 
 
 
F, female; FSH, follicle stimulating hormone; LH, luteinising hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Individual ID II-2 II-3 NR    

Variants GGPS1 c.782G>A 
p.(Arg261His) 

 GGPS1 c.269A>G p.(Asn90Ser)   

Ethnicity Moroccan (Tuareg) Moroccan (Tuareg) NR    
Sex F F F    

Consanguineous N N NR    

Karyotype NR NR NR    

Age (years) at last 
assessment 

NR NR 7    

Age (years) at molecular 
diagnosis 

NR NR NR    

Sensorineural hearing loss       



Present at birth NR NR NR    
Age (years) at hearing loss 
diagnosis 

Childhood Childhood Childhood    

Degree of hearing loss NR NR NR    

Pattern of hearing loss NR NR NR    

Treatment NR NR NR    

Gonadal dysfunction       

Pelvic ultrasound Absent right ovary, small left ovary Ovaries present, but no 
detectable follicles. 

NR    

Menarche Y Y NA    

POI Y Y NR    

FSH [normal range] 60 IU/L [2-8 IU/L] 35.8 IU/L [2-8 IU/L] NR    

LH [normal range] NR NR NR    

Oestradiol [normal range] NR NR NR    

Azoospermia NA NA NA    

Neurological features   N    

Ataxia N N N    
Other N N N    

Additional features Myopathy Myopathy Muscular dystrophy    

References Hum Genet. 2020 Oct;139(10):1325-1343.    
 
  F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Individual ID II-1 II-7 II-8 II-2 II-4 IV-1 and VI-1 

Variants HARS2 c.598C > G p.(Leu200Val); c.1102G > T (p.Val368Leu)  HARS2 c.1010A>G 
p.(Tyr337Cys) 

 

Ethnicity French, Irish and 
Scottish 

French, Irish 
and Scottish 

French, Irish 
and Scottish 

French, Irish and 
Scottish 

French, Irish and 
Scottish 

Moroccan 

Sex F F F M M F 

Consanguineous N N N N N Y 

Karyotype 46,XX 46,XX 46,XX 46,XY 46,XY 46,XX (NR) 

Age (years) at last 
assessment 

34 19 13 18 22 NR 

Age (years) at molecular 
diagnosis 

NR NR NR NR NR NR 

Sensorineural hearing loss       
Present at birth N N N N N N 

Age (years) at hearing loss 
diagnosis 

NR NR NR NR NR NR 



Degree of hearing loss Mild to moderate Mild to 
moderate 

Severe to 
profound 

Severe to profound Moderate to severe Profound 

Pattern of hearing loss More severe at low 
and high frequencies 

Cookie-bite HL More severe at 
mid-low-range 
frequencies  

Less severe at high 
frequencies 

Less severe at low 
frequencies 

NR 

Treatment NR NR NR NR NR NR 

Gonadal dysfunction       
Pelvic ultrasound Streak gonads Streak gonads Streak gonads NA NA NR 

Menarche NR NR NR NA NA Y 

POI Y Y Y NA NA Y 

FSH [normal range] NR NR NR NR NR NR 

LH [normal range] NR NR NR NR NR NR 

Oestradiol [normal range] NR NR NR NR NR NR 

Azoospermia NA NA NA NR NR NA 

Neurological features       
Ataxia N N N N N N 

Other N N N N N N 

Additional features N N N N N Hypothyroidism 

References Proc Natl Acad Sci U S A. 2011 Apr 19;108(16):6543-8. Hum Mutat. 2016 
Dec;37(12):1354-
1362. 

 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Individual ID II-2 II-1 II-1 II-1 II-2 II-1 

Variants HARS2 c.349G>A (p.Asp117Asn); c.908T>C 
(p.Leu303Pro) 

HARS2 c.413G>A 
p.(Arg138His); 
c.1439G>A 
p.(Arg480His) 

HARS2 
c.828delTinsGTATCCCTAGTATTTCTAC 
TA p.(Gly277TyrfsTer3); c.1439G>A, p. 
(Arg480His) 

HARS2 c.72C>A, 
p.Cys24Stop; 
c.1439G>A 
p.(Arg480His) 

 

