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Abstract 

Identifying genetic variants implicated in Perrault syndrome for improved hearing loss 

diagnosis and therapeutics. Leigh A. M. Demain; The University of Manchester, Doctor 

of Philosophy, 2017. 

Perrault syndrome is a rare autosomal recessive condition characterised by sensorineural 

hearing loss affecting both sexes and premature ovarian insufficiency in 46, XX females. 

Some affected individuals present with neurological features such as ataxia, neuropathies 

and intellectual disability. To date six genes which cause Perrault syndrome have been 

identified; HSD17B4, HARS2, LARS2, CLPP, C10orf2 and ERAL1. In many cases the genetic 

cause of Perrault syndrome is unknown.  

We used whole exome sequencing to identify the genetic basis of Perrault syndrome in 

nine affected families. In six families we identified variants in known Perrault syndrome 

genes and highlighted a genotype-phenotype link between the variant LARS2 c.1565C>A 

p.(T522N) and low frequency sensorineural hearing loss. We also found marfanoid 

habitus in Perrault syndrome is not genotype specific. In three families we identified 

putative pathogenic variants in three novel Perrault syndrome genes; PRORP, NOP14 and 

DAP3.  

Investigation of novel Perrault genes revealed a defect of mitochondrial translation is the 

likely pathogenic mechanism in the case of Perrault syndrome caused by variants in 

PRORP, but data from a patient with Perrault syndrome caused by DAP3 showed that this 

is unlikely to be the mechanism in all cases. PRORP is a subunit of mitochondrial RNase P, 

a mitochondrial tRNA processing complex. The variant in the affected family, PRORP 

p.A485V, reduced mitochondrial tRNA processing by 40% resulting in accumulation of 

unprocessed RNA transcripts and a defect of mitochondrial translation in patient 

fibroblasts. DAP3 is an essential subunit of the mitochondrial ribosome. In the proband 

with the variant DAP3 p.C395Y, which is in trans to a large deletion, there was no defect 

of mitochondrial translation seen in fibroblasts. The variant DAP3 p.C395Y likely affects a 

non-ribosomal role of DAP3 indicating a different Perrault Syndrome pathology to that of 

Perrault syndrome caused by defects of PRORP. NOP14 localises to the nucleolus and 

functions in ribosome biogenesis but our data suggests NOP14 may have a mitochondrial 

function. Haploinsufficiency of NOP14 in yeast causes the slow loss of mitochondria and 

we saw a distinct non-nucleolar localisation of Nop14 in the mouse organ of Corti. 

Perrault syndrome shows large genetic and phenotypic heterogeneity. We have identified 

three novel Perrault syndrome genes and shed some light on the molecular pathology of 

Perrault syndrome.  
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Rationale for Journal Format 

The body of work comprising this thesis is presented in journal format with each 

experimental chapter prepared as an individual paper suitable for submission to a peer 

reviewed publication. Chapter 3 and chapter 4 have been published in Clinical Genetics 

(Clin Genet, 91(2), 302-312) and Clinical Dysmorphology (Clin Dysmorphol, 26(4), 200-204) 

respectively.  Chapter 5 is available on the pre-print server biorxiv 

(http://www.biorxiv.org/content/early/2017/07/25/168252). Chapters 6 and 7 have been 

prepared as journal format papers but have not been submitted for publication. 

This thesis represents an investigation into the genetic and molecular cause of Perrault 

syndrome in 12 families. We identified variants in known genes in six families and in three 

families we identified putative pathogenic variants in novel Perrault syndrome genes. In 

three additional families the genetic cause of Perrault syndrome could not be 

determined. The different experimental approaches to investigate the variants in known 

genes and in each individual novel gene meant that the chapters form naturally around 

the case studies and in this way provide a more linear story for each chapter than 

traditional format. 

Chapter 3 and chapter 4 comprise studies of families with causative variants identified in 

known Perrault syndrome genes. In chapter 3 we identified five families with variants in 

HDS17B4, LARS2, CLPP and C10orf2. In chapter 4 we present a single family with a known 

Perrault syndrome variant in LARS2 and a phenotype not previously seen in association 

with the variant.  These chapters introduce the genotypic and phenotypic heterogeneity 

of Perrault syndrome and present data for the existence of novel Perrault syndrome 

genes. They also highlight some of the unresolved questions around Perrault syndrome. 

Three novel Perrault syndrome genes were identified over the course of this project. The 

characterisation of these genes took different routes depending on the function of the 

gene.  

In chapter 5 we identified a novel Perrault syndrome gene, PRORP, in a large 

consanguineous family. We used patient dermal fibroblasts and an in vitro assay to 

characterise a defect of mitochondrial translation in the affected individuals.  

http://www.biorxiv.org/content/early/2017/07/25/168252
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In chapter 6 we identified a homozygous variant in NOP14 as the cause of Perrault 

syndrome in a single family. We used Saccharomyces cerevisiae as a model organism to 

study this variant. We found NOP14 is required for normal mitochondrial function in 

yeast. Future work will focus on identifying the function of NOP14 in mitochondria and 

assessing variant effect on this function. 

In chapter 7 we found a rare variant in DAP3 in trans to a large deletion. Investigating the 

variant in Saccharomyces cerevisiae proved difficult as the loss of the DAP3 yeast 

orthologue causes rapid and irretrievable loss of mitochondria. Patient cells did not show 

a defect of mitochondrial translation and future work will focus on identifying the effect 

of the variant on alternate function of DAP3. 

The chapters presented in this thesis are unified by the study of the genetic and 

molecular pathology of Perrault syndrome. Although the chapters have a unifying theme 

the different experimental approach necessary in each chapter and meant that journal 

format was the most appropriate format for this thesis. 
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Chapter 1: Introduction 
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1.1 Perrault syndrome overview 

In 1951 Perrault described a case of two sisters with Turner syndrome and hearing loss 

(Perrault et al. 1951). In further studies it was noted that these sisters had a 46,XX 

karyotype, which is not consistent with Turner syndrome (Josso 1963). Upon review of 

four families affected by hearing loss in both sexes and ovarian dysgenesis in 46,XX 

karyotype females Pallister and Opitz (1979) termed this condition Perrault Syndrome 

(MIM 233400) (Online Mendelian Inheritance in Man OMIM®). 

Perrault syndrome is a rare autosomal recessive genetic disorder (Pallister and Opitz 

1979). In Europe a rare disease or disorder is defined as one that affects less than 1 in 

2000 people. A disorder can be classed as rare and have approximately 246,000 affected 

individuals in Europe (European Commission DG Health &amp; Consumers 2014). Perrault 

Syndrome has fewer than 100 affected families reported in literature worldwide 

(Geethalakshmi et al. 2015), therefore is a very rare condition. 

Perrault syndrome is characterised by sensorineural hearing loss (SNHL) in both sexes and 

ovarian dysfunction in 46,XX karyotype females (Pallister and Opitz 1979). Neurological 

features such as ataxia, neuropathies and intellectual disability have also been reported in 

some affected individuals (Gottschalk et al. 1996;Fiumara et al. 2004). The syndrome is 

both clinically and genetically heterogeneous. Symptoms vary in severity even within 

affected families (Newman et al. 2014). To date there have been six genes identified as 

causative genes for Perrault syndrome HSD17B4 (MIM 233400) (Pierce et al. 2010), 

HARS2 (MIM 614926) (Pierce et al. 2011), LARS2 (MIM 615300) (Pierce et al. 2013), CLPP 

(MIM 614129) (Jenkinson et al. 2013), C10orf2 (MIM 616138) (Morino et al. 2014) and 

ERAL1 (MIM 607435) (Chatzispyrou et al. 2017). The latter five genes function in 

mitochondrial translation suggesting that at least some cases of Perrault syndrome are 

caused by a defect of mitochondrial translation. In many Perrault syndrome families the 

genetic causes of the syndrome are unknown. Some of these families have been screened 

for variants in known Perrault genes, but no causative variants were found (Jenkinson et 

al. 2012;Kim et al. 2013;Demain et al. 2017b). These families may contain variants in 

novel Perrault syndrome genes.  
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1.2 The clinical aspects of Perrault syndrome 

Two presentations are required for a clinical diagnosis of Perrault Syndrome: 

sensorineural hearing loss, which is not sex biased; and primary ovarian insufficiency in a 

46,XX karyotype female (Pallister and Opitz 1979). In addition some patients have 

reported additional clinical features, most commonly neurological (Fiumara et al. 

2004;Gottschalk et al. 1996). These neurological features may include ataxia, intellectual 

disability, nystagmus and hereditary sensory motor neuropathy (Gottschalk et al. 

1996;Morino et al. 2014). A diagnosis of Perrault syndrome can be difficult to achieve, 

especially in males and pre-pubertal females, without the presence of another affected 

family member. Males and pre-pubertal females will present with non-syndromic hearing 

loss and in many cases the diagnosis of Perrault syndrome relies on the presentation of 

primary ovarian insufficiency (Newman et al. 2014). Recently there have been cases of 

Perrault syndrome diagnosed from genetic data rather than clinical features (Ahmed et al. 

2015;Demain et al. 2017b). This type of diagnosis is likely to become more common as 

next generation sequencing is routinely applied as a diagnostic tool. 

1.2.1 Sensorineural hearing loss  

Hearing loss is the most common sensory deficit in humans with 1 in every 1000 children 

in the U.K. born with a disabling permanent childhood hearing loss. By adolescence the 

prevalence of permanent hearing impairment is 2 in 1000. (Fortnum et al. 2001). 

Sensorineural hearing loss (SNHL) is associated with dysfunction of the inner ear in 

comparison to conductive hearing loss, which is caused by dysfunction of the outer 

and/or middle ear (Kochhar et al. 2007). Causes of SHNL include genetic and 

environmental causes or a combination of both factors. It is estimated that in developed 

countries genetic factors cause as much as 50% of SNHL. The genetic causes of SNHL are 

highly heterogeneous and present as both syndromic cases, which include associated 

additional clinical features; and non-syndromic cases, in which hearing loss is the only 

presentation (Kochhar et al. 2007). The genetic causes of hearing loss include all modes of 

inheritance and in some cases syndromic and non-syndromic hearing loss may result from 

different variants in the same gene (Smith et al. 2017). 
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Figure 1.1. Anatomy of the ear. 

Sensorineural loss is due to impairment or damage of the structures of the inner ear, 

specifically the cochlea or the cochlear nerve (Kochhar et al. 2007). Image adapted from 

Chittka and Brockmann (2005). 

 

The receptor organ for hearing, the organ of Corti, is located in the cochlea (Pujol et al. 

2016b) (Fig 1.2). The organ of Corti contains two types of mechanosensory hair cells 

responsible for detecting sound, inner hair cells which are the primary sound detector 

cells and outer hair cells which modulate the signal improving frequency detection (Pujol 

et al. 2016a). The hair cells are arranged as three rows of outer hair cells and a single row 

of inner hair cells positioned on the basilar membrane (Pujol et al. 2016b) (Fig. 1.2). 

Sound is transmitted to the inner ear via the vibration of the tympanic membrane 

(eardrum) and ossicles (malleus, incus and stapes) of the middle ear. The stapes vibrates 

against the oval window of the cochlea and causes movement of the perilymph fluid 

within. The movement of the fluid within the scala tympani causes movement in the 

basilar membrane and subsequent movement of stereocilia on the apical surface of the 

hair cells (Pujol et al. 2016b). The movement of the stereocilia opens ion channels which 

allows potassium from the potassium rich endolymph to enter the hair cells, causing 

them to become depolarised and release neurotransmitter to the auditory nerves (Pujol 



34 
 

et al. 2016a). Defects in different functional aspects of the organ of Corti, including 

mechanoelectric transduction and ion homeostasis, can lead to SNHL (Eisen and Ryugo 

2007).  

 

 

Figure 1.2. The organ of Corti. 

A cross section of the cochlea showing the organ of Corti. OHC, outer hair cell. IHC, inner 

hair cell. Adapted from Cochlea-crosssection.png: The original uploader was Oarih at 

English Wikipedia derivative work: Fred the Oyster [CC-BY-SA-3.0 

(http://creativecommons.org/licenses/by-sa/3.0/) or GFDL 

(http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons. 

 

To detect hearing loss in older children and adults pure tone audiometry testing is 

performed (Smith et al. 2017). Pure tone audiometry involves an audiometer producing 

sounds at different frequencies and volumes with the individual being tested confirming, 
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usually by pressing a button, when they hear a sound. Two types of pure tone audiometry 

are employed, air conduction audiometry and bone conduction audiometry. In air 

conduction audiometry the audiometer delivers sound via air, the way the subject would 

normally detect sound. The level of hearing (or threshold) as determined by air 

conduction audiometry is known as the air threshold. In bone conduction testing the 

sound is transmitted by a probe placed on the mastoid bone, effectively bypassing the 

middle ear. The minimum level of hearing recorded from bone conduction testing is 

known as the bone threshold (Smith et al. 2017). The thresholds for each tested 

frequency are recorded on a specialised graph known as an audiogram (Fig. 1.3) (Hearing 

Link. 2017). On audiograms hearing loss is split into 4 categories mild (21-40dB), 

moderate (41-70dB), severe (71- 95 dB) and profound (greater than 96 dB) (Fig. 1.3) 

(Action on Hearing Loss 2017). When used in conjunction pure tone audiometry and bone 

conduction tests can help distinguish between middle ear (conductive) hearing loss and 

the inner ear hearing loss (SNHL). A similar hearing threshold on both bone and air tests is 

indicative of SNHL while a significantly lower threshold on bone conduction tests is 

indicative of conductive hearing loss (Hearing Link. 2017). Additional physiological tests 

may be performed to determine the etiology of hearing loss in the affected individual 

(Smith et al. 2017). Auditory brain stem response (ABR) testing assesses the function of 

the cochlea and auditory nerves by using surface electrodes to record electrophysiological 

response from the auditory brainstem and nerves in response to click stimuli. ABR testing 

is used as the primary tool to detect hearing loss in infants, in which pure tone 

audiometry is not suitable (Smith et al. 2017). Immittance testing (also known as 

tympanometry) assesses function of the middle ear by applying pressure to the tympanic 

membrane. Immittance testing assesses middle ear pressure, tympanic membrane 

flexibility and ossicle mobility. (Smith et al. 2017). 
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Figure 1.3. Example audiogram. 

Example of an audiogram of a patient with a mild to moderate loss in the left ear and 

moderate to profound loss in the right ear with both ears having a more severe loss at 

high frequencies (Action on Hearing Loss 2017). The left ear is represented by crosses and 

the right by circles. Only the air threshold is shown. Audiogram created using Audgen 

software (http://audsim.com/audgen/AudGen.html).  

 

SNHL is typically the earliest detected clinical feature of Perrault syndrome and is 

heterogeneous in both onset age and severity. Severity ranges from mild to profound 

with onset from congenital (pre-lingual) to post-lingual (Newman et al. 2014). 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). The hearing loss is normally bilateral, present in 

both affected males and females (Newman et al. 2014), and can be progressive (Pallister 

and Opitz 1979). The audiometric nature of the hearing loss shows the same clinical 

http://audsim.com/audgen/AudGen.html
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heterogeneity as the other aspects of the syndrome. Pallister and Opitz (1979) noted that 

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 

Laercio et al. (1992) described two sisters with flat type curve audiograms where hearing 

loss was similar across all frequencies. Some affected individuals have been noted as 

having 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 (Pierce et al. 

2013;Demain et al. 2017b).  These upwards sloping audiograms may prove useful as an 

early indicator of possible Perrault syndrome in the absence of other clinical aspects of 

the condition (Newman et al. 2014) and may help to narrow the scope of genetic 

investigations. 

The pathology of hearing loss in Perrault syndrome is currently unknown but recently two 

studies have shed some light on a possible pathology. Nishio et al. (2017) conducted a 

study of gene expression of hearing loss associated genes in the mouse organ of Corti. 

Four genes associated with Perrault syndrome (HSD17B4, HARS2, LARS2 and CLPP) were 

found to be expressed at much higher levels in the neurons of the spiral ganglion than in 

other parts of the organ of Corti. The spiral ganglion connects auditory input from the hair 

cells to the central auditory system in the brain (Nishio et al. 2017). In a pair of sisters 

with Perrault syndrome, due to variants in C10orf2, there was atrophy of the auditory 

nerve and the authors theorised that the defect in this case was localised to the synapses 

of the hair cells and auditory nerve (Oldak et al. 2017). The area of defect localisation 

suggests that hearing loss in some cases of Perrault syndrome may be due to a defect of 

the auditory neurons rather than the sensory organ. Often in depth analysis of the 

hearing loss phenotype required to differentiate between an auditory neuropathy and 

sensory hearing loss is not performed and in most cases of Perrault syndrome the 

pathology of the hearing loss remains unresolved. 

1.2.2 Ovarian dysfunction 

The second defining clinical aspect of Perrault syndrome is primary ovarian insufficiency 

(POI). POI is classed as cessation of the correct function of the ovaries before 40 years of 
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age and may also be referred to as premature ovarian failure (Rebar 2009). In practice 

there is a wide range of ovarian dysfunction associated with Perrault syndrome, from 

severe ovarian dysgenesis with absent or streak gonads to milder POI. Women affected 

by Perrault syndrome present with either primary or secondary amenorrhea, as a 

consequence of POI, and may lack secondary sexual characteristics (Newman et al. 2014).  

In women affected by Perrault syndrome POI is accompanied by hypergonadotropic 

hypogonadism (Newman et al. 2014). Hypergonadotropic hypogonadism is characterised 

by high levels of gonadotropin hormones, follicle stimulating hormone (FSH) and 

luteinising hormone (LH), and low levels of oestrogen. The ovaries are small, streak or 

absent in patients with hypergonadotropic hypogonadism (Aittomäki et al. 1995). High 

levels of gonadotropins are produced because of the absence of an ovarian negative 

feedback loop. The ovaries are absent or non-responsive to gonadotropins and fail to 

produce appropriate levels of oestrogen. Oestrogen supresses the production of 

gonadotropins, so without oestrogen the levels of FSH and LH remain high (Fig. 1.4). 

Hypergonadotropic hypogonadism indicates a defect of the ovaries rather than the 

thyroid gland, which may also cause hypogonadism (Aittomäki et al. 1995). 

Gonadotropins and oestrogen are measured by immunoassays and quantified using 

international units (IU), a measure against a standard reference (Rebar 2009). Rebar 

(2009) suggests test results where levels of FSH are above 30mIU/ml and levels of 

oestrogen are below 50pg/ml in a woman with amenorrhea can be indicative of POI. In 

contrast Aiman and Smentek (1985) recommend levels of FSH and LH be above 50mIU/ml 

for a diagnosis of POI.  

The phenotypic range of ovarian dysfunction is such that while many individuals affected 

by Perrault syndrome present with primary amenorrhea or secondary amenorrhea in 

their teens or early twenties there has been a recorded case of an affected individual 

having sufficient ovarian function to have two children before the onset of secondary 

amenorrhea (Jenkinson et al. 2013). 
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Figure 1.4. The ovarian negative feedback loop in hypergonadotropic hypogonadism.  

The ovaries are small, streak or absent in patients with hypergonadotropic hypogonadism (Aittomäki et al. 1995). FSH – Follicle stimulating 

hormone, LH – Luteinising hormone.  
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It is the absence of puberty or the presentation of secondary amenorrhea that often leads 

to the diagnosis of Perrault syndrome. POI should be accompanied by a 46,XX karyotype 

for a diagnosis of Perrault syndrome. Karyotyping is essential to eliminate the differential 

diagnosis of Ulrich Turner syndrome (Newman et al. 2014). Women with Turner 

syndrome present with ovarian dysfunction (Gravholt 2004) and 60% of affected women 

also have some degree of hearing loss (Morimoto et al. 2006). The karyotype in women 

with Turner syndrome is 45,X or 45,X/46,XX mosaicism (Morimoto et al. 2006).  

The pathology of primary ovarian insufficiency in Perrault syndrome is unknown. During 

ovarian development the number of oocytes peak at approximately 7 million at week 20 

of the developing embryo. After this peak oocytes are continuously depleted via atresia 

to approximately 300,000 at menarche (Ramalho-Santos and Amaral 2013). It has been 

suggested that this depletion may select against oocytes with poor functioning 

mitochondria.  As individuals with Perrault syndrome may have mitochondrial dysfunction 

over depletion of the ovarian follicles selecting against poor functioning mitochondria 

could be responsible for the POI in Perrault syndrome patients (Pierce et al. 2011). The 

fact that one patient with Perrault syndrome had children (Jenkinson et al. 2013), plus 

cases of secondary amenorrhea, suggest that the ovaries can develop some function 

before the onset of POI. The suggested mechanism of ovarian dysfunction where the 

ovarian follicles are subject to excessive apoptosis selecting against mitochondrial 

dysfunction (Pierce et al. 2011) would explain the apparent difference in gonadal 

dysfunction between  male and female patients in Perrault syndrome. 

1.2.3. Additional features of Perrault syndrome 

Additional clinical features have been reported in some cases of Perrault syndrome. 

These features are most commonly neurological and may include: ataxia, hereditary 

sensory motor neuropathy, epilepsy, nystagmus, and intellectual disability (Fiumara et al. 

2004;Morino et al. 2014;Gottschalk et al. 1996).  

Neurological features are not present in every case of Perrault syndrome which resulted 

in the proposal that Perrault syndrome be split into 2 classifications, Type I and Type II. 

Type I would represent the classical Perrault syndrome with no additional neurological 

features. Type II would encompass patients with the additional features (Fiumara et al. 
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2004). There is a large clinical heterogeneity in the Perrault syndrome case studies 

reported in the literature, both between and within families. However in three families 

with Perrault syndrome due to variants in CLPP the presentation of neurological features 

segregated with the specific variant (Jenkinson et al. 2013). Where no neurological 

features were reported some affected individuals were young at the time of the report 

and it is possible neurological features may become apparent with age.  

Morphological features have been reported in association with Perrault syndrome. 

Marfanoid habitus has been noted in some cases of Perrault syndrome.(Ameen and 

Pinninti 2012;Kim et al. 2013). Arachnodactyly (Lerat et al. 2016) and high arched palate 

have also been reported as clinical features (Nishi et al. 1988). Arachnodactyly and high 

arched palate may represent a milder clinical presentation of the marfanoid habitus 

phenotype (Zerkaoui et al. 2017). Short stature has also been reported (Jenkinson et al. 

2013;Pierce et al. 2010).   

To date, there is no clear genotype- phenotype correlation of neurological or 

morphological features (Newman et al. 2014).  

1.3 The molecular aspects of Perrault syndrome 

Biallelic variants in six genes have been associated with Perrault syndrome: HSD17B4 

(Pierce et al. 2010), HARS2 (Pierce et al. 2011), LARS2 (Pierce et al. 2013), CLPP (Jenkinson 

et al. 2013), C10orf2 (Morino et al. 2014) and ERAL1 (Chatzispyrou et al. 2017). The latter 

five of these genes function in mitochondrial translation and evidence is increasing that at 

least some cases of Perrault syndrome are associated with mitochondrial dysfunction 

(Chatzispyrou et al. 2017). 

1.3.1 HSD17B4 

HSD17B4 was the first gene to be associated with Perrault syndrome. Two sisters were 

investigated to determine the genetic cause of Perrault syndrome (Pierce et al. 2010). The 

sisters had been previously clinically characterised by McCarthy and Opitz (1985) with a 

further study to review their progression conducted by Fiumara et al. (2004). Both sisters 

had ovarian failure, little to no pubertal development, a 46,XX karyotype and moderate to 

severe bilateral SNHL. The sisters also had neurological features including weakness of 
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the lower limbs, pes cavus and ataxia (McCarthy and Opitz 1985;Fiumara et al. 2004). The 

neurological presentations were progressive in both siblings and more severe in the elder 

sister. The neurological presentations were initially thought to be limited to the elder 

sister and to be static (McCarthy and Opitz 1985), but Fiumara et al. (2004) showed this to 

be false in their case review.  

Whole exome sequencing was performed on the elder sister and identified compound 

heterozygous variants in HSD17B4; c.650A>G p.(Tyr217Cys) a paternally inherited 

missense variant and c.1704T>A p.(Tyr568*) a maternally inherited nonsense variant. 

These variants were confirmed in the younger affected sibling using Sanger sequencing. 

(Pierce et al. 2010).  

The gene HSD17B4 encodes D-bifunctional protein (DBP), which is localised to the 

peroxisome. It is involved in two steps of the β oxidation of fatty acids via the function of 

separate dehydrogenase and hydratase domains (de Launoit and Adamski 1999). Variants 

in the HSD17B4 gene are more commonly associated with the syndrome DBP deficiency. 

DBP deficiency is a severely life limiting condition with affected individuals rarely 

surviving beyond two years of age. The clinical presentations include: hypotonia, seizures, 

hearing and vision loss, myelination defects and failure to achieve developmental 

milestones (Ferdinandusse et al. 2006a). DBP deficiency is classified based on the enzyme 

function affected. Type I is deficiency of both the hydratase and dehydrogenase domains, 

Type II is deficiency of the hydratase domain and Type III is deficiency of the 

dehydrogenase domain. It was noted that while DBP deficiency classifications do not 

differ in clinical presentation they may have a predictive effect on lifespan (Ferdinandusse 

et al. 2006a).  

Expression analysis of the variant transcripts in the affected sisters showed reduced 

p.(Tyr568*) levels in comparison to wild type transcripts. DBP levels were assayed in the 

mother and younger sibling. The expression of the full length protein and the 

dehydrogenase domain was reduced in the mother and further reduced in the younger 

sister. It was suggested that a combination of nonsense mediated decay of the 

p.(Tyr568*) transcript and reduced levels of the missense protein p.(Tyr217Cys) would 

account for the reduced protein levels in the affected individuals. As a result of these 
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findings the two sisters were tentatively classified as having a Type II DBP deficiency, 

suggesting there is clinical overlap between DBP deficiency and Perrault syndrome. Six 

additional Perrault syndrome families were screened for variants in HSD17B4, but no 

variants of significance were found (Pierce et al., 2010). 

A second case of Perrault syndrome due to variants in HSD17B4 was identified by Demain 

et al. (2017b). The affected female was of Brazilian descent and from a non-

consanguineous family with unaffected parents and an unaffected brother. The proband 

presented with severe to profound SNHL with a small uterus and ovaries and a 

hypergonadotropic hypogonadism. The proband also displayed progressive ataxia and a 

mild intellectual disability. Very long chain fatty acid (VLCFA) analysis was normal in this 

individual.  VLCFA levels are elevated in infantile cases of DBP deficiency (Ferdinandusse 

et al. 2006b). Whole exome sequencing performed on the proband identified biallelic 

compound heterozygous variants in HSD17B4; c.46G>A, p.(Gly16Ser) which was inherited 

maternally and c.244G>T, p.(Val82Phe) which was inherited paternally (Demain et al. 

2017b). Both of these variants are situated in the dehydrogenase domain of DBP. 

p.(Gly16Ser) has been predicted to disrupt cofactor binding in DBP and is a known 

pathogenic variant associated with DBP deficiency (Ferdinandusse et al. 2006a). In 

contrast p.(Val82Phe) is a novel variant and was predicted to cause a small 

rearrangement which may mildly disrupt co-factor binding. It was theorised that the 

combination of the known pathogenic variant and the hypomorphic variant reduced DBP 

activity below a threshold to cause the Perrault syndrome phenotype in the proband but 

with function not impaired enough to cause DBP deficiency (Demain et al. 2017b). The 

discovery of a variant known to cause DBP deficiency in this Perrault syndrome patient 

further reinforces the overlap between Perrault syndrome and DBP deficiency. 

McMillan et al. (2012) identified two brothers with what they describe as DBP type IV 

deficiency. They define this as “[DBP deficiency] due to compound heterozygous variants 

affecting two different domains of DBP but associated with a relatively milder clinical and 

biochemical phenotype”(McMillan et al. 2012). The two affected patients presented with 

moderate to severe bilateral SNHL, ataxia, pes cavus, sensorimotor neuropathy and 

retinal atrophy. These symptoms were milder in the younger brother. The older brother 

had developed normally but the younger brother had not achieved puberty by the age of 
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14 years. The authors of the paper make the argument for re-classifying the two sisters 

from Pierce et al. (2010) as DBP deficient type IV (McMillan et al. 2012).  

Lines et al. (2014) identified a family affected by DBP deficiency type IV. The family 

consisted of two affected females and one affected male. The clinical presentations in 

these patients included SNHL, ataxia, demyelinating motor neuropathy and intellectual 

disability. Ovarian failure was seen in the affected females from this family. Ovarian 

dysfunction had not been seen previously in DBP deficiency and was one of the clinical 

presentations alongside the absence of the classical biochemical indicators of DBP 

deficiency that defined the original clinical case for classifying the sisters from Pierce et al. 

(2010) as having Perrault syndrome.  

The gene HSD17B4 has also been associated with POI independently of DBP deficiency 

(Pyun et al. 2012). In a comparison of 98 women with POI and 218 control women, all of 

Korean ethnicity, a haplotype of HSD17B4 was found to be protective against POI and an 

epistatic interaction between a single nucleotide polymorphism (SNP) in HSD17B4 and a 

SNP in thyroglobulin were found to be a risk factor for POI (Pyun et al. 2012). It is possible 

given the molecular data and the emergence of DBP deficiency type IV cases that the 

affected individuals from Pierce et al. (2010) and Demain et al. (2017b) may be 

reclassified as having a type IV DBP deficiency and not Perrault syndrome. 

1.3.2 HARS2 

Variants in the gene HARS2, encoding  mitochondrial histidyl-tRNA synthetase, were 

identified by Pierce et al. (2011) to be the likely cause of Perrault syndrome in a large 

non-consanguineous family of European ancestry. There were 11 siblings in the family of 

which five were affected, three females and two males. All of the affected siblings had 

bilateral SNHL which varied in severity and age of onset. The three affected female 

siblings had ovarian dysgenesis and a 46,XX karyotype. The affected male siblings had 

normal pubertal development and gonadal function. All members of the family had 

normal intelligence and no neurological presentations were noted (Pallister and Opitz 

1979). The clinical presentations were consistent with the proposed Perrault syndrome 

type I classification. 
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The size of the affected family allowed for the use of genome wide linkage analysis in the 

identification of novel variants. A region with a high linkage score was identified and 

sequenced using Sanger sequencing. In this region of linkage two novel variants in the 

HARS2 gene were identified as being the most likely cause of Perrault syndrome in the 

family. The affected individuals were compound heterozygous for two variants in HARS2, 

the paternally inherited HARS2 c.598C > G p.(Leu200Val) and the maternally inherited 

HARS2 c.1102G >T p.(Val368Leu). The paternally inherited variant c.598C > G 

p.(Leu200Val) also resulted in an alternate splice site causing a deletion of 12 codons 

from the HARS2 transcript (Pierce et al. 2011). 

Aminoacyl-tRNA synthetases (aaRS) are enzymes with important functions in nuclear and 

mitochondrial protein synthesis. They catalyse the addition of the appropriate amino acid 

to the corresponding tRNA molecule and so are vital components of the translational 

machinery (Konovalova and Tyynismaa 2013). All but two aaRS, glycyl-tRNA synthetase 

(encoded by GARS) and lysyl-tRNA synthetase (encoded by KARS), are encoded by 

separate genes for nuclear and mitochondrial functions. Genes encoding mitochondrial 

proteins are identified by the 2 at the end of their gene name. HARS2 encodes 

mitochondrial histidyl-tRNA synthetase and is responsible for the addition of histidine to 

the appropriate tRNA molecule for mitochondrial translation (Diodato et al. 2014a). There 

are a number of syndromes and pathologies associated with variants in mitochondrial 

aaRS genes, many of which produce neurological symptoms. Table 1.1 outlines some of 

these conditions but is not an exhaustive list. Of particular note in reference to Perrault 

syndrome are variants in NARS2 which cause non-syndromic hearing loss (Simon et al. 

2015) and variants in AARS2 which can cause leukoencephalopathy and POI (Dallabona et 

al. 2014) 

 

. 
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Gene Protein Syndrome or Condition Clinical Presentations Reference 

DARS2 

Mitochondrial 

aspartyl-tRNA 

synthetase 

Leukoencephalopathy with brain 

stem and spinal cord involvement 

and lactate elevation (LBSL) 

Slowly progressive cerebellar ataxia, 

spasticity, cerebellar and dorsal 

column dysfunction 

(Scheper et 

al. 2007) 

RARS2 

Mitochondrial 

arginyl-tRNA 

synthetase 

Pontocerebellar hypoplasia 

Mitochondrial encephalopathy, 

seizures, hypotonia, microcephaly, 

failure to thrive 

(Edvardson 

et al. 2007) 

YARS2 

Mitochondrial 

tyrosyl-tRNA 

synthetase 

Myopathy, lactic acidosis, and 

sideroblastic anaemia syndrome 

(MLASA) 

Progressive exercise intolerance, 

sideroblastic anaemia, some cases 

of intellectual disability 

(Riley et al. 

2010) 

SARS2 

Mitochondrial 

seryl-tRNA 

synthetase 

Hyperuricemia, pulmonary 

hypertension, renal failure in infancy 

and alkalosis (HUPRA) Syndrome 

Hyperuricemia, metabolic alkalosis, 

pulmonary hypertension, 

progressive renal failure 

(Belostotsky 

et al. 2011) 

AARS2 

Mitochondrial 

alanyl-tRNA 

synthetase 

Infantile mitochondrial 

cardiomyopathy 

Hypertrophic cardiomyopathy, 

hypotonia, developmental delay 

(Götz et al. 

2011) 

Leukoencephalopathy with POI 
Leukoencephalopathy, ataxia, 

spasticity, cognitive decline, POI 

(Dallabona 

et al. 2014) 

MARS2 

Mitochondrial 

methionyl-tRNA 

synthetase 

Autosomal recessive spastic ataxia 

with leukoencephalopathy (ARSAL) 

Cerebellar ataxia, spasticity, 

dystonia, scoliosis, cognitive 

impairment 

(Bayat et al. 

2012) 

FARS2 

Mitochondrial 

phenylalanyl- 

tRNA 

synthetase 

Fatal infantile alpers encephalopathy 

Mitochondrial encephalopathy, 

epilepsy, lactic acidemia, severe 

progressive cerebral atrophy 

(Elo et al. 

2012) 

EARS2 

Mitochondrial 

glutamyl–tRNA 

synthetase 

Leukoencephalopathy with thalamus 

and brainstem involvement and high 

lactate (LTBL) 

Elevated lactate levels, hypotonia, 

spasticity, failure to reach or loss of 

developmental milestones, seizures 

(Steenweg et 

al. 2012) 

VARS2 

Mitochondrial 

valyl tRNA-

synthetase 

Mitochondrial encephalopathy 
Developmental delay, 

microcephaly, seizures 

(Diodato et 

al. 2014b) 

NARS2 

Mitochondrial 

asparaginyl-

tRNA 

Synthetase 

Non-syndromic hearing loss Pre-lingual, profound SNHL 

(Simon et al. 

2015) Hearing loss and Leigh syndrome 

Hearing loss, epilepsy, 

laryngomalacia, pharyngeal 

hypotonia, legions in the brainstem 

and thalamus 

TARS2 

Mitochondrial 

threonyl tRNA-

synthetase 

Mitochondrial encephalopathy 
Hypotonia, elevated lactate levels, 

developmental delay 

(Diodato et 

al. 2014b) 

Table 1.1. Conditions associated with variants in mitochondrial aaRS genes. 
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From the crystal structures of HARS2 prokaryotic orthologues it was predicted both the 

c.598C > G p.(Leu200Val) and c.1102G >T variants would alter packing interactions in the 

protein and consequently may decrease the histidine binding affinity of the active site. In 

functional studies the alternate transcript of c.598C > G p.(Leu200Val) was poorly 

expressed in both 293T cells and bacterial cells leading to the conclusion that the 

transcript was unstable. Studies in yeast using HARS2 orthologues showed that 

p.Leu200Val provided almost wild type aminoacylation activity with p.Val368Leu showing 

reduced aminoacylation activity. The combination of the reduced activity of p.(Val368Leu) 

and the reduced functional transcripts for p.(Leu200Val) may have reduced histidine 

aminoacylation below the level required for the normal function of mitochondria causing 

the Perrault syndrome phenotype in these individuals. Functional studies in C.elegans 

implicated HARS2 as a causative agent for infertility via mechanisms relating to cell 

apoptosis (Pierce et al. 2011).  

Recently two additional families were identified as having Perrault syndrome due to 

variants in HARS2. Using a next generation sequencing (NGS) panel comprising 35 hearing 

loss genes, including five Perrault syndrome genes (HSD17B4, HARS2, LARS2, CLPP and 

C10orf2),  Lerat et al. (2016) identified two unrelated individuals with Perrault syndrome. 

Both affected individuals were from consanguineous families and were homozygous for 

the same variant HARS2 c.1010A>G p.(Tyr337Cys). Both female probands were from the 

same region in Morocco and share a haplotype suggesting a founder effect. Both affected 

individuals have a similar phenotype of profound SNHL with onset before 3 years of age 

and secondary amenorrhea presenting at 25 and 26 years of age respectively. Neither 

proband has any neurological phenotypes but both have hypothyroidism (Lerat et al. 

2016), which is not commonly associated with Perrault syndrome but has been previously 

reported (Demain et al. 2017b). These individuals have a very similar phenotype which 

could be due not only to the same Perrault syndrome variant but also to the similar 

genetic background. 

The males in the family reported by Pierce et al. (2011) were fertile. There were no 

affected males in the additional two families with Perrault syndrome due to variants in 

HARS2 (Lerat et al. 2016). It has been proposed that apoptosis leading to cochlear 

degeneration and excessive apoptosis in the ovarian follicles, selecting against poor 
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functioning mitochondria, is responsible for the SNHL and ovarian dysfunction of Perrault 

syndrome due to HARS2 variants (Pierce et al. 2011). This mechanism may account for the 

apparent disparity in gonadal development and function between males and females 

affected by Perrault syndrome.   

1.3.3 LARS2 

Initially variants in the LARS2 gene were found to be associated with Perrault syndrome in 

two families (Pierce et al. 2013). Family 1, who were consanguineous and of Palestinian 

descent, consist of a female proband and her two affected brothers. There were no 

unaffected siblings in family 1. All siblings were diagnosed with bilateral SNHL between 3-

5 years of age. The brothers had a distinctive upsloping audiogram present bilaterally 

which in the proband was present in one ear only with mild hearing loss in the other ear. 

The proband had primary amenorrhea with no ovaries visible on an ultrasound 

examination, raised levels of gonadotropins and a 46,XX karyotype. There were no 

pubertal delays reported in the brothers and no intellectual or neurological abnormalities 

were reported in any members of the family. Family 2 is non-consanguineous and of 

Slovenian ancestry. The proband is an only child with: severe hearing loss; secondary 

amenorrhea, which presented at 19 years of age; and high levels of FSH. No ultrasound 

data was available for the proband of family 2. This family also reported no neurological 

symptoms (Pierce et al. 2013).  

Whole exome sequencing identified three novel variants in the LARS2 gene which were 

proposed to be causative of Perrault syndrome in these families. All 3 affected siblings in 

family 1 were homozygous for the missense variant LARS2 c.1565C>A p.(Thr522Asn). The 

proband in family 2 was compound heterozygous for the paternally inherited frameshift 

variant LARS2 c.1077delT p.(Ile360PhefsTer15) and maternally inherited LARS2 c.1886C>T 

p.(Thr629Met) missense variant (Pierce et al. 2013). 

LARS2 encodes mitochondrial leucyl-tRNA synthetase which is responsible for the 

addition of leucine to the appropriate tRNA molecule in mitochondrial translation. As with 

mitochondrial histidyl-tRNA synthetase, mitochondrial leucyl-tRNA synthetase is an 

essential component for mitochondrial translation (Diodato et al. 2014a). The importance 

of the  mitochondrial aaRS enzymes is underscored by the fact that none of the disease 
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causing variants in mitochondrial aaRS enzymes result in a full loss of function suggesting 

that some residual function in these enzymes is a pre-requisite for life (Konovalova and 

Tyynismaa 2013). 

The protein produced as a result of the variant in family 1, p.(Thr522Asn), was predicted 

to have reduced aminoacylation efficiency. Functional studies in yeast showed that 

p.(Thr522Asn) has reduced aminoacylation activity in comparison to wild type 

mitochondrial leucyl-tRNA synthetase (Pierce et al. 2013). It has since been demonstrated 

that the variant p.Thr522Asn has a 9 fold reduced aminoacylation efficiency compared to  

human wild type mitochondrial leucyl-tRNA synthetase (Riley et al. 2015). The variant 

LARS2 c.1077delT is predicted to yield a non-functioning protein missing vital domains. 

Functional tests have shown that c.1077delT is unable to rescue mitochondrial function in 

yeast mutants in which the LARS2 orthologue NAM2 was deleted. The second variant in 

family 2, p.(Thr629Met), showed near wild type aminoacylation activity in functional 

tests. It was predicted that the combination of the 2 variants reduces the enzyme 

function below a threshold level and produces a Perrault syndrome phenotype in the 

proband of family 2 (Pierce et al. 2013).  

There have been multiple additional reports of individuals with Perrault syndrome due to 

variants in LARS2. The phenotypes and genotypes of all the individuals with Perrault 

syndrome due to LARS2 to date, including the cases detailed in Pierce et al. (2013), are 

presented in more detail in Table 1.2. 

Two siblings, one female and one male were found to be compound heterozygous for 

biallelic variants in LARS2 by Solda et al. (2016). The family were non-consanguineous and 

of Italian descent, comprising two affected and two unaffected siblings. Both affected 

siblings presented with congenital profound SNHL and the female proband presented 

with secondary amenorrhea at 31 years of age. No neurological features were reported in 

this family. Whole exome sequencing showed the affected siblings were compound 

heterozygous for two variants in LARS2:c.899C>T p(.(Thr300Met), inherited maternally, 

and c.1912G>A p.(Glu638Lys) inherited paternally. Segregation of the variants with the 

phenotype was confirmed by Sanger sequencing. Neither of these variants have 

previously been associated with Perrault syndrome and were absent from an in-house 



50 
 

database of 3500 ethnically matched controls and ExAC (Solda et al. 2016). 

LARS2:c.899C>T p.(Thr300Met) lies in the editing domain of the protein and is predicted 

to interfere with editing (the removal of an incorrectly attached amino acid) or 

discrimination of amino acids. LARS2 c.1912G>A p.(Glu638Lys) is situated in the catalytic 

domain of the protein and is predicted to interfere with the conformational change of the 

protein required for aminoacylation activity (Solda et al. 2016). 

A single affected individual with Perrault syndrome due to variants in LARS2 was reported 

in a Sri Lankan family. The affected female presented with primary amenorrhea and 

moderate SNHL which was not progressive and presented before the age of 3 years. The 

proband also had a cleft palate, which has not been previously associated with Perrault 

syndrome. It was not discussed if this cleft palate may be part of the Perrault syndrome 

phenotype or an unrelated phenotype. Using a next generation sequencing (NGS) panel 

of 35 genes including five Perrault syndrome genes (HSD17B4, HARS2, LARS2, CLPP and 

C10orf2) Lerat et al. (2016) identified the following biallelic variants in LARS2; 

c.1358G>A p.(Arg453Gln) and c.1886C>T p.(Thr629Met). LARS2 c.1886C>T p.(Thr629Met) 

has been previously associated with Perrault syndrome in a family of Slovenian descent 

and was shown to have near wild type aminoacylation activity (Pierce et al. 2013). It is 

possible that the variant located in trans to p.(Thr629Met),  LARS2 

c.1358G>A p.(Arg453Gln),  in the proband reported by Lerat et al. (2016) is not as 

deleterious as the variant found the proband reported by Pierce et al. (2013) which was a 

frameshift variant producing a non-functioning protein. The possibly more deleterious 

frameshift variant could account for the difference in hearing loss between these affected 

individuals with the proband reported by Lerat et al. (2016) having moderate SNHL and 

the proband reported by Pierce et al. (2013) having severe hearing loss. 