Ethnicity Chinese Chinese European North American North American North American 

Sex M M F M M M 

Consanguineous N N N N N N 

Karyotype NR NR 46,XX N/A N/A N/A 

Age (years) at last assessment 10 7 6 14 11 4 

Age (years) at molecular diagnosis NR NR NR NR NR NR 

Sensorineural hearing loss       
Present at birth Y NR NR NR NR NR 

Age (years) at hearing loss 
diagnosis 

1 2.5 6 2.5 1 1.5 

Degree of hearing loss Severe Severe Moderate Severe to profound Severe to profound Profound 



Pattern of hearing loss More severe at higher 
frequencies 

More severe at higher 
frequencies 

NR NR NR NR 

Treatment Unilateral hearing aids 
and cochlear implant in 
right ear 

Hearing aids and 
bilateral cochlear 
implant 

Hearing aids Hearing aids and 
cochlear implant 

Hearing aids and 
cochlear implant 

NR 

Gonadal dysfunction       
Pelvic ultrasound NA NA NR NA NA NA 

Menarche NA NA NA NA NA NA 

POI NA NA NA NA NA NA 

FSH [normal range] NR NR NR NR NR NR 

LH [normal range] NR NR NR NR NR NR 

Oestradiol [normal range] NR NR NR NR NR NR 

Azoospermia NA NA NA NR NA NA 

Neurological features       
Ataxia N N N N N N 

Other N N N N N N 

Additional features N N N Very tight muscles in 
lower limbs 

Fine motor issues  

References Hereditas. 2020 Nov 24;157(1):47. J Hum Genet. 2020 Mar;65(3):305-311. 

 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 

 

  



Individual ID NR II-1 II-2 II-3 II-2 II-1 

Variants HARS2 c.572G>A 
p.Arg191Gln; c.622C>T 
p.Arg208Cys 

HARS2 c.172A>G p.(Lys58Glu); c.448C>T p.(Arg150Cys) HARS2 c.448C>T 
p.(Arg150Cys); c.980G>A 
p.(Arg327Gln) 

HARS2 c.137T>A 
p.(Leu46Gln); c.259C>T 
p.(Arg87Cys) 

Ethnicity Chinese Han Danish Danish Danish Danish and French Polish 

Sex NR M F F F F 

Consanguineous NR N N N N N 

Karyotype NR NR NR NR NR NR 

Age (years) at last 
assessment 

NR 10 8 4.8 4 26 

Age (years) at molecular 
diagnosis 

NR NR NR NR NR NR 

Sensorineural hearing loss       
Present at birth NR NR NR NR NR NR 

Age (years) at hearing loss 
diagnosis 

NR 5 2.5 0.5 3 2.5 

Degree of hearing loss Severe to profound Moderate to severe Severe to profound Moderate to severe Moderate to severe Moderate 

Pattern of hearing loss NR Cookie-bite HL Less severe at low 
frequencies  

More severe at high 
frequencies especially in 
left ear 

More severe at high 
frequencies in left ear  

Slightly milder at high 
frequencies 

Treatment NR Bilateral cochlear 
implant 

Bilateral cochlear 
implant 

Bilateral cochlear 
implant 

Bilateral cochlear 
implant 

Bilateral cochlear 
implant 

Gonadal dysfunction       
Pelvic ultrasound NR NA Normal uterus and 

ovaries 
Normal uterus and 
ovaries 

NR No maturing follicles 
observed 

Menarche NR NA Y N N Y 

POI NR NA Y Y Y Y 

FSH [normal range] NR NR 3.0 IU/L 4.8 IU/L 2.07 IU/L 96 IU/L 

LH [normal range] NR NR 9.5 IU/L 2.1 IU/L <0.05 IU/L 28 IU/L 



Oestradiol [normal range] NR NR 369 pmol/L 37.8 pmol/L <18 pmol/L <20 pmol/L 

Azoospermia NR NA NA NA NA NA 

Neurological features       
Ataxia NR NR NR NR N NR 

Other NR NR NR NR Speech development 
delay 

NR 

Additional features NR NR NR NR NR NR 

References Clin Genet. 2020 
Feb;97(2):352-356. 

Eur J Med Genet. 2020 Mar;63(3):103733. 