Two families were reported with Perrault syndrome and an unusual audiometric 

configuration of low frequency hearing loss. Affected members of both families were 

either homozygous or compound heterozygous for the variant LARS2 c.1565C>A 

p.(Thr522Asn) (Demain et al. 2017b). LARS2 c.1565C>A p.(Thr522Asn) has previously been 

seen as a homozygous change in a family with Perrault syndrome and low frequency 

SNHL (Pierce et al. 2013). The two reported families in Demain et al. (2017b) were both 

non-consanguineous, of Argentinian and white British descent  and were referred to as P2 
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and P3 respectively in the report. Family P2 comprised the affected female proband, one 

affected male sibling, two unaffected male sibling and their unaffected parents. The 

proband presented with low frequency SNHL at eight years of age which was severe by 

the age of 21. She also presented with primary amenorrhea, small uterus and ovaries and 

hypergonadotropic hypogonadism. The affected male in this family showed mild low 

frequency SNHL diagnosed at age 26 with no additional clinical features. No neurological 

features were reported in this family. Whole exome sequencing performed on the 

proband showed that she was homozygous for the variant LARS2 c.1565C>A 

p.(Thr522Asn) which was confirmed in the affected sibling by Sanger sequencing. Family 

P3 comprised the affected female proband, her affected male sibling and their unaffected 

parents. There were no unaffected siblings in this family. Both siblings presented with low 

frequency SNHL which was severe to profound. The proband also presented with 

oligomenorrhea, hypergonadotropic hypogonadism and a small uterus and ovaries. Both 

siblings have mild facial dysmorphism and the affected male in this family has 

hypospadias but no other urogenital phenotypes. Whole exome sequencing performed 

on the proband identified biallelic variants in LARS2: c.1565C>A p.(Thr522Asn), maternally 

inherited and c.351G>C p.(Met117Ile), paternally inherited. p.(Met117Ile) is a LARS2 

variant not previously associated with Perrault syndrome. Both variants were confirmed 

in the male sibling using Sanger sequencing (Demain et al. 2017b). The variant c.1565C>A 

p.(Thr522Asn) reduces the aminoacylation efficiency of LARS2 by 9-fold relative to wild 

type LARS2 (Riley et al. 2015). LARS2 c.351G>C p.(Met117Ile), is predicted to interfere 

with the interaction between the catalytic and anticodon binding domains of 

mitochondrial leucyl-tRNA synthetase but to a lesser extent than p.(Thr522Asn) (Demain 

et al. 2017b). 

It has been proposed that LARS2 c.1565C>A p.(Thr522Asn) is a hotspot variant for 

Perrault syndrome and is linked to low frequency SNHL (Demain et al. 2017b;Pierce et al. 

2013). Low frequency hearing loss has been evident in three families where the causative 

variant was either LARS2 c.1565C>A p.(Thr522Asn) homozygous or in trans with an 

additional putative pathogenic variant (Pierce et al. 2013;Demain et al. 2017b). The 

mechanisms behind this unusual pattern of hearing loss are currently unknown.  This is 

the first recessive variant to be linked to low frequency SNHL and Demain et al. (2017b) 
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suggest that it may be useful to screen males and pre-pubertal girls with recessive low 

frequency SNHL for the variant LARS2 c.1565C>A p.(Thr522Asn). 
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Individual ID Family 1, II-1 Family 1, II-2 Proband Family 1, II-3 Family 2, Proband II1 II3 Proband 

Variant c.1565C>A p.(Thr522Asn) 
c.1077delT p.(Ile360PhefsTer15), 

c.1886C>T p.(Thr629Met) 
c.899C>T p.(Thr300Met), c.1912G>A 

p.(Glu638Lys) 

Reference (Pierce et al. 2013) (Solda et al. 2016)  

Ethnicity Palestinian Slovenian Italian 

Consanguinity Y N N 

Sex M F M F M F 

Karyotype NR 46, XX NR 46, XX NR 46, XX 

Age (yrs) at last assessment 17 17 13 30 40 31 

Sensorineural hearing loss             

Age at diagnosis (yrs) 3-5 3-5 3-5 NR Congenital  Congenital 

Level of hearing loss 
Severe to 
Profound 

Right ear: Severe at lower 
frequencies, moderate at 
higher frequencies. Left 
ear: moderate at lower 

frequencies, mild at 
higher frequencies 

Severe to 
moderate at low 

frequencies, 
moderate to mild 

at higher 
frequencies 

Severe Profound Profound 

Notes LF  Unilateral LF  LF  None None   None  

Intervention NR No hearing aid used NR NR Bilateral CI Bilateral CI 

Gonadal dysfunction             

pelvic ultrasound N/A 
Small uterus, ovaries not 

visualised 
N/A NR N/A 

Bicornate uterus, 
hypoplastic left ovary, 

right ovary not 
visualised 

menarche N/A N N/A Y N/A Y 

POI - Age if menarche achieved N/A Y N/A Y - 19 N/A Y - 28 

Follicle stimulating hormone NR 76.9 IU/l NR 101 IU/l NR 118 IU/l 

Luteinising hormone NR 30.3 IU/l NR NR NR 45.4 IU/l 

estradiol N/A NR N/A NR N/A NR 

Neurological  features N N N N N N 

Additional features N N N N N N 

 

Table 1.2. The genotypes and phenotypes of individuals with Perrault syndrome due to variants in LARS2.  

Continued next page. 
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Individual ID P2:II-1 Proband P2:II-2 P3:II-1  Proband P3:II-2 Patient III-3 

Variant c.1565C>A p.(Thr522Asn) c.351G>C p.(Met117Ile), c.1565C>A (p.Thr522Asn) 
c.1358G>A p.(Arg453Gln), 
c.1886C>T p.(Thr629Met) 

Reference  (Demain et al. 2017b) (Lerat et al. 2016)  

Ethnicity Argentinian White British Sri Lankan 

Consanguinity N N N N N 

Sex F M F M F 

Karyotype 46, XX NR 46, XX NR NR  

Age (yrs) at last assessment 27 26 25 26 NR 

Sensorineural hearing loss           

age at diagnosis (yrs) 8 26 2.5 2.5 <3 

degree of hearing loss Moderate Mild/Moderate Severe/Profound Severe/Profound Moderate 

Notes LF  LF LF LF Not progressive 

Intervention CI NR CI NR NR 

Gonadal dysfunction           

pelvic ultrasound Small uterus and ovaries  NA Small uterus and ovaries  NA NR 

menarche N NA Y NA N 

POI - Age if menarche achieved N/A NA Y NA NA 

Follicle stimulating hormone 99.6 (2.3-29) IU/l NR 74 (≤30) IU/l 3.1 (1-11) IU/l NR 

Luteinising hormone 48.0 (1.7 – 52) IU/l NR 63 (≤30) IU/l 3.9 (1-11) IU/l NR 

estradiol 7.04 (10- 388) pg/ml NA 91 (>180) pmol/l NA NR 

Neurological  features N N N N N 

Additional features N N 
Mild facial dysmorphism, 

hemidystropy 

Hypospadias, mild facial 
dysmorphism, normal 

testosterone 22.3 (9-25) 
IU/l 

Cleft palate 

 

Table 1.2. The genotypes and phenotypes of individuals with Perrault syndrome due to variants in LARS2.  

Y, yes. N, no. M, male. F, female. NR, not recorded. NA, not applicable. CI, cochlear implant. LF, low frequency. If one variant is noted the 

individual is homozygous for this variant. All hearing loss is bilateral unless noted otherwise. For hormone levels the reference values, where 

available, are indicated in the brackets next to the patient levels.
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There have been no neurological features reported in any of the individuals with Perrault 

syndrome due to variants in HARS2 or LARS2. This may mean that neurological features 

are not associated with variants in HARS2 or LARS2. Conversely, many of the affected 

individuals were young at the age of last examination and may develop neurological 

features over time. Follow up reports of these individuals may help to resolve some 

questions about genotype/phenotype correlations in Perrault syndrome due to variants in 

HARS2 and LARS2. 

Recently there has been a report of biallelic variants in LARS2 associated with a more 

severe phenotype in an infant with hydrops, sideroblastic anemia, lactic acidosis and 

multisystem failure (Riley et al. 2016). The affected infant was compound heterozygous 

for the variants LARS2 c.1289C>T p.(Ala430Val) and a variant previously associated with 

Perrault syndrome, LARS2 c.1565C>A p.(Thr522Asn). The variant p.Ala430Val was found 

to reduce the aminoacylation efficiency of mitochondrial leucyl-tRNA synthetase by 18 

fold. This in combination with the 9-fold reduction in aminocylation activity attributed to 

the variant p.Thr522Asn could account for the more severe phenotype in this infant (Riley 

et al. 2016). It has been previously proposed that hypomorphic variants in other aaRS 

genes may cause a milder phenotype such as Perrault syndrome (Pierce et al. 2013) and 

so it may be expected that there are more deleterious variants in LARS2 which cause a 

more severe phenotype akin to some of those associated with variants in other 

mitochondrial aminoacyl synthetases. Although the identification of LARS2 and HARS2 as 

causative of Perrault syndrome makes additional mitochondrial aARS genes plausible 

targets for investigation, caution should be taken, as using a candidate approach in a 

syndrome as genetically heterogeneous as Perrault syndrome can be misleading. 

1.3.4 CLPP 

Biallelic variants in CLPP have been reported to cause Perrault syndrome in ten unrelated 

families to date. The CLPP gene encodes the protein caseinolytic mitochondrial matrix 

peptidase proteolytic subunit (CLPP). CLPP in conjunction with CLXP forms the 

macromolecular complex CLPXP. This complex, located in the mitochondria, is responsible 

for unfolding and degrading misfolded proteins. The CLXP subunit is responsible for 

unfolding the proteins tagged for degradation and feeding them into the active 
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proteolytic site of CLPP. It is also suggested that CLXP binding alters the conformation of 

the CLPP active site and increases its proteolytic activity, when not in complex with CLXP 

CLPP has a low level of proteolytic activity (Kang et al. 2005). Recently CLPXP has been 

found to have a role in the maturation of the mitochondrial ribosome likely by the 

removal of 12S RNA chaperone ERAL1 (Szczepanowska et al. 2016), variants in which are 

also associated with Perrault syndrome (Chatzispyrou et al. 2017). 

In one study performed on 3 families with Perrault syndrome the causative variants were 

shown to be in the CLPP gene (Jenkinson et al. 2013). Three families were recruited for 

this study, PDF1, PKDF291 and DEM4395. There were three affected females in PDF1. 

They all displayed profound congenital SNHL and POI with raised gonadotropin levels. In 

addition the sisters also had a number of neurological symptoms and morphological 

features which have previously been associated with Perrault syndrome. These include: 

epilepsy, microcephaly, short stature, moderate intellectual disability, ataxia and lower 

limb spasticity (Jenkinson et al. 2013). In family PKDF291 there were four affected sisters, 

their hearing loss had been previously characterised and they had been screened for 

variants in the non-syndromic hearing loss associated gene Gipc3. All four affected 

siblings had moderate to severe SNHL but no other reported abnormalities (Rehman et al. 

2011). On review, the sisters presented with primary amenorrhea and a hormone profile 

indicative of hypergonadotropic hypogonadism (Jenkinson et al. 2013). The family 

DEM4395 had one affected male and two affected females. All had profound SNHL but no 

hormone profiles were available for this family. A chromosomal region of interest was 

identified in all 3 families at 19p.13 via either linkage analysis or homozygosity mapping 

(Rehman et al. 2011;Jenkinson et al. 2013). 

Whole exome sequencing was performed on one affected individual from each family. 

The only gene with novel variants for all three families was CLPP, which aligned with the 

linkage signal at 19p.13. Each family was homozygous for a different variant in CLPP. The 

affected individuals in PDF1 were homozygous for a missense variant CLPP c.433A>C 

p.(Thr145Pro). PKDF291 had a missense variant, CLPP c.440G>C p.(Cys147Ser). The family 

DEM4395 had a splice site variant, CLPP c.270+4A>G. All variants were absent in a panel 

of ethnically matched controls (Jenkinson et al. 2013). 
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Functional tests performed in COS-7 cells showed that the splice site variant, CLPP 

c.270+4A>G, caused cells to retain a low level of wild type transcripts. In comparison, a 

control variant (c.270+1G>A) retained no wild type transcripts. It was theorised that the 

variant weakened the splice site rather than eliminating its function. From the available 

models of CLPP it was proposed that the 2 missense variants may affect the docking of 

the CLPX protein to CLPP and therefore the formation and efficiency of the CLPXP 

complex. The variant CLPP c.433A>C in family PDF1 is expected to be the more 

deleterious variant possibly explaining the more severe phenotype and additional clinical 

presentations in this family. PDF1 also showed two additional homozygous variants in 

genes in the chromosomal region 19p.13 which may have contributed to the more severe 

phenotype. It was noted that the variants in CLPP led to severe SNHL in the three 

reported families and did not show the clinical heterogeneity associated with hearing loss 

in Perrault syndrome. This could be a phenotype of CLPP variants or it could be bias due 

to the most severe cases coming to the attention of physicians (Jenkinson et al. 2013).  

CLPP was screened for variants in 20 other families where the genetic cause of Perrault 

syndrome was unknown, but no variants of significance were found (Jenkinson et al. 

2013).  

Recently a novel variant in CLPP was identified in a consanguineous Saudi Arabian family 

with a severe neurological phenotype. Perrault syndrome was subsequently diagnosed in 

this family due to the genetic data (Ahmed et al. 2015). 

The proband in this family was a 12 year old male. He had displayed normal development 

until the age of 18 months where upon he entered a period of regression losing such 

acquired skills as walking and speech. After this period of regression he began to acquire 

skills again slowly. He was subsequently diagnosed with severe bilateral SNHL and had a 

cochlear implant fitted at 8 years of age, he is still unable to speak. At the time of 

publication he was able to stand with support and showed severe lower limb spastic 

diplegia. Brain MRI showed the loss of white matter volume and the thinning of the 

corpus callosum. All biochemical tests to detect metabolic disorders were normal and 

there was no evidence of visual impairment. There is also an affected female in this 

family. She was eight years old at the time of examination and had displayed the same 
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period of regression as her elder affected sibling. She also displayed severe bilateral 

SNHL, lower limb spastic diplegia and white matter loss (Ahmed et al. 2015). 

A homozygous change missense in CLPP, c.685T>G p.(Tyr229Asp), was identified in this 

family through a combination of homozygosity mapping and whole exome sequencing. 

The variant was predicted in silico to be deleterious and segregated with the phenotype 

in the family. Of note was that the youngest child in the family was homozygous for the 

variant but had not reached the age at which his siblings had begun to display symptoms. 

It is possible that the child is affected and will experience the same period of regression as 

the two other affected siblings at approximately 18 months of age (Ahmed et al. 2015). 

This is the first case of Perrault syndrome diagnosed from genetic data alone. A diagnosis 

of Perrault syndrome would not be achievable for this family at this point in time from 

the clinical features. The affected female sibling had not reached puberty and the 

presentation of POI is required for the clinical diagnosis of Perrault syndrome. In this case 

it was the severe neurological symptoms that prompted the whole exome sequencing 

that led to a diagnosis (Ahmed et al. 2015). Subsequently, multiple cases have been 

reported of males diagnosed with Perrault syndrome, due to variants in CLPP, based on 

the genetic data (Demain et al. 2017b;Theunissen et al. 2016). The genotypes and 

phenotypes of the individuals affected by Perrault syndrome due to variants in CLPP are 

presented in Table 1.3. 

Perrault syndrome was diagnosed by genetic data in a male proband with neurological 

features reported by Demain et al. (2017b). The proband was the only affected member 

of this family and as such would have never been clinically diagnosed with Perrault 

syndrome. The proband presented with severe/profound SNHL, sensory motor peripheral 

neuropathy limited to the lower limbs and azoospermia. Azoospermia has not been 

previously reported in association with Perrault syndrome but infertility in both sexes is a 

phenotype of the Clpp knockout mouse (Gispert et al. 2013).  A homozygous variant CLPP 

c.430T>C; p.(Cys144Arg) was identified in the proband which was predicted to interfere 

with the interaction of CLPP with CLPX (Demain et al. 2017b). Pathogenic variants, 

p.Thr145Pro and  p.Cys147Ser, located in close proximity to this variant have also been 

predicted to affect the interaction of CLPP and CLPX (Jenkinson et al. 2013). 
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Three families with Perrault syndrome with a severe neurological phenotype due to 

variants in CLPP were identified through genetic and MRI data. Initially a homozygous 

frameshift variant in CLPP, c.21delA p.(Ala10Profs*117) was identified in a single family 

using whole exome sequencing. The two affected male siblings in this family, referred to 

as 1.1 and 1.2, presented with profound congenital SNHL, and a severe neurological 

phenotype (Table 1.3). The affected siblings in this family showed white matter anomalies 

on MRI especially affecting the deep and subcortical white matter. The variant in family 1, 

p.(Ala10Profs*117), was predicted to cause a premature stop codon resulting in nonsense 

mediated decay. CLPP mRNA expression in patient cells was approximately 50% of 

controls indicating the transcript was subject to nonsense mediated decay (Theunissen et 

al. 2016).  

The white matter anomalies on the MRI scans from affected individuals from family 1 

were used as a template to manually assess over 3000 unclassified leukoencephalopathy 

cases for similarities. Two additional families with similar MRI features found to have 

variants in CLPP. These non-consanguineous families were found to have a missense 

variant and a deletion spanning at least a partial area of CLPP. Family 2 was compound 

heterozygous for the variant CLPP c.484G>A p.(Gly162Ser) and a deletion spanning at 

least 2 exons and family 3 were compound heterozygous for the variant CLPP 

c.425C>T  p.(Pro142Leu) and a deletion spanning at least exons 3-6 of CLPP. All of these 

affected individuals had a severe progressive neurological phenotype (detailed in Table 

1.3), which included ataxia and epilepsy in the affected male from family 2 and 

psychomotor retardation, spastic diplegia and intellectual disability in both affected males 

in family 3. Both affected males from family 3 also had microcephaly (Theunissen et al. 

2016).  

The cases presented by Theunissen et al. (2016) as well as previous cases (Ahmed et al. 

2015;Demain et al. 2017b) showed that it possible to diagnose Perrault syndrome in 

males and prepubescent females from genetic data. To date all of the affected individuals 

diagnosed by genetic data have presented with a severe neurological phenotype which is 

likely due to ascertainment bias with the individuals with the most severe phenotype 

receiving genetic investigation using whole exome sequencing. 
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A consanguineous family with two affected sisters with Perrault syndrome were found to 

have a homozygous variant in CLPP, c.439T>A p.(Cys147Ser) (Lerat et al. 2016). The sisters 

presented with progressive SNHL at ages 3 and 6 years respectively which was severe at 

the time of the report. The sisters also presented with secondary amenorrhea at ages 22 

and 33 years. There were no neurological features reported in this family. The variants in 

CLPP were identified using a NGS panel containing 35 hearing loss genes including the five 

Perrault syndrome genes identified at the time of the report (Lerat et al. 2016). The 

variant in this family has been previously reported in another Perrault syndrome family as 

a change at the protein level with a different change at DNA level (Lerat et al. 

2016;Jenkinson et al. 2013). The other affected family was also reported to have no 

neurological phenotype (Jenkinson et al. 2013). 

A short report produced by Dursun et al. (2016) also described a family with Perrault 

syndrome due to variants in CLPP with no neurological phenotype. The family was non-

consanguineous and comprised the female proband and her affected brother. There were 

no unaffected siblings in this family. Both affected individuals had SNHL the severity of 

which was not specified. The proband also presented with hypergonadotropic 

hypogonadism and absent ovaries. Neurological examination of both affected individuals 

was normal. The homozygous variant in CLPP; c.624C>G p.(Ile208Met), was detected in 

both patients using a combination of homozygosity mapping and candidate gene 

sequencing (Dursun et al. 2016).  
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Individual ID PDF1, II-2 PDF1, II-4 PDF1, II-6 PKDF291, II-5 PKDF291, II-4 PKDF291, II-3 PKDF291, II-2 

Variant c.433A>C p.(Thr145Pro) c.440G>C p.(Cys147Ser) 

Reference (Jenkinson et al. 2013) 

Ethnicity Pakistani Pakistani 

Consanguinity Y Y 

Sex F F F F F F F 

Karyotype NR NR 

Age (yrs) at last assessment 22 21 15 25 23 20 15 

Sensorineural hearing loss 
       

age at diagnosis (yrs) Congenital NR 

degree of hearing loss Profound Severe/Profound Profound Severe/Profound Severe/Profound 

Notes N Mixed hearing loss SNHL Mixed hearing loss Mixed hearing loss 

Intervention NR NR 

Gonadal dysfunction 
       

pelvic ultrasound NR NR Streak ovaries Rudimentary uterus and small ovaries 
Small uterus and 

normal sized ovaries 

menarche Y Y N N 

POI - Age if menarche 
achieved 

Irratic menses at last assesment NA N/A 

Follicle stimulating hormone 41.5 (2–14 IU/l) 
24.6 (2–14 

IU/l) 
45 (2–14 IU/l) 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) 

Luteinising hormone 64.6 (2–14 IU/l) 
17.7 (2–14 

IU/l) 
104 (2–14 IU/l) 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) 

estradiol 777 (70–1,480 pmol/l) 
281 (70–1,480 

pmol/l) 
89 (70–1,480 

pmol/l) 
<20 (NR–160 pg/ml) <20 (NR–160 pg/ml) 

<20 (NR–160 
pg/ml) 

<20 (NR–160 pg/ml) 

Neurological  features 
Epilepsy, moderate learning difficulties, truncal and cerebellar 

ataxia with signs of lower-limb spasticity 
N 

Additional features 

Had two healthy sons, 
abnormally high signal 

intensity in the deep white 
matter and corticospinal 

tract, microcephaly, short 
stature 

Microcephaly, short stature N 

Table 1.3. The genotypes and phenotypes of individuals with Perrault syndrome due to variants in CLPP.    

Continued next page. 
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Individual ID 
DEM4395, IV-

3 
DEM4395, 

IV-4 
DEM4395, 

IV-5 
Ahmed, V-4 Ahmed, V-5 Ahmed, V-6 P8:II-1 

Variant c.270+4A>G c.685T>G p.(Tyr229Asp) 
c.430T>C; 

p.(Cys144Arg) 

Reference (Jenkinson et al. 2013) (Ahmed et al. 2015) (Demain et al. 2017b) 

Ethnicity Pakistani Saudi Arabian Arabic 

Consanguinity Y Y Y 

Sex M F F M F M M 

Karyotype NR NR 46, XY 

Age (yrs) at last assessment 25 28 22 12 8 8 months 32 

Sensorineural hearing loss 
       

age at diagnosis (yrs) Congenital NR NA 1.2 

degree of hearing loss Profound Severe None Severe/Profound 

Notes None None None 

Intervention NR CI NR NA NR 

Gonadal dysfunction 
       

pelvic ultrasound NA NR NA NA 

menarche NA Y NA NA 

POI - Age if menarche 
achieved 

NA NA NA NA 

Follicle stimulating 
hormone 

NR NA 2.69 (1.50– 12.40) IU/L 

Luteinising hormone NR NA 6.59 IU/L 

estradiol NR NA NA 

Neurological  features N 
Severe spastic diplegia affecting 

lower limbs, loss of white matter on 
MRI 

N 
Lower limb peripheral 

neuropathy, 

Additional features N 
Reported to have normal 

menses at age of last 
assessment 

Normal development until 18 
months then a period of regression. 

Minor facial dysmorphism 

Homozygous for the variant but 
no symptoms, younger than 

when his siblings first presented 

Azoospermia, 
testosterone 2.24 
(2.41–8.27) ng/mL 

Table 1.3. The genotypes and phenotypes of individuals with Perrault syndrome due to variants in CLPP.  

Continued next page. 
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Individual ID Lerat XI-1 Lerat XI-2 Dursun III-1 Dursun III-2 

Variant c.439T>A p.(Cys147Ser) c.624C>G p.(Ile208Met) 

Reference (Lerat et al. 2016) (Dursun et al. 2016) 

Ethnicity Algerian Turkish 

Consanguinity Y N 

Sex F F M F 

Karyotype NR NR 46, XX 

Age (yrs) at last assessment NR 21 16 

Sensorineural hearing loss 
 

age at diagnosis (yrs) 3 6 NR 

degree of hearing loss Severe NR 

Notes Progressive No information provided other than the affected individuals had SNHL 

Intervention NR NR 

Gonadal dysfunction 
 

pelvic ultrasound NR NA Small uterus and ovaries 

menarche Y Y NA Y 

POI - Age if menarche achieved 22 33 NA NR 

Follicle stimulating hormone NR NR NR 63.8 IU/L 

Luteinising hormone NR NR NR 20.7 IU/L 

estradiol NR NR NA 15 pg/mL 

Neurological  features N attention deficit disorder N 

Additional features N N N 

Table 1.3. The genotypes and phenotypes of individuals with Perrault syndrome due to variants in CLPP.  

Continued next page. 
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Individual ID Patient 1.1 Patient 1.2 Patient 2 Patient 3.1 Patient 3.2 

Variant c.21delA p.Ala10Profs*117 
c.484G > A p.(Gly162Ser), deletion 

spanning at least 2 exons 
c.425C > T  p.(Pro142Leu), deletion spanning at least exons 3-6 

Reference (Theunissen et al. 2016) 

Ethnicity NR NR NR 

Consanguinity Y N N N 

Sex M M M M M 

Karyotype NR NR NR 

Age (yrs) at last assessment 20 22 20 25 21 

Sensorineural hearing loss 
 

age at diagnosis (yrs) 1 16 months 1 4 3 

degree of hearing loss Profound Profound Profound Profound Profound 

Notes None None None 

Intervention NR NR NR 

Gonadal dysfunction 
 

pelvic ultrasound NA NA NA 

menarche NA NA NA 

POI - Age if menarche 
achieved 

NA NA NA 

Follicle stimulating hormone NR NR NR 

Luteinising hormone NR NR NR 

estradiol NA NA NA 

Neurological  features 
Severe neurological phenotype including ataxia, 

epilepsy (1.1 only), autism and intellectual 
disability 

Severe neurological phenotype 
including ataxia, epilepsy and 

sensorimotor neuropathy 

Severe neurological phenotype psychomotor retardation,  spastic 
diplegia, epilepsy (3.1 only) and intellectual disability 

Additional features 
Neurological features are progressive and include 
episodes of regression, some facial dysmorphism 

Neurological features are progressive 
and include episodes of regression 

Neurological features are progressive and include episodes of 
regression, some facial dysmorphism, microcephaly and diabetes 

mellitus (3.1 only) 

Table 1.3. The genotypes and phenotypes of individuals with Perrault syndrome due to variants in CLPP.  

Y, yes. N, no. M, male. F, female. NR, not recorded. NA, not applicable. CI, cochlear implant. If one variant is noted the individual is 

homozygous for this variant. All hearing loss is bilateral unless noted otherwise. For hormone levels the reference values, where available, 

are indicated in the brackets next to the patient levels.
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There are a number of phenotypes which seem to be linked to variants in CLPP although 

small numbers of affected individuals and ascertainment bias make establishing genotype 

phenotype links difficult. 

Many cases of Perrault syndrome due to variants in CLPP have reported a severe 

neurological phenotype. As noted above this may be ascertainment bias because 

individuals with severe phenotypes are more likely to be referred for genetic testing. A 

number of individuals with Perrault syndrome due to variants in CLPP have reported 

periods of neurological regression (Ahmed et al. 2015;Theunissen et al. 2016). Periods of 

neurological regression are seen in other syndromes associated with mitochondrial 

dysfunction such as Leigh syndrome (Thorburn and Rahman 2014) but to date have only 

been reported in individuals with Perrault syndrome due to variants in CLPP. Lower limb 

spasticity has been seen in a number of individuals with Perrault syndrome due to 

variants in CLPP  (Ahmed et al. 2015;Demain et al. 2017b;Theunissen et al. 2016) and is 

not reported in other families with Perrault syndrome due to either variants in other 

known Perrault syndrome genes or of unknown genetic cause. It may be that lower limb 

spasticity and periods of regression are associated with Perrault syndrome due to some 

variants in CLPP. 

 It must be noted that not all individuals with Perrault syndrome due to variants in CLPP 

develop a neurological phenotype. Two families with the same homozygous variant at 

protein level, CLPP p.(Cys147Ser) reported no neurological phenotype (Jenkinson et al. 

2013;Lerat et al. 2016) and it may be that this variant in not associated with a 

neurological phenotype. 

All of the cases of Perrault syndrome due to variants in CLPP reported to date, where the 

hearing loss phenotype was recorded, have been associated with severe to profound 

SNHL. It is unclear at this time whether the inner ear is particularly sensitive to defects in 

CLPP or this is ascertainment bias with the most severe cases of hearing loss referred for 

genetic investigation (Jenkinson et al. 2013).  

Mouse models have demonstrated that knockout of the clpp murine orthologue can 

result in features somewhat consistent with Perrault syndrome. Hearing loss, ovarian 

dysfunction and neuropathies were demonstrated. The development and function of the 
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testes was also affected (Gispert et al. 2013). Azoospermia was reported in one male with 

Perrault syndrome due to variants in CLPP (Demain et al. 2017b). In additional affected 

males the function of the testes was not assessed. It is still unclear whether azoospermia, 

as seen in the clpp knockout mouse model is a deviation from the human phenotype or 

an under reported clinical feature of Perrault syndrome due to variants in CLPP (Demain 

et al. 2017b). 

Many of the variants in CLPP reported to be causative of Perrault syndrome to date are 

localised to a small region of CLPP, approximately residue 142 to 162 with a cluster 

around residues 144-147. This is a highly conserved region (Jenkinson et al. 2013) and 

some of the variants in this region are predicted to affect the interaction of CLPP with 

CLPX (Jenkinson et al. 2013;Demain et al. 2017b). Variants in the 142 to 162 region may 

also reduce the proteolytic activity of CLPP as the interaction of CLPX with CLPP induces a 

conformational change which improves the proteolytic activity of CLPP (Kang et al. 2005).  

This seems to be an important region of the CLPP protein and additional variants in this 

region may also be associated with Perrault syndrome. 

Recently the role of CLPP in the mitochondrial matrix has been further elucidated. It has 

been reported that CLPXP is involved in mitochondrial ribosome biogenesis via the 

removal of ERAL1 from the immature mitochondrial ribosome (Szczepanowska et al. 

2016). ERAL1 is a mitochondrial 12s RNA chaperone and its removal is required for 

ribosome maturation (Dennerlein et al. 2010). Variants in ERAL1 are implicated in Perrault 

syndrome (Chatzispyrou et al. 2017) and so the work of Szczepanowska et al. (2016) 

molecularly links two Perrault syndrome genes. This work also highlights a possible 

pathogenic mechanism behind Perrault syndrome due to variants in CLPP which is more 

closely related to the rest of the Perrault syndrome genes, highlighting that Perrault 

syndrome seems to be associated with dysfunction of mitochondrial translation. 

1.3.5 C10orf2 

C10orf2 encodes the proteins Twinkle and Twinky. Twinkle is a mitochondrially located 

protein involved in mitochondrial DNA (mtDNA) unwinding. Twinkle has three domains, a 

helicase domain involved in the unwinding of DNA, a linker domain important for complex 

formation and a primase domain to which no specific function has yet been assigned. 
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Twinkle forms hexamer and heptamer complexes in the mitochondria. Twinky is the 

result of alternative splicing of C10orf2 and is cytosolic and ubiquitous (Spelbrink et al. 

2001). Variants in C10orf2 are associated with two neuromuscular diseases characterised 

by deletions or depletion in mitochondrial DNA: mitochondrial DNA depletion syndrome 7 

(MTDPS7) and progressive external ophthalmoplegia, autosomal dominant, 3 (PEOA3) 

(Spelbrink et al. 2001). MTDPS7 also known as infantile onset spinocerebellar ataxia 

(IOSCA) is an autosomal recessive 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).  

Variants in C10orf2 were identified as the likely causative factor in two sets of sisters 

affected by Perrault syndrome with severe progressive neurological manifestations 

(Morino et al. 2014). Two families were recruited for the study conducted by Morino et 

al. (2014). Family 1 were non-consanguineous and of Japanese ancestry. This family 

comprised two affected sisters and an unaffected brother. The sisters were diagnosed 

with bilateral SNHL at 13 and eight years of age respectively. In their teens they presented 

with primary amenorrhea, hypergonadotropic hypogonadism and a lack of secondary 

sexual characteristics. The sisters also had high arched palate, pes cavus, mild external 

ophthalmoplegia, nystagmus, hyporeflexia and ataxia. A sensory axonal neuropathy was 

diagnosed. Both sisters had elevated lactate and pyruvate during exercise and the more 

severely affected older sister also had raised levels at rest. Family 2 were also non-

consanguineous and were American with Greek and mixed European ancestry. There 

were two affected and two unaffected female siblings in this family. Both affected sisters 

were diagnosed with bilateral SNHL which at the time of publication was severe in the 

older sister and moderate in the younger. The older sister had been diagnosed with ataxia 

in her teens and with peripheral neuropathy in her twenties. She presented with 

nystagmus, distal atrophy of the hands and feet, hyporeflexia and type II myofibre 

atrophy. The younger sister also showed ataxia, peripheral neuropathy and hyporeflexia 

(Morino et al. 2014). 
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A number of affected and unaffected members in each family were exome sequenced. In 

each family the affected individuals were found to be compound heterozygote for 

variants in C10orf2. In family 1 both sisters were compound heterozygote for the 

maternally inherited variant, C10orf2 c.1754A>G p.(Asn585Ser), and the paternally 

inherited variant, C10orf2 c.1172G>A p.(Arg391His). The unaffected brother was 

heterozygous for C10orf2 c.1172G>A p.(Arg391His). In family 2 both the affected sisters 

were compound heterozygote for the maternal variant C10orf2 c.1321T>G p.(Trp441Gly) 

and the paternal variant C10orf2 c.1519G>A p.(Val507Ile). The two unaffected sisters in 

this family were homozygous wild type for both variants (Morino et al. 2014). 

All the variants in these families are located in the helicase domain of the Twinkle protein. 

A bacterial homologue was used to assess the possible impact of the variants on the 

structure and function of Twinkle. In the bacterial Twinkle the residues equivalent to 

p.Arg391 and p.Trp441 are proximal to the linker region and interact with each other. It is 

thought that the substitution of these residues will cause a shift in the conformation of 

Twinkle in regards to the linker region and affect heptamer/hexamer formation. The 

residue p.Trp441 is highly conserved in vertebrates. The bacterial equivalent of residue 

p.Val507 interacts with p.Ile514 and the linker of the neighbouring subunit in complex 

formation. The residues at these two positions are always two valines or valine and 

isoleucine. It is thought the combination of the two large isoleucine side chains will cause 

slight conformational shift altering interactions with the linker of the neighbouring 

subunit. The equivalent of  p.Asn585 is located in the active site of the helicase domain 

and the substitution of this residue with a serine is thought to reduce the effectiveness of 

the active site (Morino et al. 2014).     

Additional patients with Perrault syndrome due to variants in C10orf2 have also been 

reported, all of these patients displayed neurological phenotypes (Table 1.4). 

In a single Norwegian patient with Perrault syndrome causative variants in C10orf2 were 

identified by whole exome sequencing (Demain et al. 2017b). The patient presented with 

severe/profound bilateral SNHL and primary amenorrhea. This proband displayed the 

severe neurological phenotype seen in other patients with variants in C10orf2 including 

progressive ataxia, nystagmus, areflexia and a severe progressive peripheral neuropathy. 
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Severe atrophy of the cerebellum was seen on MRI. Whole exome sequencing performed 

on the proband identified compound heterozygous variants in C10orf2; c.968G>A, 

p.(Arg323Gln) and c.1196A>G p.(Asn399Ser). The residue Arg323 is situated in the linker 

region of Twinkle like the variants found in the families described by Morino et al. (2014). 

The residue Asn399 is situated in the helicase domain of Twinkle (Demain et al. 2017b).  

A homozygous variant in C10orf2 was identified in consanguineous Moroccan family with 

three affected individuals, two female and one male (Lerat et al. 2016). All affected 

individuals displayed severe pre-lingual SNHL and the two affected female patients had 

primary amenorrhea. Interestingly the affected male in this family was fertile and had 3 

children. All affected individuals had sensorimotor neuropathy and ataxia and one 

affected female had arachnodactyly (Lerat et al. 2016). Affected individuals were 

homozygous for the variant C10orf2 c.793C>T p.(Arg265Cys) which was identified using a 

next generation sequencing panel containing 35 hearing loss genes including the five 

Perrault syndrome genes identified at the time of publication (Lerat et al. 2016). 

In a pair of sisters with Perrault syndrome due to variants in C10orf2 in-depth 

examination showed atrophy of the vestibulocochlear nerve and auditory neuropathy 

was behind the hearing loss in these patients (Oldak et al. 2017). Both patients in this 

non-consanguineous Polish family presented with SNHL, which was significantly worse at 

high frequencies, and primary amenorrhea with streak ovaries. Both sisters displayed the 

neurological phenotype associated with Perrault syndrome due to variants in C10orf2, 

which was more severe in the elder sister, including ataxia, nystagmus and sensorimotor 

neuropathy. Whole exome sequencing identified compound heterozygous variants in 

C10orf2 c.1196A>G p.(Asn399Ser) and c.1802G>A p.(Arg601Gln) (Oldak et al. 2017). 

C10orf2 c.1196A>G p.(Asn399Ser), which has previously been reported in another patient 

with Perrault syndrome (Demain et al. 2017b) was predicted to disrupt 

hexamer/heptamer formation. c.1802G>A p.(Arg601Gln) was predicted to impair ATP 

binding required for the enzymatic function of Twinkle (Oldak et al. 2017). Detailed 

analysis of the auditory phenotype revealed atrophy of the vestibulocochlear nerve 

(Oldak et al. 2017) correlating with the results of  Nishio et al. (2017) which showed other 

Perrault syndrome genes (HSD17B4, HARS2, LARS2 and CLPP)  were expressed at high 

levels in the auditory nerves. The authors proposed that the audiological data suggested 
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the defect behind the hearing loss in this family is situated in the synapse of the hair cells 

and auditory nerves (Oldak et al. 2017). 
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Individual ID Family 1, II-1 Family 1, II-3 Family 2, II-2 Family 2, II-4 P4:II-1 

Variant 
c.1172G>A p.(Arg391His), c.1754A>G 

p.(Asn585Ser) 
c.1321T>G p.(Trp441Gly), c.1519G>A 

p.(Val507Ile) 
c.968G>A p.(Arg323Gln), c.1196A>G 

p.(Asn399Ser) 

Reference (Morino et al. 2014) (Demain et al. 2017b) 

Ethnicity Japanese American (Greek and mixed European) Norwegian 

Consanguinity N N N 

Sex F F F F F 

Karyotype 46, XX 46, XX 46, XX 46, XX NR 

Age (yrs) at last assessment 40 34 36 31 48 

Sensorineural hearing loss 
     

age at diagnosis (yrs) 13 8 7 7 3 

degree of hearing loss NR NR Severe Moderate Severe/Profound 

Notes N N N 

Intervention NR NR NR NR Bilateral CI 

Gonadal dysfunction 
     

pelvic ultrasound Gonadal dysgenesis Streak ovaries Small uterus and ovaries 

menarche N N N 

POI - Age if menarche 
achieved 

NA NA NA 

Follicle stimulating hormone 95 (3.5–12.5) IU/L 200 (3.5–12.5) IU/L NR NR 

Luteinising hormone 31(2.4–12.6) IU/L 34 (2.4–12.6) IU/L NR NR 

estradiol 10.5 (25–195) pg/mL 10.3 (25–195) pg/mL NR NR 

Neurological  features 
Slowly progressive ataxia, sensory axonal 

neuropathy, mild opthalmoplegia, nystagmus 

Ataxia, peripheral neuropathy, 
hyporeflexia, nystagmus, seizures (II-2 

only), white matter changes 

Severe progressive sensory motor 
neuropathy, atrophy of cerebellum, 

nystagmus 

Additional features high-arched palate, pes cavus N Scoliosis 

Table 1.4. The genotypes and phenotypes of individuals with Perrault syndrome due to variants in C10orf2.  

Continued next page. 
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Individual ID XII-1 XII-2 XII-3 Oldak Proband Oldak Sister 

Variant c.793C>T p.(Arg265Cys) c.1196A>G p.(Asn399Ser), c.1802G>A p.(Arg601Gln) 

Reference (Lerat et al. 2016) (Oldak et al. 2017) 

Ethnicity Moroccan Polish 

Consanguinity Y N 

Sex F F M F F 

Karyotype NR 46, XX 46, XX 

Age (yrs) at last assessment NR 27 19 

Sensorineural hearing loss 
     

age at diagnosis (yrs) >3 5 12 

degree of hearing loss Severe Mild LF, Severe HF NR 

Notes N Worse at high frequencies 

Intervention NR 
Hearing aids 

(limited benefit) 
NR 

Gonadal dysfunction 
     

pelvic ultrasound NR 
Rudimentary 
uterus, streak 

ovaries 
Ovarian dysgenesis 

menarche N N N 

POI - Age if menarche 
achieved 

NA NA NA 

Follicle stimulating hormone NR NR NR 

Luteinising hormone NR NR NR 

estradiol NR NA NR 

Neurological  features Ataxia, sensory-motor polyneuropathy 
Ataxia, nystagmus, sensorimotor neuropathy, cerebellar atropy 

(proband only) 

Additional features Arachnodactyly (XII-2 only), affected male fertile 
High arched palate, Hashimoto's thyroiditis, partial atrophy of 

the vestibulocochlear nerve 

Table 1.4. The genotypes and phenotypes of individuals with Perrault syndrome due to variants in C10orf2.  

Y, yes. N, no. M, male. F, female. NR, not recorded. NA, not applicable. CI, cochlear implant. LF, low frequency. HF, high frequency. If one 

variant is noted the individual is homozygous for this variant. All hearing loss is bilateral unless noted otherwise. For hormone levels the 

reference values, where available, are indicated in the brackets next to the patient levels.
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To date all cases of Perrault syndrome due to variants in C10orf2 have presented with a 

severe neurological phenotype. Neurological symptoms may be associated with Perrault 

syndrome due to variants in C10orf2 or as suggested with CLPP this may be the result of 

ascertainment bias. 

There is significant overlap between the symptoms of Perrault syndrome and MTDPS7. 

The proposed cases of Perrault syndrome noted above have many of the clinical 

presentations associated with MTDPS7 and no additional symptoms. The affected women 

reported by Morino et al. (2014) also showed elevated levels of lactate and pyruvate 

which has not been associated with Perrault syndrome. The symptoms make these severe 

cases of Perrault syndrome or mild cases of MTDPS7. Testing for mtDNA deletions and 

depletion, which would have confirmed or refuted a diagnosis of MTDPS7, was not 

performed on the muscle biopsies taken (Morino et al. 2014). It may be that given the 

symptoms and the molecular pathology that the diagnosis of Perrault syndrome will be 

revised in these cases. 

1.3.6 ERAL1 

A homozygous variant in ERAL1 was identified in four individuals with Perrault syndrome 

in a genetically isolated population (Chatzispyrou et al. 2017). ERAL1 (Era-Like 1) is a 

chaperone of mitochondrial 12S rRNA and protects the rRNA from degradation during the 

biogenesis of the mitochondrial 28S small ribosomal subunit. Depletion of ERAL1 results 

in the degradation of 12S rRNA and halts the biogenesis of the mitochondrial 28S 

ribosomal subunit (Dennerlein et al. 2010). ERAL1 is removed from the mitochondrial 

ribosome by CLPXP a proteolytic complex containing CLPP, variants in which are also 

associated with Perrault syndrome (Szczepanowska et al. 2016;Jenkinson et al. 2013).  

Using whole exome sequencing a homozygous variant, ERAL1 c.707A > T p.(Asn236Ile), 

was identified in two unrelated individuals with Perrault syndrome from the same small 

village (Chatzispyrou et al. 2017). Patient 1 was 66 years of age and presented with 

hearing loss at 20 years of age and secondary amenorrhea at 27 years of age. Patient 2 

was diagnosed with SNHL, with a greater loss at high frequencies, at 4 years of age. 

Primary amenorrhea with streak ovaries and a small uterus was noted at 18 years of age 

in patient 2. Ovarian biopsy showed no primordial follicles. The father of patient 2 was 
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also homozygous for the variant in ERAL1 and presented with SNHL but had three 

children suggesting males with Perrault syndrome due to this ERAL1 variant are fertile. 

This variant was not identified in any public database but was found to have a minor 

allele frequency of 4.6% in the village, which is a known genetic isolate, highlighting a 

possible founder variant. Subsequently an additional female with Perrault syndrome was 

identified with primary amenorrhea and congenital progressive SNHL who was also from 

the same village and was homozygous for the variant, ERAL1 c.707A > T p.(Asn236Ile) 

(Chatzispyrou et al. 2017). 

No neurological symptoms were reported in any of the four patients with Perrault 

syndrome due to ERAL1. Patient 1 was 66 years of age at the time of genetic diagnosis 

(Chatzispyrou et al. 2017). We would expect that any early onset neurological symptoms 

associated with Perrault syndrome would have been apparent at this age. It appears that 

neurological symptoms are not associated with the variant ERAL1 c.707A > T 

p.(Asn236Ile). This contrasts with variants in CLPP, which as discussed above often are 

associated with neurological phenotypes. This may be due to slightly different 

pathological mechanisms, additional roles of CLPP in the mitochondrial matrix or 

ascertainment bias of CLPP cases toward neurological phenotypes. Other variants in 

ERAL1 may be associated with Perrault syndrome, or additional phenotypes, which may 

include neurological features. 

Using an alignment with a bacterial orthologue Chatzispyrou et al. (2017) predicted that 

the variant, ERAL1 c.707A > T (p.Asn236Ile) may disrupt the protein conformational 

change and subsequently disrupt the interaction of ERAL1 with mitochondrial 12S rRNA. 