 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Individual ID II-1 II-2 II-1 II-2 II-1 



Variants HSD17B4 c.650A>G p.(Tyr217Cys); c.1704T>A p.(Tyr568Ter) HSD17B4 c.101C>T p.(Ala34Val); c.1547T>C 
p.(Ile516Thr) 

HSD17B4 c.46G>A p.(Gly16Ser); 
c.244G>T p.(Val82Phe) 

Ethnicity American of mixed European 
ancestry 

American of mixed European 
ancestry 

German and Irish German and Irish Brazilian 

Sex F F M M F 

Consanguineous N N N N N 

Karyotype 46,XX 46,XX 46,XY  NR 

Age (years) at last 
assessment 

27 16, 14 16.5 14 43 

Age (years) at molecular 
diagnosis 

NR NR NR  43 

Sensorineural hearing loss      
Present at birth Y Y NR NR NR 

Age (years) at hearing loss 
diagnosis 

8 4.5 3.5 2 NR 

Degree of hearing loss Moderate to severe Moderate to severe Moderate to severe Moderate to severe Severe to profound 

Pattern of hearing loss NR NR NR NR NR 

Treatment Hearing aid NR Hearing aids Hearing aids Hearing aids 

Gonadal dysfunction      
Pelvic ultrasound NR NR NA NA Small uterus and ovaries 

Menarche Y Y NA NA NR 

POI Y Y NA NA Y 

FSH [normal range] 111 IU/L NR NR NR 72 IU/L [0.9–15 IU/L] 

LH [normal range] 81.89 IU/L NR NR NR 59 IU/L [1.3–13 IU/L] 

Oestradiol [normal range] NR NR NR NR 12.6 pg/ml 

Azoospermia NA NA NR NR NA 

Neurological features      



Ataxia Y  N Y N Y 

Other Intellectual disability N Areflexia, 
sensorimotor 
polyneuropathy 

Hyporeflexia, 
sensorimotor 
polyneuropathy, 

N 

Additional features Nystagmus, pes cavus, limb 
weakness, dysarthria, growth 
retardation 

Nystagmus, pes cavus, limb 
weakness, dysarthria. 

Pes cavus, mild foot 
deformity, retinitis 
pigmentosa 

Pes cavus, retinal 
atrophy 

N 

References Am J Hum Genet. 2010 Aug 
13;87(2):282-8. 
Am J Med Genet A. 2004 Jul 
30;128A(3):246-9. 

Am J Hum Genet. 2010 Aug 
13;87(2):282-8. 
Am J Med Genet A. 2004 Jul 
30;128A(3):246-9. 

Orphanet J Rare Dis. 
2012 Nov 22;7:90. 

Orphanet J Rare Dis. 
2012 Nov 22;7:90. 

Clin Genet. 2017 Feb;91(2):302-312. 

 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Individual ID  IV-2 IV-1    

Variants  HSD17B4 c.298G> T (p.Ala100Ser)    
Ethnicity  Chinese Chinese     
Sex  F F     



Consanguineous  Y Y     

Karyotype  NR NR     

Age (years) at last 
assessment 

 37 40     

Age (years) at molecular 
diagnosis 

 NR NR     

Sensorineural hearing loss        

Present at birth  NR NR     
Age (years) at hearing loss 
diagnosis 

 NR NR     

Degree of hearing loss  Moderate Mild     

Pattern of hearing loss  NR NR     

Treatment  NR NR     

Gonadal dysfunction        

Pelvic ultrasound  Small uterus and ovaries NR     
Menarche  N Y     

POI  Y Y     

FSH [normal range]  59.80 IU/L NR     

LH [normal range]  30.08 IU/L NR     

Oestradiol [normal range]  7.6 pg/ml NR     

Azoospermia  NA NA     

Neurological features        

Ataxia  Y Y     
Other  Moderate cerebellar atrophy, 

mild intellectual disability 
Mild intellectual disability     



Additional features  Nystagmus on lateral gaze, 
oculomotor apraxia, 
dysarthria 

Dysarthria     

References  BMC Med Genet. 2017 Aug 23;18(1):91.     