Detailed biochemical investigation was undertaken using fibroblasts from patient 1 and 

patient 2. Western blots showed that levels of ERAL1 were reduced in the patient cells. 

The levels of proteins of the 28S ribosomal subunit were reduced in patient cells, with 

levels of the 39S ribosomal subunit unaffected (Chatzispyrou et al. 2017). It has been 

previously shown in cells that depletion of ERAL1 causes the loss of the 28S ribosomal 

subunit and degradation of the 12S rRNA (Dennerlein et al. 2010). In line with the findings 

of Dennerlein et al. (2010) the ratio of 12S to 16S rRNA was reduced in the patient cells. 

The reduction of 12S rRNA was rescued by lentiviral expression of wildtype ERAL1 in 

patient fibroblasts (Chatzispyrou et al. 2017).    
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Mitochondrial translation was affected in patient cells with reduced levels of components 

of oxidative phosphorylation complexes encoded by mitochondrial DNA, with no 

reduction in those encoded by nuclear DNA, indicating a generalised defect of 

mitochondrial translation. The defect in mitochondrial translation led to a reduced rate of 

oxygen consumption in the patient cells (Chatzispyrou et al. 2017). Knockdown of ERAL1 

homologue E02H1.2 in C. elegans recapitulated the Perrault syndrome phenotype with 

the adult worms being infertile and showing a reduced rate of oxygen consumption 

(Chatzispyrou et al. 2017). C. elegans has previously been used a model for the fertility 

phenotype of Perrault syndrome with the knockdown of HARS2 and LARS2 homologues 

both resulting in infertility in adult C. elegans (Pierce et al. 2011;Pierce et al. 2013). 

It has been theorised that disrupted mitochondrial proteostasis (Jenkinson et al. 2013), 

possibly leading to defects of the oxidative phosphorylation pathway (Mayr et al. 2015), is 

the pathology behind Perrault syndrome. The experimental data generated by 

Chatzispyrou et al. (2017) using fibroblasts from patients with defects in ERAL1 provides 

the first direct evidence linking  defects in mitochondrial proteostasis and mitochondrial 

respiration with Perrault syndrome.  

1.3.7 Screening genes 

Some of the Perrault syndrome genes detailed above, and additional genes associated 

with either POI or SNHL, have been screened for causative variants in Perrault syndrome 

families. It is important to note than in all of these studies only the coding exonic regions 

were screened and not the introns and promoter regions.  

In one study eight families with Perrault syndrome were screened for variants in HSD17B4 

and HARS2 but no variants of significance were identified. (Jenkinson et al. 2012).  

HSD17B4, HARS2 and PSMC3IP, a POI candidate gene, were screened in a single patient 

with Perrault syndrome and marfanoid proportions. No causative variants were identified 

(Kim et al. 2013). This patient was later screened by whole exome sequencing and no 

putative pathogenic variants were found in the three remaining Perrault syndrome genes 

known at the time of publication (CLPP, LARS2 and C10orf2) or in 90 additional hearing 

loss genes (Demain et al. 2017b).  
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In four cases of Perrault syndrome across three families’ five candidate genes were tested 

and excluded. The genes tested were: GJB2, variants which are responsible for the most 

common cause of genetic hearing loss; FOXL2, implicated in POI; and POLG, FRDA and 

AOA1, which are implicated in ataxia or ophthalmoplegia (Marlin et al. 2008). 

Demain et al. (2017b) screened eight families with Perrault syndrome using whole exome 

sequencing. In five families causative variants were identified in known Perrault 

syndrome genes. In three families, including the individual with marfanoid body 

proportions noted above (Kim et al. 2013),  there were no putative pathogenic variants 

identified in the five Perrault syndrome genes known at the time of the study (HSD17B4, 

HARS2, LARS2, CLPP, C10orf2). In the three families with genetically unresolved Perrault 

syndrome 90 hearing loss genes were also assessed with no putative pathogenic variants 

identified. In this report there were no obvious phenotypic differences identified between 

the resolved and genetically unresolved cases (Demain et al. 2017b). 

Lerat et al. (2016) screened fourteen families with Perrault syndrome using a NGS panel 

containing the exonic regions for  35 hearing loss genes including the five Perrault 

syndrome genes known at the time of the publication (HSD17B4, HARS2, LARS2, CLPP, 

C10orf2). In four of the families causative biallelic variants were identified in known 

Perrault syndrome genes. In three families a single heterozygous variant was identified in 

a known Perrault syndrome gene. These cases are not considered genetically resolved. In 

one family two affected individuals (X-1 and X-2) were heterozygous for the variant LARS2 

c.1565C>A p.(Thr522Asn). The affected individuals in this family had low frequency 

hearing loss which has been previously associated with this variant in LARS2. In the 

additional two families a single rare heterozygous variant was identified in LARS2 and 

HSD17B4 respectively, the variants had not been previously associated with Perrault 

syndrome. It is not known in these three families whether there are additional 

undiscovered variants in LARS2 or HSD17B4 or that the causative variants are in a gene 

not currently associated with Perrault syndrome (Lerat et al. 2016). There were also seven 

Perrault syndrome families where no putative pathogenic variants were identified in any 

of the 35 genes comprising the panel, including the five Perrault syndrome genes. Again 

there were no phenotypic differences noted between the resolved and genetically 

unresolved cases (Lerat et al. 2016). 
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Whole exome sequencing and the NGS panel used in Lerat et al. (2016) only cover exonic 

regions. It is possible that in some genetically unresolved cases of Perrault syndrome 

screened by these methods there are additional variants in these genes which may be 

intronic, in a promotor region (Lerat et al. 2016) or large copy number variations which 

are difficult to identify using these methods. In these cases sequencing the full gene and 

cDNA may prove useful. Screening studies highlight the genetic heterogeneity of Perrault 

syndrome and also are a strong indicator there may be genes associated with Perrault 

syndrome which have not yet been identified (Demain et al. 2017b;Lerat et al. 2016). 

1.4 Mitochondria and Perrault syndrome 

Mitochondria are organelles which exist in varying numbers in every nucleated eukaryotic 

cell. The main function of mitochondria is to produce ATP from ADP using the oxidative 

phosphorylation (OXPHOS) process. During OXPHOS four complexes create a proton 

gradient across the mitochondrial inner membrane which the fifth complex harnesses to 

generate ATP from ADP. In addition to the OXPHOS process mitochondria have roles in 

pathways which include apoptosis, steroid metabolism, ion homeostasis and FeS cluster 

production (Reeve and Lightowlers 2012).  

Mitochondria are thought to have originated from an event millions of years ago when a 

bacterium was engulfed by another cell with which it subsequently formed a symbiotic 

relationship. Mitochondria maintain a small circular genome of 16.5 kb, present in 

multiple copies per cell, and unique translation machinery (Reeve and Lightowlers 

2012;Richman et al. 2014).  Reflecting their bacterial origin mitochondrial DNA (mtDNA) is 

more similar to bacterial DNA than eukaryotic nuclear DNA. During the evolution of 

mitochondria most mitochondrial genes have been transferred to the nuclear genome 

and the majority of mitochondrial proteins are now encoded by nuclear DNA.  MtDNA 

retains just 22 tRNAs, 2 ribosomal RNAs and 13 genes encoding components of the 

OXPHOS complexes (Reeve and Lightowlers 2012). 

Mitochondrial transcription and translation are different from their nuclear counterparts 

in a number of aspects (Reeve and Lightowlers 2012). MtDNA is transcribed as long 

polycistronic transcripts in contrast to nuclear DNA which is transcribed as individual 

genes. These long mitochondrial transcripts contain multiple genes and other RNA species 
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with little non-coding RNA and no introns. These differences mean mitochondrial RNA is 

processed differently from nuclear RNA. Mitochondrial tRNAs are located between the 

genes and it is the processing of the tRNAs at the 5’ and 3’ ends which release the other 

RNA species from the polycistronic transcripts. This is known as the punctuation model of 

release (Ojala et al. 1981). Mitochondrial translation follows the same steps as nuclear 

translation; initiation, elongation, termination and recycling of the ribosome. The 

mitochondrial ribosome is considerably more protein rich than the nuclear ribosome with 

a protein to RNA ratio of approximately 70%. In contrast the nuclear ribosome is 

composed of approximately 35% protein to 65% RNA. There are also a number of codon 

differences between the mitochondrial and nuclear genome, for example UGA encodes 

tryptophan instead of a stop codon in vertebrate mitochondria (Reeve and Lightowlers 

2012). This is not an exhaustive list but highlights some of the major differences in the 

nuclear and mitochondrial translation processes. 

Mitochondrial dysfunction is associated with spectrum of disease with a wide phenotypic 

range. Variants in both mitochondrial DNA and nuclear genes encoding mitochondrial 

proteins have been linked to mitochondrial dysfunction (Chinnery 2014 ). Phenotypes 

may range from organ specific mild disorders such as Lebers hereditary optic neuropathy 

(Yu-Wai-Man et al. 2002) to severe early onset multisystemic conditions such as Leigh 

syndrome (Thorburn and Rahman 2014). Variants in both mitochondrial DNA and in 

nuclear genes encoding mitochondrial proteins have been linked to hearing loss. Variants 

in the mitochondrial DNA encoded gene MT-TS1 have been linked to childhood onset 

SNHL (Pandya 2014). Variants in the nuclear encoded gene BCS1L, a mitochondrial 

ATPase, can cause  Bjőrnstad syndrome, characterized by pili torti and sensorineural 

hearing loss (Hinson  et al. 2007). Variants in three mitochondrial aminoacyl synthetase 

genes, NARS2 as well as the previously mentioned HARS2 and LARS2, have been linked to 

hearing loss (Simon et al. 2015;Pierce et al. 2011;Pierce et al. 2013). The pathogenic 

mechanisms behind hearing loss due to mitochondrial dysfunction are unclear.  

 Mitochondrial dysfunction has also been linked to infertility. Mitochondrial dysfunction 

associated with infertility is mainly associated with variants in nuclear genes and is often 

syndromic (Demain et al. 2017a). For example variants in POLG can cause Parkinsonism 

and premature menopause (Luoma et al. 2004).  It appears fertility, especially the ovaries, 
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are sensitive to dysfunction in the mitochondrial translation pathway. As with 

mitochondrial linked hearing loss the pathogenic mechanisms behind this dysfunction are 

unclear (Demain et al. 2017a). Mitochondrial disorders often have unexplained tissue 

specificity. It has been suggested that different tissues have differing ways to supress the 

pro-apoptotic pathway induced by mitochondrial stress and thus supress the phenotype. 

The affected tissues may be more susceptible to the particular stress pathway induced by 

the variant (Raimundo et al. 2012) 

Mitochondrial dysfunction has been shown to cause both hearing loss and infertility, with 

the ovaries appearing to be particularly affected by dysfunction of the mitochondrial 

translation pathway (Demain et al. 2017a). Five of the six Perrault genes function in the 

mitochondria. If we exclude the genes with an alternative diagnosis, HSD17B4 and 

C10orf2, the remaining genes associated with Perrault syndrome function in the 

mitochondrial translation pathway. Variants in ERAL1 have been directly linked to 

mitochondrial dysfunction through disruption of the mitoribosome (Chatzispyrou et al. 

2017). It appears that disruption of mitochondrial translation may be the pathogenic 

mechanism behind a number of cases of Perrault syndrome. We might expect that novel 

Perrault syndrome genes would also function in the mitochondrial translation pathway 

(Demain et al. 2017b). 
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Figure 1.5. The function of Perrault syndrome Genes 

Perrault syndrome genes are shown in red in the pathway in which they function. 
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1.5 Coincidental Perrault syndrome 

There has been a report of an individual with Perrault syndrome due to digenetic 

inheritance, with variants in two separate genes causing hearing loss and POI respectively 

(Faridi et al. 2017). Bilateral severe to profound hearing loss was reported in multiple 

individuals in a large consanguineous family. Multiple females were reported to have 

hearing loss but only one female, the proband, was affected with hearing loss and POI. It 

was theorised that the genetic cause of hearing loss and POI in the proband was either a 

Perrault syndrome gene with partial penetrance for POI or that the hearing loss and POI 

seen in the proband were caused by variants in separate genes. Upon genetic 

investigation it was found that all the individuals with hearing loss including the proband 

with Perrault syndrome were homozygous for a known pathogenic variant, CLDN14 

c.254T>A p.(Val85Asp) (Faridi et al. 2017). CLDN14 encodes a tight junction protein 

expressed in auditory hair cells and biallelic variants in CLDN14 are known to cause SNHL 

(Wilcox et al. 2001). The proband was also found to be homozygous for a frameshift 

variant SGO2 c.1453_1454delGA p.(Glu485Lysfs*5). There were no other individuals 

homozygous for SGO2 c.1453_1454delGA p.(Glu485Lysfs*5) in the family although 

multiple members of the family were heterozygous for the variant (Faridi et al. 2017). In 

mice SGO2 is involved in sister chromatid separation during meiosis and in knockout 

SGO2 mice both sexes are infertile (Llano et al. 2008). This is the first reported case of 

SGO2 in human disease (Faridi et al. 2017).  

This project will not be focusing on cases of coincidental Perrault syndrome. The report 

from Faridi et al. (2017) highlights the importance of looking at common causes of 

hearing loss in Perrault syndrome patients who have no putative pathogenic variants in 

known Perrault syndrome genes. As both hearing loss and infertility are common there 

may be additional cases of coincidental Perrault syndrome and in small families it may be 

impossible to distinguish this from true Perrault syndrome without molecular diagnosis. 

As in the case presented by Faridi et al. (2017) the molecular mechanisms of coincidental 

Perrault syndrome may differ from monogenic Perrault syndrome and so prognosis and 

or treatment could differ. Therefore it is important to molecularly distinguish between 

Perrault syndrome and co-incidental Perrault syndrome. 
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1.6 The role of next generation sequencing in the discovery of novel and 

rare variants 

Historically the task of detecting novel or rare variants was difficult. Linkage analysis 

requires the recruitment of large families with multiple affected individuals (Nsengimana 

and Bishop 2012) and homozygosity mapping is only possible in consanguineous families 

(Boycott et al. 2013). If families are non-consanguineous or small with few affected 

individuals, linkage analysis and homozygosity mapping are not viable methods to 

discover the cause of rare diseases. This has proved to be challenging in Perrault 

syndrome. The use of techniques such as Sanger sequencing necessitated a candidate 

gene or region hypothesis be formed, usually from data generated by the 

aforementioned techniques, or whole genome mapping be used. Whole genome mapping 

using Sanger sequencing was both prohibitively time-consuming and expensive so not a 

viable option in identifying these rare variants (Boycott et al. 2013). The advent of next 

generation sequencing changed the outlook for the discovery of novel and rare variants 

(Boycott et al. 2013) including those implicated in Perrault syndrome. 

The rise of next generation sequencing (NGS), also referred to as massively parallel 

sequencing, has been exponential. When the human genome project was completed in 

2003 it had taken 13 years and cost approximately 2.7 billion dollars (Voelkerding et al. 

2009). In comparison modern next generation sequencers can generate a full human 

genome in under 3 days with a price fast approaching the $1000 genome target (Check 

Hayden 2014). All this means that it is possible to quickly and economically identify novel 

causative variants without having previously identified a region or candidate gene. In rare 

syndromes where families are small and few candidates are available for analysis this has 

meant gene identification has made rapid progress. It is expected the genetic causes of 

the approximately 3500 monogenic diseases remaining will be identified before 2020 

(Boycott et al. 2013).  

At this point in time the main limiting factor for whole genome sequencing has become 

the data analysis bottleneck. A vast amount of data is generated from whole genome next 

generation sequencing and requires massive computer processing power to reassemble 

the short sequence reads and filter out the irrelevant data (Bamshad et al. 2011). A 
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solution to this is to perform whole exome sequencing. The exome consists of 1-2 % of 

the entire genome but it is estimated that approximately 85% of the variants for 

Mendelian conditions lie within these coding regions. Using this approach the amount of 

relevant data generated is maximised and the analysis time minimised even compared to 

traditional linkage and homozygosity mapping (Bamshad et al. 2011). The coding regions 

of the human genome are also relatively well characterised and commercial kits are 

available for whole exome sequencing making this an easier option. There is a risk with 

exome sequencing that the variant of interest will not be situated in a coding region or it 

will lie in a region with poor coverage or sequence definition such as in a GC rich region. 

This risk is mitigated by the low likelihood of the variant being situated in a region not 

covered by whole exome sequencing versus the saving in time and cost in comparison to 

whole genome sequencing (Bamshad et al. 2011). All of the above factors make whole 

exome sequencing an excellent choice for identifying novel genes associated with 

Perrault syndrome. 

Next generation sequencing is now being used for clinical diagnosis and targeted NGS 

panels such as OtoSCOPE are available for the molecular diagnosis of genetic hearing loss 

(Yan et al. 2013). It may be that if the genes for Perrault syndrome are included in these 

panels in the future we could detect the syndrome in sporadic males and pre-pubescent 

girls. While these panels are useful in a clinical setting, over two studies less than 50% of 

families with Perrault syndrome had causative variants in a known Perrault syndrome 

gene (Demain et al. 2017b;Lerat et al. 2016), making them of less use in a research 

setting.  When NGS technology reaches a point where whole exome sequencing is 

routinely performed as a diagnostic test for genetic hearing loss then the characterisation 

of Perrault genes may also aid diagnosis. 

1.7 Current challenges and controversies 

There are currently a number of unanswered questions regarding Perrault syndrome. The 

lack of genotype phenotype links especially in the case of neurological features makes it 

difficult to provide a prognosis for some patients and makes using a phenotype to predict 

a genotype for genetic testing difficult. As more Perrault syndrome cases are reported 

upon the genotype phenotype links should become clearer. 
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The debate detailed previously over whether the two sisters with the variants in HSD17B4 

(Pierce et al. 2010) should be classified as DBP deficiency type IV raises a question, if 

there had been an affected male in that family would he have had gonadal failure or 

neurological symptoms, and if so would the diagnosis still have been Perrault syndrome? 

The newly defined DBP deficiency type IV has a large clinical overlap with Perrault 

syndrome and the lack of many of the classical biochemical markers of DBP deficiency in 

these patients (McMillan et al. 2012) has added another layer of difficulty to the diagnosis 

of Perrault syndrome. DBP is a known factor in the oestrogen and androgen pathway (de 

Launoit and Adamski 1999). The molecular basis of ovarian dysfunction in the two sisters 

may be different than in the other cases of genetically characterised Perrault syndrome, 

meaning the therapeutic opportunities may also be different. From the genes implicated 

in Perrault syndrome thus far five out of six are involved in mitochondrial function, 

C10orf2 via mitochondrial DNA maintenance (Morino et al. 2014) and HARS2, LARS2, CLPP 

and ERAL1 via mitochondrial translation (Pierce et al. 2011;Pierce et al. 2013;Jenkinson et 

al. 2013;Chatzispyrou et al. 2017). It has been suggested by Lieber et al. (2014) that 

HSD17B4 might also be involved in mitochondrial function. The patient in their study was 

diagnosed as DBP deficient type IV but initially the clinical presentation had led to the 

speculation that there was mitochondrial involvement. This was supported by the 

discovery of a mild respiratory chain deficiency at muscle biopsy. It was noted that 

HSD17B4 has been predicted in silico to be part of the mitochondrial proteome (Pagliarini 

et al. 2008) and Lieber et al. (2014) speculate that DBP may be dual localised to 

peroxisomes and mitochondria. This adds further difficulty in distinguishing between 

Perrault syndrome DBP deficient type IV, if there is in fact any difference.  Perrault 

syndrome with neurological features has a significant phenotypic overlap with MTDSP7 

(Morino et al. 2014) and the question of whether the reported cases with variants in 

C10orf2 are Perrault syndrome or  mild MTDSP7 is also applicable here. 

A question that remains to be answered is whether males affected by Perrault syndrome 

have a fertility phenotype? Male fertility in Perrault syndrome is usually presumed to be 

normal although exceptions have been reported. A single male patient with Perrault 

syndrome due to variants in CLPP presented with azoospermia (Demain et al. 2017b) and 

in the knockout Clpp mouse both sexes are infertile (Gispert et al. 2013). Conversely 
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affected males in a family with Perrault syndrome due to variants in HARS2 (Pierce et al. 

2011) and a male with Perrault syndrome due to variants in C10orf2 (Lerat et al. 2016) 

have had unaffected children. The uncertainty here is compounded by two factors; the 

under ascertainment of males with Perrault syndrome and the fact that male fertility is 

not routinely assessed in males with Perrault syndrome.  

The diagnosis of Perrault syndrome based upon clinical data is difficult even with multiple 

affected members of the same family and without additional affected family members it 

is even more difficult. The ascertainment of individuals is heavily biased in favour of both 

post-pubertal females and individuals with neurological phenotypes. A way to answer the 

questions raised by the difficulty of clinical diagnosis may be to supplement it with 

genetic and molecular data. As Ahmed et al. (2015) demonstrated it is achievable to 

diagnose Perrault syndrome in prepubescent patients with a combination of the clinical 

and genetic data. This approach may also go some way to addressing some of the sex 

biased questions remaining around the syndrome such as male fertility. At present the 

genetic identification of Perrault syndrome in males and pre-pubescent females remains 

biased towards patients with neurological phenotypes. The increasing availability of next 

generation sequencing, through both panel testing and whole exome sequencing, in a 

diagnostic setting may improve ascertainment. 

1.8 Project aims 

Hypothesis: Variants in novel genes are associated with Perrault syndrome 

Project Aims; 

To undertake mapping and sequencing studies in families with Perrault syndrome for the 

identification of novel Perrault syndrome genes. 

Screening has indicated that the cause of Perrault syndrome in a number of families may 

be in previously unidentified Perrault genes (Jenkinson et al. 2012;Kim et al. 2013;Demain 

et al. 2017b;Lerat et al. 2016).  

The aim of this project is to use whole exome sequencing to uncover the genetic causes 

of Perrault syndrome in the Manchester cohort of affected patients. At least one affected 

member of each family will be screened using whole exome sequencing. Autozygosity 
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mapping will be used in consanguineous families to further filter the whole exome 

sequencing results. Sanger sequencing will be used to confirm the variants segregate with 

the affected individuals and are consistent with the mode of autosomal recessive 

inheritance. 

The molecular evidence to date defines Perrault syndrome as a mitochondrial disorder. If 

the variants in HSD17B4 and C10orf2 are omitted due to differential diagnosis then it 

appears that Perrault syndrome is a disorder of mitochondrial translation. It is expected 

that any new genes discovered to be associated with Perrault syndrome will have a role in 

mitochondrial function and may be involved in mitochondrial translation. 

To undertake functional characterisation of variants in novel disease causing genes. 