 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Individual ID II-1,2,3 II-2 II-3 II-1 

Variants LARS2 c.1565C>A (p.Thr522Asn) LARS2 c.1077delT 
(p.Ile360PhefsTer15); c.1886C>T 
(p.Thr629Met) 

Ethnicity Palestinian Palestinian Palestinian Slovenian 

Sex M F M F 

Consanguineous Y Y Y N 

Karyotype 46,XX 46,XY 46,XY 46,XX 



Age (years) at last 
assessment 

17 17 13 30 

Age (years) at molecular 
diagnosis 

3-5 3-5 3-5 NR 

Sensorineural hearing loss     
Present at birth N N N N 

Age (years) at hearing loss 
diagnosis 

3-5 3-5 3-5 8 

Degree of hearing loss Severe to profound Mild to moderate Moderate to severe Severe 

Pattern of hearing loss More severe at low 
frequencies 

More severe at low frequencies More severe at low frequencies NR 

Treatment N NR NR NR 

Gonadal dysfunction     
Pelvic ultrasound Prepubertal uterus and 

ovaries not visualized 
NA NA NR 

Menarche N NA NA Y 

POI Y NA NA Y 

FSH [normal range] 76.9 IU/I NR NR 101 IU/I 

LH [normal range] 30.3 IU/I NR NR NR 

Oestradiol [normal range] NR NR NR NR 

Azoospermia NA NR NR NA 

Neurological features     
Ataxia N N N N 

Other N N N N 

Additional features N N N N 

References Am J Hum Genet. 2013 Apr 4;92(4):614-20. 

 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Individual ID III-1 19 II-1 II-2 II-1 II-2  

Variants LARS2 c.1358G>A  
p.(Arg453Gln); 
c.1886C>T 
p.(Thr629Met) 

LARS2 c.1289C>T 
p.(Ala430Val); 
c.1565C>A p.(Thr522Asn) 

LARS2 c.1565C>A p.(Thr522Asn) LARS2 c.1565C>A p.(Thr522Asn); c.351G>C 
p.(Met117Ile) 

 

Ethnicity Sri Lanka Pakistani Argentinian Argentinian Argentinian Argentinian  
Sex F F F M F M  

Consanguineous N N N N N N  

Karyotype NR 46,XX 46,XX NR 46,XX NR  

Age (years) at last 
assessment 

NR Deceased at 5 days of 
age 

27 26 27 26  



Age (years) at 
molecular diagnosis 

NR NR 30 27 30 27  

Sensorineural hearing 
loss 

       

Present at birth NR NR NR NR NR NR  
Age (years) at hearing 
loss diagnosis 

NR NR 8 26 8 26  

Degree of hearing loss Moderate NR Moderate Mild to moderate Moderate Mild to moderate  

Pattern of hearing loss NR NR Constant across all 
frequencies 

Cookie-bite HL Constant across all 
frequencies 

Cookie-bite HL  

Treatment NR NA NR NR NR NR  

Gonadal dysfunction        

Pelvic ultrasound NR NA Small uterus and 
ovaries 

NA Small uterus and 
ovaries 

NA  

Menarche N NA N NA N NA  

POI Y NA Y NA Y NA  

FSH [normal range] NR NA 99.6 IU/L [2.3–29 
IU/L] 

NR 99.6 IU/L [2.3–29 
IU/L] 

NR  

LH [normal range] NR NA 48.0 IU/L [1.7–52 
IU/L] 

NR 48.0 IU/L [1.7–52 
IU/L] 

NR  

Oestradiol [normal 
range] 

NR NA 7.04 (10–388 pg/ml) NA 7.04 (10–388 pg/ml) NA  

Azoospermia NA NA NA NR NA NR  

Neurological features        

Ataxia N N N N N N  
Other N Seizures, cerebral 

dysfunction 
N N N N  



Additional features Cleft palate Lactic acidosis, 
sideroblastic anaemia, 
intra-uterine growth 
restriction, hydrops, 
heart structural 
abnormalities, 
disordered coagulation, 
real impairment, 
haematuria.  

N N N N  

References Hum Mutat. 2016 
Dec;37(12):1354-
1362. 

JIMD Rep. 2016; 28: 49–
57. 

Clin Genet. 2017 Feb;91(2):302-
312. 