While variants in known genes may provide insights into genotype phenotype 

correlations the main focus of this project is to identify novel Perrault syndrome genes. To 

provide some confirmation of pathogenicity functional work will be performed. The 

nature of the functional work and the direction the research will take will be defined by 

the variants and genes identified by exome sequencing. Promising candidate genes, 

especially those with a function within the mitochondrial translation pathway will be 

prioritised for study. 

To further define the molecular cause of Perrault syndrome. 

A promising strategy for genetically identifying Perrault syndrome may lie in elucidating 

the molecular pathway of this pathology. Elucidating the molecular basis of Perrault 

syndrome could assist in assessing the likelihood that any variants in previously 

unidentified genes are causative of the Perrault syndrome phenotype. By undertaking the 

variant identification strategy and functional characterisation detailed above we hope to 

generate data that can be used to aid in the molecular diagnosis of other patients, enable 

us to further understand the pathological mechanisms behind Perrault syndrome and 

may provide possible targets for therapeutics. It may also provide insight into some of the 

molecular mechanisms behind ovarian dysfunction and sensorineural hearing loss, which 

could identify possible therapeutic targets for these conditions. 
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Chapter 2. Materials and methods 
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This chapter details the general materials and methods used to produce the data in this 

thesis. Additional chapter specific details are available in each experimental chapter. 

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. The National Institutes of Health 

(NIH) Animal Use Committee approved protocol 1263-15 to Thomas B. Friedman for mice. 

2.2. Patient samples 

Patient samples were provided from the referring clinician as blood (for DNA extraction 

only), skin biopsies, primary fibroblast cultures or DNA. 

2.2.1. Patient dermal fibroblasts 

Patient Dermal Fibroblasts were provided as either primary fibroblast cultures or as skin 

biopsies. Primary fibroblast cultures were prepared and maintained in Eagle’s minimal 

essential medium (MEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% 

(v/v) foetal calf serum, 1 × non-essential amino acids, 1 mm sodium pyruvate, 50 μg/ml 

uridine and 100 mg/L ampicillin, and stored in liquid nitrogen by the NHS Genomic 

Diagnostic Laboratory at the Manchester Centre for Genomic Medicine, an accredited 

medical laboratory. 

2.2.2. Patient DNA storage 

Patient DNA, either extracted as in section 2.3.1 or provided by the referring clinician was 

quantified using the NanoDrop 8000 (Thermo Fisher Scientific Inc, Waltham, MA, USA) 

and stored at -20°C in the NHS Genomic Diagnostic Laboratory Archive at the Manchester 

Centre for Genomic Medicine. 

2.3. DNA extraction, precipitation and quantification 

2.3.1. DNA extraction from patient blood samples. 

DNA was extracted by the NHS Genomic Diagnostic Laboratory at the Manchester Centre 

for Genomic Medicine, an accredited medical laboratory. M-PVA Magnetic Bead 
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Technology processed using the chemagic MSM I instrument (both PerkinElmer, 

Waltham, MA, USA, extraction performed according to manufacturer protocol) was used 

to extract DNA from peripheral blood lymphocytes from affected individuals and 

relatives.  

2.3.2. Plasmid DNA extraction. 

Plasmid DNA was extracted using both the GenElute Plasmid Miniprep Kit (Sigma-Aldrich, 

St. Louis, MO, USA) and NucleoSpin Plasmid Miniprep Kit (Macherey-Nagel, Düren, 

Germany) according to manufacturer protocol. To produce large amounts of plasmid DNA 

for gene gun transfection or storage, a 50ml overnight culture of the transformed E.coli 

strain was prepared and plasmid DNA extracted using the GenElute Plasmid Midiprep Kit 

(Sigma-Aldrich, St. Louis, MO, USA) or NucleoSpin Plasmid Midiprep Kit (Macherey-Nagel, 

Düren, Germany) according to manufacturer protocol.  

2.3.3. Genomic DNA extraction from yeast 

1.5ml of yeast overnight culture was centrifuged (1000xg, 5mins). The supernatant was 

removed and the pellet resuspended in 500ml of water before repeating the previous 

centrifugation step. The supernatant was removed and lysis buffer (10mM Tris-Cl (pH 8), 

1mM EDTA, 100mM NaCl, 1% sodium dodecyl sulfate (SDS) and 2% Triton-X 100) (200μl), 

acid washed glass beads (200-300μl) and PCA (Phenol:chloroform:isoamyl alcohol, Tris 

buffered) (200μl) were added. The solution was mixed by vortex and centrifuged 

(14,000xg, 5mins). The aqueous phase was transferred to a new tube and two volumes of 

100% ethanol added. The solution was centrifuged (14,000xg, 5mins) and the supernatant 

discarded. The DNA pellet was washed with 95% ethanol and air dried. The dry pellet was 

re-suspended in 100μl of TE buffer (10mM Tris-Cl (pH8), 1mM EDTA). 

2.3.4. DNA quantification 

All DNA quantification was performed using NanoDrop spectrophotometer instruments. 

Models used were the NanoDrop 8000, NanoDrop 2000 and NanoDrop Lite (Thermo 

Fisher Scientific Inc, Waltham, MA, USA). 
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2.4. Autozygosity mapping 

Genome wide single nucleotide polymorphism (SNP) and copy number variation (CNV) 

data was generated using the Genome-Wide Human SNP Array 6.0 (SNP 6.0 Array) 

(Affymetrix, Inc. Santa Clara, CA, USA) according to manufacturer protocol. Genotyping 

calls were made by the Affymetrix Genotyping console using the default parameters 

(Birdseed V2 algorithm, Confidence Threshold 0.1, Block Size 0). Autozygosity mapping 

was performed using the genotyping data and the AutoSNPa program 

(http://dna.leeds.ac.uk/autosnpa/) (Carr et al. 2006). 

2.5. Whole exome sequencing  

Whole Exome Sequencing in this project was performed using either the SOLiD (Thermo 

Fisher Scientific Inc, Waltham, MA, USA) or the HiSeq (Illumina, San Diego, CA, USA) 

instruments. The SOLiD and HiSeq use next generation sequencing technologies which 

function based on different principles.   

SOLiD (Sequencing by Oligonucleotide Ligation and Detection) sequencing works on the 

principle of sequencing by oligonucleotide ligation. Prepared fragment libraries are 

attached to magnetic beads which are clonally populated using emulsion PCR. The beads 

are deposited onto a glass slide or flow chip. A primer anneals to an adaptor sequence 

which was attached to each fragment during library preparation. A set of four 

fluorescently labelled di-base probes compete for ligation to the sequencing primer. 

Specificity of the di-base probe is achieved by interrogating the 1st and 2nd base in each 

ligation reaction, the remaining bases in the probe are degenerate. The fluorescently 

label is cleaved from the probe leaving a 5 base pair nucleotide ligated to the primer. The 

ligation and interrogation of probes and cleavage of labels continues in cycles, the 

number of which depends on the read length to be achieved. Following a series of ligation 

cycles, the extension product is removed and the template is reset with a primer 

complementary to the n–1 position of the previous primer for a second round of ligation 

cycles. There are five primer resets and in this was all bases in a fragment are 

interrogated (Janitz 2011). 

The Illumina HiSeq works on the principle of sequencing by synthesis. A library is 

prepared from fragmented DNA and specialised adapters ligated to the DNA fragments. 

http://dna.leeds.ac.uk/autosnpa/


91 
 

The DNA is loaded onto a flow cell and amplified into clonal clusters using bridge 

amplification. The distal end of a fragment "bridges" to a complementary oligo on the 

surface of the flow cell, and extends from the complementary oligo to form a double 

stranded bridge. Denaturation of the bridge produces two complementary sequences. 

Fluorescently labelled nucleotides are incorporated into the complementary sequence 

and recorded. The bridge amplification ensures the forward and reverse sequence for 

each clonal population are sequenced producing paired end reads (Illumina 2017). 

2.5.1. Whole exome sequencing using the SOLiD system 

The Agilent Technologies SureSelect Human All Exon V5 Panel was used for library 

preparation and sequencing previously detailed (Mitchell et al. 2012). Targeted 

enrichment and sequencing were performed using 3 μg of patient DNA. Enrichment was 

performed with the SureSelect Human All Exon 50 MB Kit (Agilent Technologies, Santa 

Clara, CA, USA) for the ABI SOLiD system following the manufacture protocol. qPCR 

(quantitative PCR) was performed and the sample was sequenced on a SOLiD 4 sequencer 

(Life Technologies, Carlsbad, CA, USA) following manufacturer protocols. 

Sequence data was mapped with SOLiD Bioscope software (Life Technologies, Carlsbad, 

CA, USA) using hg19 as the reference sequence. Variants were called with a combination 

of Bioscope software suite, using diBayes tool with medium stringency, and Samtools. 

Data was filtered for single nucleotide polymorphisms (SNPs) with 5-fold or greater 

coverage. Variants were annotated using Ensembl v61 and Ensembl's defined 

consequence hierarchically system, with the highest impacting consequence for a variant 

in a gene being retained. Data was presented in an excel file format (Mitchell et al. 2012). 

2.5.2. Whole exome sequencing using the HiSeq system 

Whole exome sequencing using the HiSeq system (Illumina, San Diego, CA, USA) was 

performed as previously described (Smith et al. 2014). Whole exome targeted enrichment 

was performed using the SureSelect Human All Exon Kit (version 6; Agilent Technologies, 

Santa Clara, CA, USA) and the enriched library sequenced on the Illumina HiSeq 2500 

system. Sequence data was mapped against the hg19 reference human genome using the 

Burrows-Wheeler aligner software (version 0.6.2; http://bio-bwa.sourceforge.net). The 

Genome Analysis Tool Kit software (version 2.4.7; https://www.broadinstitute.org/gatk) 

http://bio-bwa.sourceforge.net/
https://www.broadinstitute.org/gatk
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was used for recalibration of base quality score and for indel realignment. The unified 

genotyper (https://www.broadinstitute.org/gatk) was used for variant calling. Variants 

were electronically annotated with information from the Exome Variant Server (ESP6500; 

National Heart, Lung, and Blood Institute Grand Opportunity Exome Sequencing Project, 

Seattle, WA; http://evs.gs.washington.edu/EVS), Single Nucleotide Polymorphism 

database (dbSNP137; http://www.ncbi.nlm.nih.gov/projects/SNP) and Exome 

Aggregation Consortium (ExAC Version 0.2, http://exac.broadinstitute.org/) (Smith et al. 

2014). Data was presented in an excel file format. 

2.5.3. Copy number variation detection using exome depth analysis  

Copy number variation (CNV) detection was performed using Exome-Depth v1.1.6.13 

(https://CRAN.R-project.org/package=ExomeDepth) algorithm (Plagnol et al. 2012) as 

previously described (Ellingford et al. 2017). Exome-Depth is an R package which detects 

deviations in sequencing read depth between queried samples and a set of pooled 

reference samples, for defined genomic windows. Exome-Depth was presented with 16 

BAM files from individuals generated through identical enrichment, sequencing and 

computational procedures. All reference samples were individuals referred for genomic 

diagnostic testing who were not knowingly related to the tested individual. Copy number 

status was calculated for each of 281 exonic regions included within the enrichment 

region (the genomic region of DAP3 plus one gene distal and one gene proximal from 

DAP3). 

2.6. Software and online tools 

Software and online tools not mentioned elsewhere in the materials and methods are 

noted here. 

2.6.1. Audiograms 

Patient audiograms were recreated from clinical audiograms using the Audgen online 

software. (http://audsim.com/audgen/).  

2.6.2. In Silico prediction of pathogenicity 

The tools for the In silico prediction of pathogenicity included both prediction software 

and large online variant databases. They are listed below:  

https://www.broadinstitute.org/gatk
http://evs.gs.washington.edu/EVS
http://www.ncbi.nlm.nih.gov/projects/SNP
http://exac.broadinstitute.org/
https://cran.r-project.org/package=ExomeDepth
http://audsim.com/audgen/
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Exome Variant Server (EVS) (NHLBI GO Exome Sequencing Project (ESP)),  

http://evs.gs.washington.edu/EVS/    

dbSNP (Sherry et al. 2001) https://www.ncbi.nlm.nih.gov/projects/SNP/  

ExAC (Exome Aggregation Consortium (ExAC)), http://exac.broadinstitute.org/  

Gnomad (Lek et al. 2016) http://gnomad.broadinstitute.org/ 

Polyphen2 (Adzhubei et al. 2010), http://genetics.bwh.harvard.edu/pph2/   

SIFT (Kumar et al. 2009), http://sift.jcvi.org/  

Mutation Taster (Schwarz et al. 2014), http://www.mutationtaster.org/  

2.6.3. Conservation mapping 

Sequences were mapped using Clustal Omega (Sievers et al. 2011) 

http://www.ebi.ac.uk/Tools/msa/clustalo/.  

2.6.4. Predictions of mitochondrial targeting sequences 

Mitofates (Fukasawa et al. 2015) (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi) was used 

to predict if proteins contained a mitochondrial targeting sequence. 

2.6.5. Prediction of functional domains 

The following online software was used to predict possible functional domains of 

proteins. 

SMART (Letunic et al. 2015) http://smart.embl-heidelberg.de/ 

NCBI conserved domains (Marchler-Bauer et al. 2015) 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi 

Interpro (Jones et al. 2014) https://www.ebi.ac.uk/interpro 

2.7. Sanger sequencing 

Sanger sequencing was performed to confirm variants in patients and confirm construct 

sequences. The confirmation of missense variants was performed in house. Plasmid 

http://evs.gs.washington.edu/EVS/
https://www.ncbi.nlm.nih.gov/projects/SNP/
http://exac.broadinstitute.org/
http://gnomad.broadinstitute.org/
http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org/
http://www.mutationtaster.org/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi
http://smart.embl-heidelberg.de/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ebi.ac.uk/interpro
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sequence confirmation was performed both in house and by Eurofins (Eurofins, GSC, LUX) 

as part of a service. 

2.7.1. Designing primers for Sanger sequencing 

Primers were designed used the Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/) 

using the default settings, unless stated otherwise. Primers for use with human DNA were 

checked for underlying sequence variants using SNPCheck software 

(https://secure.ngrl.org.uk/SNPCheck/snpcheck.htm). Primers were purchased from 

Sigma-Aldrich, (St. Louis, MO, USA) at a concentration of 100µM. 

2.7.2. Polymerase Chain Reaction (PCR) for Sanger sequencing 

For the confirmation of variants PCR reactions (10µl GoTaq Green Mastermix (Promega, 

Madison, WI, USA), 10ng of DNA, 1µl Forward Primer at 5µM, 1µl Reverse Primer at 5µM, 

H2O to 20µl) were run on the following PCR program. 

 

Stage Temp °C Time 

1 95 3 min 

 
2 (35 cycles) 

 

95 30s 

56-60* 30s 

72 30s 

3 
 

72 5 min 

4 hold 

Table 2.1. Thermal cycler program for PCR 

*The annealing temperatures used are stated with the appropriate primer in the 

appendix. 

2.7.3. Agarose gel glectrophoresis 

PCR product was confirmed by running 5µl of PCR product with a 100bp ladder on a 1.5% 

agarose gel (1.5g of agarose in 100ml of TBE) stained with SafeView (5µl added to the 

cooled agarose. NBS Biologicals, Huntingdon, UK). Samples were run in an electrophoresis 

tank containing Tris/Borate/EDTA (TBE) buffer at 120V for 30 minutes and visualised using 

U.V. transillumination. 

 

http://bioinfo.ut.ee/primer3-0.4.0/
https://secure.ngrl.org.uk/SNPCheck/snpcheck.htm
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2.7.4. Purification of PCR products 

PCR samples were purified using either the QIAquick PCR purification kit (Qiagen, Hilden, 

Germany) following the manufacturer protocol and eluting in 50µl of elution buffer or 

using Agencourt AMPure XP paramagnetic beads (Beckman Coulter, Brea, CA, USA). 

AMPure beads were added to the PCR products in a 1:1 ratio. Samples were processed 

using a Biomek NX robotics instrument (Beckman Coulter, Brea, CA, USA) following 

manufacturer protocol and eluted in 100µl of dH2O. 

2.7.5. Cycle sequencing  

Plasmid DNA was not subject to the initial PCR stage prior to cycle sequencing.  

Sequencing reactions (5.275µl Water, 1µl PCR product, 0.25µl Big Dye mastermix , 1.875µl 

5X sequencing buffer, 1.6µl Primer at 5µM) were prepared using the BigDye™ Terminator 

v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific Inc, Waltham, MA, USA) and run on 

the following thermal cycler program. 

 

Stage Temp °C Time 

1 98 1 min 

2 (30 cycles) 

98 10s 

55 10s 

60 4 min 

3 4 hold 

Table 2.2. Thermal cycler program for cycle sequencing 

 

After cycle sequencing the reactions were purified using either CleanSEQ beads or 

ethanol precipitation. 

2.7.6. CleanSEQ purification of sequencing reactions 

After cycle sequencing 5µl of Agencourt CleanSEQ paramagnetic bead solution (Beckman 

Coulter, Brea, CA, USA) were added to the sequencing reaction (1:2 ratio) and the 

samples were processed using a Biomek NX robotics (Beckman Coulter, Brea, CA, USA) 

instrument according to manufacturer protocol. Samples in 10µl of HiDi formamide 

(Thermo Fisher Scientific Inc, Waltham, MA, USA) were heated at 95°C for 3-5 minutes 
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before being sequenced using the 3730 DNA analyser (Thermo Fisher Scientific Inc, 

Waltham, MA, USA). 

2.7.7. Ethanol precipitation of sequencing reactions 

After cycle sequencing 28µl of precipitation solution was added per well (100% EtOH and 

125mM EDTA, pH8). Plates were sealed, vortexed and incubated for 15 min at room 

temperature. The DNA was precipitated by centrifugation (30 min, 2200xg, 4°C). The plate 

seal was removed, the plate inverted and the liquid removed by centrifugation (30 sec, 

100xg, room temperature). To wash the DNA 75µl of 70% ethanol was added per well. 

Plates were sealed and vortexed.  The DNA was precipitated by centrifugation (15 min, 

2200xg, 4°C). The plate seal was removed, the plate inverted and the liquid removed by 

centrifugation (30 sec, 100xg, room temperature). The DNA was air dried for 10 minutes. 

10µl of HiDi formamide (Thermo Fisher Scientific Inc, Waltham, MA, USA) was added to 

each well. The plate was sealed and incubated for 3 minutes at 90°C. Plates were 

submitted to NIDCD sequencing core for sequence analysis using the 3730 DNA analyser 

(Thermo Fisher Scientific Inc, Waltham, MA, USA).  

2.7.8. Analysis of Sanger Sequencing  

Sequencing traces were analysed using either the Seq Scanner 2 software (Applied 

Biosystems, Foster City, CA, USA) or Lasergene SeqMan Pro software (DNASTAR, Madison, 

WI, USA). 

2.8. Assessment of proteins from patient dermal fibroblasts  

2.8.1. Western blots for mitochondrial RNase P 

Western blot analyses for mitochondrial RNase P subunits were performed as previously 

described (Deutschmann et al. 2014). Cell extracts were prepared from patient and 

control dermal fibroblasts using lysis buffer (50 mM Tris–HCl (pH 7.4), 154 mM NaCl, 1 

mM EDTA, 0.5% Triton X-100, 0.05% SDS). Protein concentration was determined using 

Bradford Assay (Bio-Rad, Hercules, CA, USA). 30 µg of protein was separated by sodium 

dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% SDS-

polyacrylamide gel and transferred to a polyvinylidene difluoride membrane (GE 

Healthcare, Little Chalfont, UK). Membrane blots were blocked with tris phosphate-
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buffered saline containing 0.1% Tween-20 and 5% skim milk powder (Fluka, Sigma-

Aldrich, St. Louis, MO, USA) for 1 hour at room temperature. Membranes were incubated 

with the following antibodies; HSD10 anti-ERAB [5F3] (SDR5C1, 1:500, Abcam, Cambridge, 

UK), anti-RG9MTD1 (TRMT10C,1:250, Sigma-Aldrich, St. Louis, MO, USA) and anti-MRPP3 

(PRORP, 1:2000, Abcam, Cambridge, UK). Alpha Tubulin (1:8000, Abcam, Cambridge, UK) 

was used as a loading control.  Proteins were detected with horseradish peroxidase 

conjugated secondary antibodies (Dako, Agilent Technologies, Santa Clara, CA, USA). The 

blots were developed using the ECL Western Blotting Analysis Detection system (GE 

Healthcare, Little Chalfont, UK) (Deutschmann et al. 2014). Antibody details are available 

in Deutschmann et al. (2014) 

2.8.2. Western blots for components of the mitochondria oxidative phosphorylation 

pathway 

Cultured fibroblasts were harvested and lysed in 50 mm Tris-HCl pH 7.5, 130 mmNaCl, 

2 mm MgCl2, 1 mm phenylmethanesulfonyl fluoride (PMSF), 1% Nonidet P-40 (v/v) and 1 

× EDTA free protease inhibitor cocktail (Pierce Biotechnology, Waltham, MA, USA). 

Protein lysates (40 μg) were incubated with sample dissociation buffer and separated 

according to size on 12% gels by SDS-PAGE and immobilized by electrophoretic transfer 

on to PVDF membrane (Immobilon-P, Millipore Corporation, Billerica, USA). Proteins of 

interest were bound by overnight incubation at 4°C with primary antibodies followed by 

HRP-conjugated secondary antibodies (Dako Cytomation, Agilent Technologies, Santa 

Clara, CA, USA). Chemiluminescence ECL Prime Kit (Amersham, GE Healthcare, Little 

Chalfont, UK) and ChemiDocMP Imaging System (Bio-Rad, Hercules, CA, USA) were used 

for signal detection and Image lab 4.0.1 (Bio-Rad, Hercules, CA, USA) software for 

analysis. Antibody details are available in the relevant experimental chapter. 

2.9. Assessment of RNA from patient dermal fibroblasts  

Northern blot analysis was performed as previously described (Deutschmann et al. 2014). 