 

F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Individual ID III-1 III-5 II-1 II-2 

Variants LARS2 c.1565C> A p.(Thr522Asn) LARS2 c.880G>A p.(Glu294Lys); c.1556C>T p.(Thr519Met) 

Ethnicity Moroccan Moroccan Japanese Japanese 

Sex F M F F 

Consanguineous Y Y N N 

Karyotype 46,XX NR 46,XX 46,XX 

Age (years) at last 
assessment 

23 16 17 11 

Age (years) at molecular 
diagnosis 

NR NR 17 11 

Sensorineural hearing loss     
Present at birth NR NR NR Y 



Age (years) at hearing loss 
diagnosis 

23 16 18 months Birth 

Degree of hearing loss Moderate to profound Moderate to profound Severe-to-profound Severe-to-profound 

Pattern of hearing loss NR NR Cookie-bite HL Cookie-bite HL 

Treatment Hearing aid Hearing aid NR NR 

Gonadal dysfunction     
Pelvic ultrasound Small uterus, 

ovaries not 
visualized 

NA Hypotrophic uterus, ovaries 
not visualized. 

Hypotrophic uterus, 
ovaries not visualized. 

Menarche NR NA N N 

POI NA NA Y Y 

FSH [normal range] 51 IU/L NR 46.90 mIU/mL  22.06 mIU/mL 

LH [normal range] 16.29 IU/L NR 9.95 mIU/mL 3.04 mIU/mL 

Oestradiol [normal range] NR NA <10 pg/mL <10 pg/mL 

Azoospermia NA NR NA NA 

Neurological features     
Ataxia N N Y Y 

Other N N Repetitive behaviour, attention 
deficit, tic 

N 

Additional features Marfanoid habitus Marfanoid habitus Irritability Mild delay in motor and 
speech development 

References Clin Dysmorphol. 2017 Oct;26(4):200-204. Am J Med Genet A. 2018 Feb;176(2):404-408. 

 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Individual ID NR NR      

Variants LARS2 c.457A>C 
p.(Asn153His) 

LARS2 c.457A>C 
p.(Asn153His); 
c.1565C>A 
p.(Thr522Asn) 

     

Ethnicity Saudi Arabian French      
Sex F F      
Consanguineous Y N      
Karyotype 46,XX       
Age (years) at last 
assessment 

27 8      

Age (years) at molecular 
diagnosis 

27 8      

Sensorineural hearing loss        

Present at birth Y NR      



Age (years) at hearing loss 
diagnosis 

Birth 4      

Degree of hearing loss NR Severe      
Pattern of hearing loss NR More severe at mid 

frequencies 
     

Treatment NR Unilateral cochlear 
implant 

     

Gonadal dysfunction        
Pelvic ultrasound Hypoplastic uterus, 

ovaries not visualized 
Left ovary not well 
visualized 

     

Menarche N N      
POI Y NA      
FSH [normal range] 88.4 IU/L 2.8 IU/L      
LH [normal range] 31.4 IU/L 0.7 U/L      
Oestradiol [normal range] 213 pmol/L 17 pmol/L      

Azoospermia NA NA      
Neurological features  N      
Ataxia N N      
Other N       
Additional features Marfanoid habitus, spine 

disc degeneration and 
Tarlov cysts, progressive 
bone density loss 

Astigmatism, 3 café-au-
lait macules 

     

References Gynecol Endocrinol. 
2019 Dec;35(12):1037-
1039. 

BMC Med Genet. 2020 
May 18;21(1):109. 

     



 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Individual ID NR II-1 II-2 II-2 II-2  

Variants LARS2 c.683G>A 
p.(Arg228His); 
c.1313A>G 
p.(Asp438Gly) 

LARS2 c.388G>A p.(Ala130Thr); c.2099C>T p.(Thr700Ile) LARS2 c.440A>C 
p.(Gln147Pro); 
c.1607C>T 
p.(Pro536Leu) 

LARS2 c.308G>A 
p.(Arg103His); 
c.1552G>A 
p.(Asp518Asn) 

 

Ethnicity Japanese/Caucasian Middle Eastern Middle Eastern NR Australian  
Sex M M M M M  
Consanguineous N N N N N  
Karyotype 46,XY 46, XY 46,XY 46, XY 46,XY  
Age (years) at last 
assessment 

2 years Deceased at 1 day 8 months 55 17  

Age (years) at molecular 
diagnosis 

9 months NR NR 55 NR  

Sensorineural hearing 
loss 

      

Present at birth NR NR Y Y N  
Age (years) at hearing 
loss diagnosis 

2 years NA 2 months NR NA  



Degree of hearing loss NR NA Profound Profound NA  
Pattern of hearing loss NR NA NR NR NA  
Treatment Cochlear implants NA Cochlear implants NR NA  
Gonadal dysfunction       
Pelvic ultrasound NA NA NA NA NA  
Menarche NA NA NA Y in two sisters NA  
POI NA NA NA Y in two sisters NA  
FSH [normal range] <1.2 IU/L NR NR NR NR  
LH [normal range] <0.1 IU/L NR NR NR NR  
Oestradiol [normal 
range] 

NR NR NR NR NR  

Azoospermia NA NA NA N N  
Neurological features       
Ataxia N N N N (Y in one sister) N  
Other N N Mild cerebral atrophy, thin corpus 

callosum. 
Leukodystrophy, 
progressive cognitive 
impairment, 
spasticity in one 
sister. Similar 
progressive 
neurological 
condition in the other 
sister. 

N  

Additional features Micropenis, severe 
hypospadias, 
pulmonary 
hypoplasia, ascites, 
anaemia, lactic 
acidosis. 

Hydrops, lactic acidosis, 
anaemia, micropenis, hypoxic 
respiratory failure, 
hepatosplenomegaly, 
hypoglycaemia, hyperinsulinism, 
low cortisol, fetal long limb 
shortening 

Hydrops, lactic acidosis, anaemia, 
developmental delay, penoscrotal 
hypospadias, undescended testes, 
pulmonary hypertension, 
respiratory failure, patent ductus 
arteriosus, hepatosplenomegaly, 
liver cyst, hypoglycemia, 
hyperinsulinism, low cortisol, fetal 
long limb shortening 

N Delayed motor 
development, 
extensor neck 
weakness, mild 
plagiocephaly, 
hypotonia, peripheral 
limb muscle weakness. 

 



References Hum Mutat. 2020 Aug;41(8):1425-1434.  
 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Individual ID II-1 NR    

Variants LARS2 c.1237G>A p.(Glu413Lys); 
c.1987C>T p.(Arg663Trp) 

LARS2 c.880G>A 
p.(Glu294Lys); c.2108T>C 
p.(Ile703Thr) 

   

Ethnicity Portuguese Chinese    
Sex F F    
Consanguineous N N    
Karyotype NR 46,XX    
Age (years) at last 
assessment 

NR 23    

Age (years) at molecular 
diagnosis 

NR 23    

Sensorineural hearing loss      
Present at birth NR NR    
Age (years) at hearing loss 
diagnosis 

Childhood 2    

Degree of hearing loss NR Moderate to severe    



Pattern of hearing loss NR Less severe at high 
frequencies 

   

Treatment NR Hearing aid    
Gonadal dysfunction      
Pelvic ultrasound NR Reduced ovarian follicles and 

multiple nabothian cysts on 
the cervix 

   

Menarche N Y    
POI Y Y    
FSH [normal range] 82.2 IU/L [2-8 IU/L] 38.29 IU/L    
LH [normal range] NR 6.11 IU/L    
Oestradiol [normal range] <19 pg/ml [20-350 pg/ml] 0.15 ng/ml    
Azoospermia NA NA    
Neurological features      
Ataxia NR N    
Other NR N    
Additional features NR N    
References Hum Genet. 2020 

Oct;139(10):1325-1343. 
Mol Genet Genomic Med. 
2020 Oct;8(10):e1445. 