Northern blot analysis was performed using the NorthernMax kit (Ambion, Thermo Fisher 

Scientific Inc, Waltham, MA, USA) according to manufacturer protocol. 2–5 µg of total 

RNA was separated on a 1% denaturing agarose gel. After electrophoresis, RNA was 

transferred to nylon membrane (Hybond-N+, GE Healthcare, Little Chalfont, UK) by 
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capillary transfer, UV cross-linked and hybridised with biotinylated probes (10 pmol/l in 

Ultrahyb-Oligo hybidization buffer, Ambion, Thermo Fisher Scientific Inc, Waltham, MA, 

USA). Signals were detected using the BrightStar BioDetect kit (Ambion, Thermo Fisher 

Scientific Inc, Waltham, MA, USA) according to the manufacturer protocol. Strand-specific 

5′biotinylated probes for the mitochondrial tRNAs, rRNAs and mRNAs were purchased 

from Microsynth AG (Balgach, Switzerland). A biotinylated RNA size marker (BrightStar 

RNA Millenium Marker, Ambion, Thermo Fisher Scientific Inc, Waltham, MA, USA) was 

used to determine the size of RNA species. Probe sequences are available in 

(Deutschmann et al. 2014) 

2.10. E.coli methods 

2.10.1. Strains 

The following E.coli strains were used; XL-1 blue (XL-10 Gold, Agilent Technologies, Santa 

Clara, CA, USA), BW313, Rosetta (DE3) (Novagen, Merck, Kenilworth, NJ, USA) and TOP10 

(Invitrogen, Carlsbad, CA, USA). 

2.10.2. Bacterial culture 

Unless otherwise stated E.coli strains were grown in standard Luria-Bertani (LB) media (10 

g/L Tryptone, 5 g/L Yeast Extract, 5 g/L NaCl (Sigma-Aldrich, St. Louis, MO, USA)) or on LB 

plates (LB media and 1.5% w/v agar) containing the appropriate antibiotic at the 

concentration recommended for plasmid selection (Table 2.3). For blue/white colour 

screening XL-1 (XL10-gold, Agilent Technologies, Santa Clara, CA, USA) cells were grown 

on LB-antibiotic plates coated with 100µl of 40µM IPTG and 100µl of 2% XGAL. Strains 

were stored in media with 50% glycerol (v/v) at -80°C.  

Antibiotic Concentration 

Kanamycin 50 µg/mL 

Ampicillin 100 µg/mL 

Carbenicillin 100 µg/mL 

Chloramphenicol 25 µg/mL 

Table 2.3. Antibiotic concentrations used for plasmid selection. 
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2.10.3. Bacterial transformations 

Bacterial transformations were performed as described unless stated otherwise. Cells 

were thawed on ice and a 25µl aliquot removed and kept on ice. 1µl of β-

mercaptoethanol was added and the cells were incubated on ice for 10 minutes (XL-1 

blue only). 25-50ng of the construct was added to the cells and incubated on ice for 30 

minutes. Cells were heat shocked at 42°C for 30 seconds and incubated on ice for 2 

minutes. 100µl of LB media was added and the cells incubated at 37°C for 30 minutes to 1 

hour. The transformed cells were plated onto the appropriate LB-antibiotic plates.  

2.11. Preparation of expression plasmids 

The following plasmids were prepared using T4 ligation; pBlueScript II SK (+) pre- tRNA 

transcript histidine-serine(AGY)-leucine(CUN) and pSF-STE5-MouseNop14. 

Templates for cloning into plasmid vectors were subject to PCR amplification. The PCR 

reaction was as follows; 72µl H2O, 20µl Phusion HF Buffer (New England Biolabs, Ipswich, 

MA, USA) 4µl 5mM DNTPs, 0.5µl of forward primer at 100µM, 0.5µl of reverse primer at 

100µM, 2µl of template DNA and 1µl of Phusion high fidelity DNA polymerase (New 

England Biolabs, Ipswich, MA, USA). The PCR reaction was run on the thermal cycler 

program in table 2.4. 

 

Stage Temp °C Time 

1 98 5 min 

2 (30 cycles) 

98 10s 

55 30s 

72 1 min 

3 4 hold 

Table 2.4. Thermal cycler program for PCR with Phusion polymerase 

 

The PCR products were assessed using agarose gel electrophoresis as detailed in section 

2.7.3. A 1kb ladder (New England Biolabs, Ipswich, MA, USA) was used for the assessment 

of larger transcripts. PCR products were purified using the QiaQuick PCR purification kit 

(Qiagen, Hilden, Germany) according to manufacturer instructions and eluted in 50µl of 

elution buffer. 
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Restriction digest of PCR products was performed using the following reaction; 45µl PCR 

product, 8µl H2O, 6µl of CutSmart buffer (New England Biolabs, Ipswich, MA, USA) and 

0.5µl of each restriction enzyme (specified in the appropriate experimental chapter). The 

restriction digest was incubated for 1.5 hours at 37°C and the digested product purified 

using the QiaQuick PCR purification kit (Qiagen, Hilden, Germany) according to 

manufacturer protocol and eluted in 30µl of elution buffer. The vectors were digested 

using the same restriction enzymes as the insert in the following reaction; 2µg plasmid, 

2µl of CutSmart buffer (New England Biolabs, Ipswich, MA, USA) 0.5µl of each restriction 

enzyme and H2O to 20µl. The restriction digest reactions were incubated at 37°C for 1.5 

hours. The linearized plasmids were dephosphorylated to prevent re-ligation. 2µl of 

Antarctic phosphatase buffer and 1µl of Antarctic phosphatase (both New England 

Biolabs, Ipswich, MA, USA) were added to the restriction reaction which was then 

incubated at 37°C for 1 hour. The reaction was purified using the QiaQuick PCR 

purification kit (Qiagen, Hilden, Germany) according to manufacturer protocol and eluted 

in 50µl of elution buffer. The ligation reaction is as follows; 2µl dephosphorylated 

linearized vector, 15µl PCR product, 2µl of T4 DNA ligase buffer and 1µl of T4 DNA ligase 

enzyme (both New England Biolabs, Ipswich, MA, USA). The ligation reactions were 

incubated at room temperature for 1-2 hours and then transformed directly into the 

appropriate E.coli strain. 

2.11.1. Primers for the preparation of pSF-STE5-MouseNop14 

MoNOP14-F(NcoI) 5’ GCGCGCCCATGGGGAAAGCCAAGCGGAC 3’ 

MoNOP14-B(XbaI) 5’ GGGGGTCTAGATTATTTTTTGAACTTTTTCCTC 3’ 

Reference sequence BC043043. 

2.11.2. Primers for the mitochondrial pre- tRNA Transcript histidine-serine(AGY)-

leucine(CUN)  

Forward Primer – 5’ GGGTACCTCCTCCTATCCCTCAACCCCGACATC 3’  

Reverse Primer – 5’ CGGGATCCGTTAACGAGGGTGGTAAGGATGGGGGGAATTAGG 3’  

The reference sequence is Genbank: NC_012920.  
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2.12. Preparation of plasmids containing EGFP tagged constructs 

Plasmids for the expression of EGFP tagged Nop14 and Dap3 were prepared as below 

using the In-Fusion method of homologous recombination (Clontech, Mountain View, CA, 

USA). 

2.12.1. Digest of the vector for EGFP-tagged contsructs. 

A C-terminal EGFP vector, pEGFP-N1 (Clontech, Mountain View, CA, USA. Discontinued), 

was linearized using BglII and PstI  fast digest restriction enzymes (both Thermo Fisher 

Scientific Inc, Waltham, MA, USA). The digest reaction is as follows; 10μg of vector, 5μl 

each of BglII and PstI, 10μl of 10x Fast Digest buffer (Thermo Fisher Scientific Inc, 

Waltham, MA, USA) and H2O to a volume of 100µl. The fast digest reaction was incubated 

for 15min at 37°C and stored at 4°C. 

2.12.2. In-Fusion primer design 

In-Fusion primers were designed using primer3 with 15-20bp complementary to the 

recipient vector, including restriction sites used to linearize the vector, added manually to 

the sequence. 

2.12.3 In-Fusion primers 

DAP3_In-Fusion_1: TACCGGACTCAGATCTATGCTGACAGGAATAACAA 

DAP3_In-Fusion_2: CGCGGTACCGTCGACTGCAGCAGCGAGGCACAGAGC 

Underlined = Dap3, red = restriction sites 

NOP14_In-Fusion_1: TACCGGACTCAGATCTATGGGGAAAGCCAAG 

NOP14_In-Fusion_2: CGCGGTACCGTCGACTGCAGTTTTTTGAACTTTTTCCTCT 

Underlined = Nop14, red = restriction sites 

2.12.4 PCR for In-Fusion 

The open reading frame (ORF) cDNA sequences minus the stop codons for Dap3 

(BC019566) and Nop14 (BC043043) were amplified by PCR. A 50µl PCR reaction was 

prepared (1mM MgCl2, 0.8 mM dNTPs, 1.25U PrimeSTAR Polymerase (TaKaRa, Shiga, 
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Japan), 200nM forward primer, 200nM reverse primer and 10ng DNA template) and run 

on the following thermal cycler program.  

 

Stage Temp °C Time 

1 94 30 sec 

2 (30 cycles) 

98 10s 

68 5s 

72 1.8 or 2.5 min 

3 
72 4 min 

25 hold 

Table 2.5. Thermal cycler program for PCR for In-Fusion reaction 

 

The PCR products were assessed by running them on a 1.2% Egel (Invitrogen, Carlsbad, 

CA, USA) at 120v for 30 minutes using a 1kb ladder (Thermo Fisher Scientific Inc, 

Waltham, MA, USA).  

The PCR products and digested EGFP vector were gel purified. The samples were run on a 

2% agarose gel with TAE (150ml of TAE (Tris base, acetic acid and EDTA.) and 3g of 

agarose) at 110v for 2 hours alongside a 1kb ladder (Thermo Fisher Scientific Inc, 

Waltham, MA, USA). After electrophoresis the gel was stained for 30 minutes with 

SybrSafe stain (Thermo Fisher Scientific Inc, Waltham, MA, USA). The bands 

corresponding to the purified products were excised with a razor blade and the DNA was 

extracted using a Nucleospin Gel extraction kit (Macherey-Nagel, Düren, Germany) 

according to manufacturer instructions. 

2.12.5. In-Fusion reactions 

The amount of each PCR product and the linearized vector to input into the In-Fusion 

reaction was calculated using the In-Fusion calculator (http://bioinfo.clontech.com/In-

Fusion/molarRatio.do) with an insert to vector ratio of 2. 

The In-Fusion cloning procedure was performed according to manufacturer protocols. 

Briefly, 10µl of the insert and vector mix was added to an In-Fusion HD Eco Dry Pellet 

(Clontech, Mountain View, CA, USA) and mixed by pipetting. The reaction was incubated 

for 15 minutes at 37°C, followed by 15 minutes at 50°C and then placed on ice. The In-

http://bioinfo.clontech.com/infusion/molarRatio.do
http://bioinfo.clontech.com/infusion/molarRatio.do


103 
 

Fusion reaction was immediately diluted 1 in 5 with H2O and 5µl transformed into TOP10 

cells (Invitrogen, Carlsbad, CA, USA). The cells were plated and incubated overnight on LB-

Kanamycin plates. Colonies from the plates were grown overnight in LB-Kanamycin media 

and the Plasmid DNA extracted using NucleoSpin® Plasmid Miniprep Kit (Macherey-Nagel, 

Düren, Germany). The inserts were confirmed using Sanger sequencing (in house). 

2.13. Plasmids prepared by Gibson assembly 

The plasmid, p426GPD-DAP3, was prepared using the Gibson assembly technique (Gibson 

et al. 2009); The Gibson assembly technique uses a one-step isothermal reaction to join 

oligonucleotides with overlapping ends. 

An assembly master mixture was prepared by combining 320 μl 5 × isothermal reaction 

buffer (0.5M Tris-HCl pH 7.5, 0.05M MgCl2, 1mM of each dNTP, 0.05M DTT, 25% PEG-

8000 (w/v) and 5 mM NAD), 0.64 μl of 10 U μl−1 T5 exonuclease (New England Biolabs, 

Ipswich, MA, USA) 20 μl of 2 U μl−1 Phusion DNA polymerase (Thermo Fisher Scientific 

Inc, Waltham, MA, USA), 160 μl of 40 U μl−1 Taq DNA ligase (New England Biolabs, 

Ipswich, MA, USA) and water up to a final volume of 1.2 ml. 5µl of the vector and insert 

(amplified, digested and dephosphorylated as in section 2.10) to be assembled were 

added to 15µl of the master mixture in equimolar amounts. 10- 100 ng of each DNA 

fragment was added. Reactions were incubated at 50°C for 1 hour (Gibson et al. 2009). 

The plasmid p426GPD-DAP3C395Y was prepared from p426GPD-DAP3 as detailed in 

(Kunkel et al. 1987) and section 2.13.3 using the oligonucleotide detailed below. 

2.13.1. Primers for preparation of p426GPD-DAP3 

GDP_hDAP3.for 5’ CTGCAGGAATTCGATATCAATGATGCTGAAAGGAATAACAAGGCT3’ 

GDP_hDAP3.rev 5’GGTCGACGGTATCGATATTAGAGGTAGGCACAGTGCCG3’ 

2.13.2. Oligonucleotide for the preparation of p426GPD-DAP3C395Y 

DAP3-Cys395Tyr-rev 5’GGTCGACGGTATCGATATTAGAGGTAGGCATAGCGCCG3’ 

The base that differs from the wild type sequence is highlighted. 
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2.14. tRNA processing assays 

tRNA processing assays were performed on radiolabelled precursor tRNA templates as 

detailed in Holzmann et al. (2008) using mitochondrial RNase P complexes containing 

both wild type (wt) and variant PRORP (p.Ala485Val).  

2.14.1. Templates for recombinant expression of TRMT10C, SDR5C1, PRORP (Wt and 

p.Ala485Val)  

Templates for recombinant expression of TRMT10C, SDR5C1 and PRORP were gifted by 

Walter Rossmanith and are as previously described (Holzmann et al. 2008). All templates 

were inserted into the vector pET28-b(+) (Novagen, Merck, Kenilworth, NJ, USA). pET28-

b(+)TRMT10C comprised an N-terminal 6×His-tag, a thrombin cleavage site, and amino 

acids 40-403 of the protein. pET28-b(+)SDR5C1 comprised N-terminal 6×His-tag and the 

full coding sequence of SDR5C1. pET28-b(+)PRORP was preceded by Met-Gly and 

contained the coding sequence of PRORP from amino acid 46 onwards which extended 

into a tandem myc- and 6×His-tag at  the C-terminus (Holzmann et al. 2008). The plasmid 

pET28-b(+)PRORP (Holzmann et al. 2008) was mutagenized as previously described 

(Kunkel et al. 1987) with the synthetic oligonucleotide PRORP_p.Ala485Val (sequence 

below) 

2.14.2. Oligonucleotide sequence PRORP_p.Ala485Val  

PRORP_Ala485Val - 5’GGAGTGCAGTGTGACATACAGAAGGAATGG3’ 

The base altered from the wild type sequence is highlighted (Genbank: NM_014672.3). 

2.14.3. Mutagenesis of pET28-b(+)PRORP 

90ng of pET28-b(+)PRORP was transformed into E.coli strain BW313 to produce single 

stranded DNA for mutagenesis. The transformed cells were incubated overnight at 37°C 

on LB- kanamycin plates. Transformed BW313 colonies were inoculated into 1ml of LB-

kanamycin media with 2µl of 1mg/ml uridine and incubated at 37°C for 2 hours with 

shaking. 1µl of VCSM13 helper phage (Agilent Technologies, Santa Clara, CA, USA) was 

added and the culture was incubated at 37°C for 2 hours with shaking. The concentration 

of kanamycin in the culture was brought to 70µg/ml. The culture was incubated at 37°C 

overnight with shaking. 
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Overnight single stranded DNA was extruded into the culture media by the helper phage. 

The culture was centrifuged (5 minutes at 14,000xg) and 800µl of the supernatant 

removed and transferred to a new tube. 200µl of 20% PEG/2.5mM NaCl was added to the 

supernatant and the solution well mixed and incubated on ice for 30 minutes. The 

solution was centrifuged for 5 minutes at 14,000xg. The supernatant was removed and 

discarded and the DNA pellet resuspended in 120µl of 0.3M sodium acetate (pH 

5.3)/1mM EDTA.  120µl of PCA (tris-buffered) was added, the sample was vortexed and 

briefly centrifuged. The aqueous phase was transferred to a new tube and 475µl of 

ethanol added. The solution was vortexed and incubated at -20 °C for 1 hour. The solution 

was centrifuged for 5 minutes at 14,000xg and the supernatant discarded. The DNA pellet 

was washed in 70% ethanol and resuspended in 20µl of TE buffer. 

The oligonucleotide PRORP_Ala485Val underwent 5’-phosphorylation. The 

phosphorylation solution (4µl oligo at 10ng/µl, 2µl 10X reaction buffer (New England 

Biolabs, Ipswich, MA, USA) 13µl H2O, 1µl T4 polynucleotide kinase (New England Biolabs, 

Ipswich, MA, USA)) was incubated at 37°C for 30 minutes then at 70°C for 20 minutes. The 

oligo was hybridized to the single stranded DNA by adding 3µl of DNA and 1.3µl of 20X 

SSC buffer (3 M sodium chloride and 300 mM trisodium citrate adjusted to pH 7.0 with 

HCl) to the oligo solution, incubating at 70°C for 5 minutes and allowing to cool to room 

temperature. For the extension of the oligo an extension cocktail was prepared 

containing 20µl of hybridised oligo and DNA, 10µl of 10X T4 extension cocktail, 68µl of 

H2O, 1µl of T4 DNA polymerase (New England Biolabs, Ipswich, MA, USA) and 0.5µl of T4 

DNA ligase (New England Biolabs, Ipswich, MA, USA). The 10X T4 extension cocktail 

comprises 200mM HEPES pH7.8, 20mM DTT, 100mM MgCl2, 5mM of each dNTP and 

10mM ATP. The complete extension cocktail was incubated on ice for 5 minutes, at room 

temperature for 5 minutes and for 1.5 hours at room temperature before storage on ice. 

2µl of the cocktail containing the mutagenized plasmids was transformed into 100µl of 

XL1-blue cells. Transformed cells were plated onto LB-Kanamycin plates and incubated 

overnight at 37°C. Colonies that were indicated transfected by the blue white colour 

screening were inoculated into 50 ml of LB-kanamycin media and incubated overnight at 

37°C with shaking. Plasmid DNA was extracted using the GenElute™ HP Plasmid Midiprep 

Kit (Sigma-Aldrich, St. Louis, MO, USA) according to manufacturer instructions. The 
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variant was confirmed in the plasmid by Sanger sequencing (Eurofins, T7 Terminator 

primer, 5’ CTA GTT ATT GCT CAG CGG T 3’). 

2.14.4. Recombinant expression and purification of TRMT10C, SDR5C1 and PRORP (wt 

and p.Ala485Val) 

Expression of recombinant templates was induced in E.coli Rosetta2 DE3 (Novagen, 

Merck, Kenilworth, NJ, USA) using Overnight Express medium (Novagen, Merck, 

Kenilworth, NJ, USA). The plasmids pET28-b(+)TRMT10C, pET28-b(+)SDR5C1, pET28-

b(+)PRORP and pET28-b(+)PRORPAla485Val were transformed into the E.coli Rosetta2 

DE3 strain (Novagen, Merck, Kenilworth, NJ, USA) according to manufacturer protocol. 

The transformed cells were plated onto LB-Kanamycin plates and incubated overnight at 

37°C. Colonies containing the plasmids were inoculated into 30ml of overnight express 

media with kanamycin and chloramphenicol and incubated for 6 hours. The cultures were 

transferred into 500ml of overnight express media with kanamycin and chloramphenicol 

and incubated for 24 hours at 37°C (pET28-b(+)SDR5C1 and pET28-b(+)PRORP) or  19°C 

for 40 hours (pET28-b(+)TRMT10C and pET28-b(+)PRORPAla485Val). The cultures were 

centrifuged at 12,000xg for three minutes to pellet the cells and the supernatant 

discarded.  The Affinity chromatography of the His-tagged proteins was performed as 

previously described (Holzmann et al. 2008) at 4°C. Cell pellets were resuspended in 15ml 

of lysis/wash buffer (20mM Tris-Cl pH7.4, 150mM NaCl, 0.1M DTT, 0.02% Tween 20, 

20mM imidazole, 15% glycerol) and sonicated. The lysate was cleared by centrifugation 

and applied to a column with a 1ml bed volume of His-select column matrix slurry (Sigma-

Aldrich, St. Louis, MO, USA). After the lysate flowed through the column was washed with 

10 ml of lysis/wash buffer. The protein was eluted with 10 ml of elution buffer (20mM 

Tris-Cl pH7.4, 150mM NaCl, 0.1mM DTT, 0.02% Tween 20, 250mM imidazole, 15% 

glycerol) and collected in 1ml fractions. Protein purity was assessed by SDS-PAGE.  

Purified proteins were dialysed overnight at 4°C in 20 mM Tris-Cl pH 7.4, 100 mM NaCl, 

15% glycerol, and dialysed proteins were assessed using SDS-PAGE and quantified using 

the NanoDrop Lite spectrophotometer (Thermo Fisher Scientific Inc, Waltham, MA, USA). 

Aliquots of purified protein were flash frozen and stored at -80°C. 
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2.14.5. SDS-PAGE 

All protein aliquots were run on 12% SDS-polyacrylamide gels (3.35ml H2O, 2.5ml 1.5M 

Tris-HCl pH 6.8, 100µl 10% SDS, 4ml acrylamide gel (Protogel, National Diagnostics, 

Atlanta, GA, USA), 50µl 10% ammonium persulphate, 5µl TEMED (Sigma-Aldrich, St. Louis, 

MO, USA)) with a 4% stacking gel (6.1ml H2O, 2.5ml 0.5M Tris-HCl pH 6.8, 100µl 10% SDS, 

1.33ml acrylamide gel (Protogel, National Diagnostics, Atlanta, GA, USA), 50µl 10% 

ammonium persulphate, 5µl TEMED (Sigma-Aldrich, St. Louis, MO, USA)). Protein aliquots 

were mixed 1:1 with 2X SDS loading buffer (100 mM Tris-Cl (pH 6.8) 4% SDS 0.2% 

bromophenol blue, 20% glycerol 200 mM mM β-mercaptoethanol). The samples and an 

aliquot of precision plus protein standard all blue (Bio-Rad, Hercules, CA, USA) were 

heated for 10 minutes at 90°C and run on the polyacrylamide gel for 40 minutes at 200V. 

Gels were stained with Instant blue stain (Expedeon, Harston, UK) for at least 15 minutes 

with agitation. 

2.14.6. Calculation of protein concentration 

To achieve the correct protein stoichiometry for the tRNA protein assays the 

concentration of the proteins were calculated from the spectrophotometer absorbance 

readings. Protein concentration by absorbance was calculated using Beers law. 

Beers law   A = ξ*b*c 

A = absorbance at 280nm 

ξ = the extinction coefficient (absorbance prediction given amino acid content) 

b = the path length in cm 

c= the analyte concentration (in molarity) 

Only tryptophan, tyrosine and cysteine absorb at 280 nm. The extinction coefficient was 

calculated using the formula below taking into account the modification in the 

recombinant proteins. 