   

 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Individual ID NR II-2 II-2    

Variants RMND1 c.713A>G 
p.(Asn238Ser)  

RMND1 c.583G>A 
(p.Gly195Arg); 
c.818A>C (p.Tyr273Ser) 

RMND1 c.583G>A (p.Gly195Arg); c.818A>C (p.Tyr273Ser)  

Ethnicity Portuguese Polish Polish    

Sex F F F    

Consanguineous N N N    

Karyotype NR NR 46,XX    

Age (years) at last 
assessment 

16 44 36    

Age (years) at 
molecular diagnosis 

16 44 36    

Sensorineural hearing loss      

Present at birth N NR     

Age (years) at hearing 
loss diagnosis 

7 4 3    

Degree of hearing loss moderate-severe profound profound    

Pattern of hearing loss progressive More severe at high 
frequencies 

More severe at high frequencies   

Treatment NR Bilateral cochlear 
implants 

Bilateral hearing aids    



Gonadal dysfunction       

Pelvic ultrasound Ovarian atrophy Small ovaries and 
uterus 

Gonadal dysgenesis    

Menarche N Y N    

POI Y Y Y    

FSH [normal range] NR NR NR    

LH [normal range] NR NR NR    

Oestradiol [normal 
range] 

NR NR NR    

Azoospermia NA NA NA    

Neurological features N N N    

Ataxia N N     

Other Renal tubular acidosis Chronic kidney disease Chronic kidney disease   

Additional features       

References Clin Genet 2018 
Aug;94(2):276-277 

Genes (Basel). 2020 
Sep; 11(9): 1060. 

Genes (Basel). 2020 Sep; 11(9): 1060.   

F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 

Individual ID II-1 II-3 II-2 II-4 II-1  

Variants C10orf2 c.1172G>A p.(Arg391His); c.1754A>G p.(Asn585Ser) C10orf2  c.1321T>G p.(Trp441Gly); c.1519G>A p.(Val507Ile) C10orf2 c.968G>A 
p.(Arg323Gln); c.1196 A>G 
p.(Asn399Ser) 

Ethnicity Japanese Japanese American of Greek and mixed 
European ancestry 

American of Greek and mixed 
European ancestry 

Norwegian  

Sex F F F F F  
Consanguineous N N N N N  
Karyotype 46,XX 46,XX 46,XX 46,XX NR  
Age (years) at last 
assessment 

40 34 41 31 48  

Age (years) at molecular 
diagnosis 

NR NR NR NR 48  

Sensorineural hearing loss       
Present at birth NR NR NR NR N  
Age (years) at hearing loss 
diagnosis 

13 8 7 NR 3  

Degree of hearing loss NR NR Severe Moderate Severe to profound  
Pattern of hearing loss NR NR NR NR Cookie-bite HL  
Treatment NR NR NR NR NR  
Gonadal dysfunction       
Pelvic ultrasound NR NR Streak ovaries  Streak ovaries Small uterus and 

ovaries 
 

Menarche N N N N N  



POI Y Y Y Y Y  
FSH [normal range] 95 mIU/mL [3.5–12.5mIU/ 

mL] 
200 mIU/mL [3.5–12.5mIU/ 
mL] 

NR NR NR  

LH [normal range] 31 mIU/mL [2.4–12.6 
mIU/mL]  

34 mIU/mL [2.4–12.6 mIU/mL] NR NR NR  

Oestradiol [normal range] 10.5 pg/ml [25-195 pg/mL] 10.3 pg/ml [25-195 pg/ml] NR NR NR  
Azoospermia NA NA NA NA NA  
Neurological features       
Ataxia Y Y Y Y Y  
Other Ophthalmoplegia, 

nystagmus, hyporeflexia of 
lower extremities, mild 
movement abnormalities. 

Ophthalmoplegia, nystagmus, 
hyporeflexia of lower 
extremities, mild movement 
abnormalities. 

Nystagmus, atrophy of the 
hands and feet, hyporeflexia of 
lower extremities. 

Nystagmus, atrophy of the 
hands and feet, hyporeflexia of 
lower extremities. 

Severe progressive 
sensory motor 
neuropathy, atrophy 
of cerebellum, 
nystagmus. 

 

Additional features High-arched palate and pes 
cavus. 

High-arched palate and pes 
cavus. 

N N Scoliosis  

References Neurology. 2014 Nov 25;83(22):2054-61. Clin Genet. 2017 
Feb;91(2):302-312. 

 
F, female; FSH, follicle stimulating hormone; LH, luteinizing hormone; M, male; NA, not applicable; NR, not recorded; POI, primary ovarian insufficiency; N, absent; Y, present. 



 

 

Supplementary Figure 1 - A homozygous missense variant of CLPP 
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