ξ = (number of tryptophan residues x 5500) + (number of tyrosine residues x 490) + 

(number of cysteine residues x 125) 
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The ξ values were confirmed using an online protein extinction coefficient calculator 

(http://www.biomol.net/en/tools/proteinextinction.htm). The concentrations as 

determined by NanoDrop (Thermo Fisher Scientific Inc, Waltham, MA, USA) are 

normalised to a pathway length of 1cm. So the pathway length used was 1cm. The 

equation below was used to calculate protein concentration in M 

Concentration (M) = Absorbance at 280 nm / (extinction coefficient x pathway length 

(cm)) 

2.14.7. Thermal stability testing of wild type PRORP and PRORP p.Ala485Val  

The thermal stability of wild type Δ94-PRORP and Δ94-PRORP p. Ala485Val were assessed 

using differential scanning fluorimetry in a standard buffer (150 mM NaCl, 10 mM HEPES 

pH 7.5) and a buffer predicted to produce the most stable PRORP protein (50 mM MES pH 

6.5, 5% glycerol, 100mM NaCl, 100mM (NH4)2SO4). 

2.14.8. Precursor tRNA (pre-tRNA) templates 

The templates for pre-tRNATyr and pre-tRNAIle were as described in (Holzmann et al. 2008) 

and were gifted by Walter Rossmanith. phY1, the template for mitochondrial pre-tRNATyr 

contains nucleotides 5792 to 5931 of the human mitochondrial genome (Anderson et al. 

1981) cloned into the BamHI and EcoRI sites of pGEM-1 (Promega, Madison, WI, USA). 

phI2, the template for mitochondrial pre-tRNAIle contains nucleotides 4235 to 4350 of the 

human mitochondrial genome (Anderson et al. 1981) cloned into the XbaI and EcoRI sites 

of pGEM-1 (Promega, Madison, WI, USA) (Holzmann et al. 2008). The template for the 

pre-tRNAHis-Ser(AGY)-Leu(CUN) transcript contains nucleotides 12092 to 12412 of the human 

mitochondrial genome (Genbank: NC_012920) cloned into the KpnI and BamHI sites of 

pBluescript II SK (+) plasmid (Stratagene, San Diego, CA, USA,) in the T7 orientation. 

Run off in vitro transcription to produce body labelled pre-tRNA substrate was performed 

as previously described (O'Keefe et al. 1996). Plasmids were linearized as in section 2.10, 

precipitated and rehydrated in 10µl of TE buffer. A transcription reaction was prepared as 

follows; 2µl of 5X T7 transcription buffer (Promega, Madison, WI, USA), 1µl 100mM DTT, 

2µl nucleotides (all 2.4mM except UTP (125µM)), 2µl α 2P UTP (800Ci/mM), 0.5µl RNasin 

and 1µl T7 polymerase (Promega, Madison, WI, USA). The reaction was incubated at 37°C 

http://www.biomol.net/en/tools/proteinextinction.htm
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for 1 hour. After incubation 2µl of 0.5M EDTA, 100µl H2O and 100µl pf phenol, buffered to 

pH5.3 were added. The sample was vortexed, briefly centrifuged and 100 µl of the 

aqueous phase removed. 20µl of 5M ammonium acetate, 2µl of glycogen and 300µl of 

ethanol was added to the aqueous phase. The solution was vortexed and incubated at -20 

°C for 1 hour. The solution was centrifuged for 5 minutes at 14,000xg and the supernatant 

discarded. The RNA pellet was resuspended in 6µl formamide loading buffer (95% 

formamide, Bromophenol blue 0.025% (w/v), Xylene cyanol FF 0.025% (w/v), EDTA pH8.0 

5mM) and heated to 90°C for 5 minutes. The RNA was loaded onto a 6% acrylamide/8M 

urea gel (12ml UreaGel6 (Protogel, National Diagnostics, Atlanta, GA, USA), 3ml Urea-Gel 

buffer (Protogel, National Diagnostics, Atlanta, GA, USA), 30µl TEMED, 30µl APS) and run 

for 40 minutes at 22 watts. The gel was exposed to film and the bands corresponding to 

the radiolabelled RNA excised. The RNA was eluted for 2 hours in passive elution solution 

(898µl H2O, 100µl 3M sodium acetate and 2µl 0.5M EDTA). The RNA was precipitated 

from the passive elution solution by removing 2 aliquots of 400µl of passive elution 

solution and adding 1ml of ethanol and 2µl of glycogen to each. The samples were 

centrifuged at 14,00xg for 5 minutes, washed with 95% ethanol and rehydrated in 50µl of 

H2O. The radioactivity of each transcript was quantified using a liquid scintillation counter. 

Phy1 linearization with BamHI and in vitro transcription with T7 RNA polymerase resulted 

in a precursor-tRNA (pre-tRNA) containing a 55-nucleotide leader sequence and 39 

nucleotides of 3’-trailer sequence. PhI2 linearization with XbaI and in vitro transcription 

with T7 RNA polymerase result in a pre-tRNA containing a 42-nucleotide leader sequence 

and 24 nucleotides of 3’-trailer sequence (Holzmann et al. 2008). pHis-Ser(AGY)-Leu(CUN) 

linearized with HpaI and In vitro transcription with T7 polymerase resulted in a pre-tRNA 

transcript with a  20 nucleotide 5’ leader sequence and a 72 nucleotide 3’ trailer 

sequence. 

2.14.9. t-RNA processing assays 

tRNA processing assays were performed as detailed in (Holzmann et al. 2008). Two 

reactions were prepared per assay, one containing wild type PRORP and one containing 

PRORP p.Ala485Val. TRMT10C, SDR5C1 and PRORP (Wt or p.Ala485Val) were mixed in a 

2:4:1 molar ratio in 10 µl and incubated in 20 mM Tris-HCl (pH 7.4), 100 mM NaCl at room 
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temperature for 30 min. The final concentration in activity assays was 50/100/25 nM of 

TRMT10C, SDR5C1 and PRORP respectively. The pre-tRNA substrate was prepared on ice 

in the following reaction; 4 µl 5X reaction buffer (150mM Tris-HCl pH8, 200mM NaCl, 

22.5mM MgCl2, 10mM DTT, 100µg/ml  bovine serum albumin (BSA)), 6 µl mtRNA 

substrate diluted with H2O to 300,000 dpm total and 0.5µl RNasin (20 units, New England 

Biolabs, Ipswich, MA, USA). Proteins were added to the pre-tRNA substrate on ice. 4µl of 

reaction was removed and added to 2µl stop mix (100mM EDTA, 100mM Tris-HCl pH8) on 

ice and labelled time point 0. The tRNA processing reaction was incubated at 21°C and 4µl 

of reaction was removed and added to 2µl stop mix on ice at each of the prescribed time 

points. After the reactions had finished the stopped reactions were incubated at 37°C for 

15 minutes. After incubation 200µl of splicing diluent (300 mM NaOAc pH 5.3, 1 mM 

EDTA, 0.1% SDS, 25 μg/ml E. coli tRNA) and 200µl of PCA (citrate buffered) were added 

to the reactions. The sample was vortexed, briefly centrifuged and 190 µl of the aqueous 

phase removed. 475µl of ethanol was added to the aqueous phase. The solution was 

vortexed and incubated at -20 °C for 1 hour. The solution was centrifuged for 5 minutes at 

14,000xg and the supernatant discarded. The DNA pellet was resuspended in 3.5µl 

formamide loading buffer and heated to 90°C for 5 minutes. The DNA was loaded onto a 

6% acrylamide/8M urea gel (24ml UreaGel6 (Protogel, National Diagnostics, Atlanta, GA, 

USA), 6ml Urea-Gel buffer (Protogel, National Diagnostics, Atlanta, GA, USA), 60µl TEMED, 

60µl APS) and run for 1 hour 45 minutes at 32 watts. The gel was fixed in 10% 

methanol/10% acetic acid and dried onto filter paper. 

2.14.10. Phosphorimaging and subsequent analysis  

The pre-tRNA tyrosine and isoleucine assays were imaged using the Molecular Imager FX 

(Bio-Rad, Hercules, CA, USA) and analysis of the image performed in the Quantity One 

software (Bio-Rad, Hercules, CA, USA). The pre-tRNA three tRNA transcript assays were 

imaged using a FLA5000 Phosphorimager (Fujifilm, Tokyo, Japan) and analysed using the 

AIDA software (Raytest, Straubenhardt, Germany). The dried gels were exposed to 

phosphorimager screens overnight. The gels were also exposed to x-ray films for 24-48 

hours to visualise the bands. 
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2.14.11. Statistical analysis 

The Wilcoxon paired test (N=<20) was used with a significance value of 0.05 to test for 

differences between the wild type and p.Ala485Val pairs for each pre-tRNA substrate. 

To test for differences in the percentage reduction in the tRNA output of the p.Ala485Val 

variant between substrates the data was determined to be normally distributed using the 

Shapiro-Wilk test. One-way ANOVA with a significance value of 0.05 was used to test for 

differences. 

2.15. Rescue experiments 

2.15.1. Culture and transfection 

The coding sequence of wild type KIAA0391 was cloned in an expression vector as 

described previously (Deutschmann et al. 2014). The coding sequence was verified by 

Sanger sequencing. Patient dermal fibroblasts (2.0 x 105) were seeded in 25 cm2 flasks 

and cultivated in 4 ml MEM (minimal essential media) overnight. The next day cells were 

transfected using 3µg plasmid DNA (PRORP-vector and empty vector) and 7.5 µl Turbofect 

transfection reagent (Thermo Fisher Scientific Inc, Waltham, MA, USA) and cultured for 

additional 48 hours. The cells were harvested and precursor tRNAs were quantified by 

real-time PCR as described previously (Deutschmann et al. 2014). 

2.15.2. RNA extraction and reverse transcription 

Total RNA from the confluent cell monolayers were isolated using the RNeasy Kit (Qiagen, 

Hilden, Germany) according to the manufacturer protocol. RNA concentration was 

determined by NanoDrop spectrophotometer (Thermo Fisher Scientific Inc, Waltham, 

MA, USA) and RNA integrity was confirmed by gel electrophoresis. 2 µg of total RNA was 

treated with Turbo™ DNase (Ambion, Thermo Fisher Scientific Inc, Waltham, MA, USA) for 

60 min at 37°C. DNase was inactivated by addition of 15 mM EDTA and incubation at 75°C 

for 10 min. First-strand cDNA synthesis was carried out using the Maxima H minus first-

strand cDNA synthesis kit (Fermentas, Waltham, MA, USA). 1 µg of DNase-treated total 

RNA and 2 µl of a primer mix in a total volume of 15 µl were incubated at 70°C for 10 min 

and chilled on ice. After adding of 4 µl of first-strand buffer and 1 µl Revert-Aid reverse 

transcriptase, the reaction was incubated at 60°C for 1 h and finally, for 5 min at 85°C. 
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The cDNA was diluted 1:4 for use in real-time PCR. The primer mix used in first-strand 

synthesis contained reverse primers specific tRNAs and Ubiquitin B (UBB, reference gene). 

An adaptor sequence was fused to each gene-specific primer which served as a reverse 

primer in real-time PCR analysis. Primers are available in (Deutschmann et al. 2014) 

2.15.3. Strand-specific qRT-PCR 

Real-time PCR analysis was performed on ABI PRISM 7000 Sequence Detection System 

using the Maxima SYBR Green qPCR Master Mix (Fermentas, Waltham, MA, USA). Primers 

available in Deutschmann et al. (2014). The qPCR reaction contained 12.5 µl SYBR Green 

qPCR master mix, 350 nM of forward and adaptor primers, and 2 µl of 1:4 diluted 

template cDNA in a total volume of 25 µl. PCR was performed using following conditions: 

10 min at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. A dissociation 

protocol (65–95°C) was added after the PCR. Each assay included a non-template control, 

and a control for DNase digestion. Raw data was analysed in ABI Sequence Detection 

System software v.1.2.3 and exported to Excel for final analysis. Ct values were 

normalized against UBB and relative expression levels were calculated according to the 

2ΔΔCt method (Deutschmann et al. 2014).  

2.16. Yeast 

2.16.1. Strains 

The strains used were Saccharomyces cerevisiae BY4743, YPH500 and YPH501 strains. 

Genotypes and genetic modifications are detailed in the relevant experimental chapter.  

2.16.2. Culture  

Yeast cells were grown in standard YPD media (yeast extract peptone dextrose; 1% yeast 

extract, 2% bacto peptane, 2% glucose) or on YPD agar plates (YPD media and 2% agar) 

unless otherwise indicated. Strains YPH501_NOP14Δ Mouse Nop14, RSM23Δ_ Vector, 

RSM23Δ_ DAP3 and RSM23Δ_ DAP3C395Y were grown on Synthetic defined (SD)-URA 

plates (0.7% yeast nitrogen base without amino acids, 0.075% amino acids-URA, 2% 

glucose and 2% agar) for plasmid selection. YP-Ethanol (3%), YP-Acetate (2%) and YP-

Glycerol (3%) plates were used as a non-fermentable carbon source. YP media is YPD 



113 
 

without dextrose (1% bacto-yeast extract 2% bacto-peptone). Yeast was always grown at 

30°C unless stated otherwise. 

2.16.3. Gene knockout 

Gene knockout in yeast involved removing the entire open reading frame of the gene and 

replacing it with a selectable marker using homologous recombination. The deletion 

module containing the selectable marker, kanMX4, was amplified by PCR from a plasmid 

template. The primers contained sequence complementary to the deletion module at the 

3’ end and sequence complementary to the sequencing flanking the appropriate yeast 

gene at the 5’ end for homologous recombination. The PCR product was assessed my 

agarose gel electrophoresis as in section 2.7.3 and purified using the QIAquick PCR 

Purification Kit (Qiagen, Hilden, Germany) according to manufacturer instruction. 35-50 µl 

of the deletion module was transformed into yeast using the High efficiency 

transformation protocol. The transformed cells were plated onto YPD and incubated 

overnight at 30°C.  Colonies were transferred to selective medium and incubated for 2-3 

days at 30°C. Gene knockout was confirmed using PCR and agarose gel electrophoresis. 

2.16.4. Transformation 

Plasmids were transformed into yeast using the one-step transformation method (Chen 

et al. 1992) or the high efficiency yeast transformation method (Gietz and Schiestl 2007). 

For the one one-step transformation method (Chen et al. 1992) 1ml of overnight yeast 

culture was centrifuged (5000rpm, 2 mins) and the supernatant discarded. The cells were 

resuspended in H2O and centrifuged (5000rpm, 2 mins). The supernatant was discarded 

and the cells resuspended in transformation mix (100µl of buffer (0.2M lithium acetate, 

40% PEG, 0.1M DTT, at pH 5.0), 5µl salmon sperm (boiled then placed on ice) and 5µl of 

DNA (1µg/µl). The cells were heat shocked at 42°C for 30 minutes. The cells were 

centrifuged (5000rpm, 30 sec), the supernatant discarded and the cells resuspended in 

H2O. The cells were plated onto the appropriate media and incubated at 30°C. 

For the high efficiency yeast transformation method (Gietz and Schiestl 2007) an 

overnight culture of cells was diluted in 25ml of YPD to give an A600 of 0.5 units. The 

culture was incubated at 30°C with shaking until the A600 was 2 units. The cells were 
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centrifuged (3000rpm, 5mins) and the supernatant discarded. The cells were resuspended 

in H2O and centrifuged (3000rpm, 5 mins). The supernatant was discarded and the cells 

resuspended in 700µl of 0.1 M lithium acetate and transferred to a microcentrifuge tube. 

The cells were centrifuged (14000rpm, 30 secs) and the supernatant discarded. The cells 

were resuspended in 200µl of 0.1 M lithium acetate and 50µl of cells were added to the 

transformation mix (36µl 1M lithium acetate, 240µl of 50% PEG 3500, 50µl salmon sperm 

(boiled then placed on ice) 1µg of DNA and H2O to 360µl). The mix was vortexed and 

incubated at 30°C for 30 minutes. The cells were heat shocked at 42°C for 30 minutes. 

The cells were centrifuged (7000rpm, 15 secs), the supernatant removed and the cells 

resuspended in 1ml of YPD media. The cells were incubated for 1-3 hours at 30°C then 

centrifuged (7000rpm, 15 secs), the supernatant removed. The cell were resuspended in 

H2O and plated on the appropriate media. 

2.16.5. Yeast growth assay 

Transformed cells (RSM23Δ_ DAP3 and RSM23Δ_ DAP3C395Y) were cultured in SD-URA 

liquid media for 2 days at 30°C before loading into a 96 well plate containing glucose 

media (SD-URA) and galactose media (SD- URA with galactose in place of glucose) Using 

an infinite F200 Pro machine the plate was incubated at 30°C for a total of 580 kinetic 

cycles over 48 hours and the cell growth measured. Each transformation had 8 replicates, 

including a negative control.  

2.16.6. Sporulation 

Yeast colonies were inoculated into sporulation media (1% potassium acetate, 0.005% 

zinc acetate, ura, his and leu supplement) and incubated with agitation for 5 days at room 

temperature and 3 days at 30°C before tetrad dissection. 

2.17. Dermal fibroblast cell culture 

2.17.1. Dermal fibroblast culture 

Fibroblasts were cultured in Eagle’s minimal essential medium (Sigma-Aldrich, St. Louis, 

MO, USA) supplemented with 10% (v/v) foetal bovine serum (FBS), 1 × non‐essential 

amino acids, 1 mm sodium pyruvate and 50 μg/ml uridine, at 37 °C and 5% CO2. 
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2.17.2. Dermal fibroblast culture – stress conditions 

The cells were cultured under the conditions above prior to seeding. Cells were seeded at 

4,000 cells per well in a TPP 96 well plate with modified glucose media (Dulbecco’s 

Modified Eagle’s Medium (no glucose) (Thermo Fisher Scientific Inc, Waltham, MA, USA), 

10% Dialysed FBS, 4.5 mg/ml glucose, 1mM pyruvate, 1X Penicillin/Streptomycin, 

50mg/ml uridine). After 24 hours, the media was removed from all wells. Modified 

glucose media was added to half the wells of each cell line, and galactose media 

Galactose Media( Dulbecco’s Modified Eagle’s Medium (no glucose), 10% Dialysed FBS, 

0.9 mg/ml galactose, 1mM pyruvate, 1X Penicillin/Streptomycin, 50mg/ml uridine)  added 

to the other half. The plate was imaged, and confluence measured, every 2 hours for a 

period of 5 days using an Incucyte live cell imager. 

2.18. HeLa cell methods 

2.18.1 HeLa cell culture 

HeLa cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco, Thermo 

Fisher Scientific Inc, Waltham, MA, USA) with 10% FBS and 2mM Glutamax at 37°C in 10% 

CO2. Cells were split upon 80-90% confluency as detailed below. 

The culture media was removed. 5ml of phosphate buffered saline (PBS, Gibco, Thermo 

Fisher Scientific Inc, Waltham, MA, USA) was added and gently mixed. The PBS was 

aspirated and 1ml of TrypLE (Gibco, Thermo Fisher Scientific Inc, Waltham, MA, USA) 

added to the cells. The cells were incubated for 2-3 minutes at 37C. When removed from 

the incubator the dish was gently tapped to dislodge the cells and 3ml of DMEM media 

added to inactivate the TrypLE. The cells were mixed and the counted using a bright field 

automated cell counter and the appropriate amount of cells added to a fresh dish 

containing 9ml of pre-heated media. 

2.18.2. HeLa cell transfection 

HeLa cells were transfected with the plasmids Nop14-EGFP, Nop14-TurboGFP and Dap3-

EGFP using Lipofectamine 3000 (Thermo Fisher Scientific Inc, Waltham, MA, USA) 

according to the manufacturers protocol. 1.6-1.75 ug of plasmid DNA was used per 2.5ul 
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of lipofetamine 3000 reagent. Briefly 10x4 cells were seeded into each well of a six well, 

when attached the cells were transfected using lipofectamine 3000 as below. 

DNA master mixes were prepared for each plasmid (1.6μg DNA, 5μl P3000, 125μl 

Optimem media (Gibco, Thermo Fisher Scientific Inc, Waltham, MA, USA)). 125μl of the 

lipofectamine master mix (125μl Optimem and 2.5μl Lipofectamine 3000 per reaction) 

was added to each DNA master mix and gently mixed. Transfection master mixes were 

incubated at room temperature for 15 minutes. All but 500μl to 1ml of the media was 

removed from the cells to be transfected. 1-1.5ml of fresh warm media was added to the 

transfection master mix and which was then added to the cells and gently mixed. The 

transfected cells were incubated overnight at 37°C with 10% CO2. 

2.18.3. Preparation of fibronectin plates 

Fibronectin (Sigma-Aldrich, St. Louis, MO, USA) was diluted 1 in 100 with PBS. 400μl of 

diluted fibronectin was added to the well in the centre of the glass bottomed plates 

(MatTek, Ashland, MA, USA). As much liquid as possible was removed without breaking 

the surface tension. The plates were incubated for 1 hour at 37°C or at 4°C overnight. The 

wells were washed 3 times with 1X PBS and DMEM (supplemented as noted previously) 

was added. The plates were stored at 37°C with 10% CO2. 

2.18.4. HeLa cell immunocytochemistry 

For imaging cells using the confocal microscope HeLa cells were seeded onto glass bottom 

plates prepared with fibronectin. The cells were split as described above and 

approximately 200ul of cells were added to each fibronectin plate. The cells were 

incubated 37°C with 10% CO2 for approximately 4 hours (3-5) until optimum cell density 

and attachment was achieved. The cells were then fixed in the following solution for 15 

minutes at room temperature; 4% paraformaldehyde, 2% sucrose in PBS. After fixation 

the cells were washed 3 times in PBS and stored at 4°C until staining. Cells were 

permeabilised and blocked in 0.2% Triton X and 10% normal goat serum in PBS for 1 hour 

at room temperature with mild agitation. After permeabilisation/blocking the samples 

were washed 3 times with PBS. Cells were incubated with the primary antibodies in 

blocking solution (blocking solution - 2% normal goat serum in PBS) for 1-2 hours at room 

temperature with gentle agitation. Primary antibody details and concentrations are listed 
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in the appropriate experimental chapter. Samples were washed 3 times with PBS. The 

samples were incubated in secondary antibody solution (Phalloidin Alexa 647 (1 in 50), 

Hoechst (2.5μg/ml) and secondary antibody (1 in 250) in blocking solution) for 2 hours at 

room temperature with gentle agitation. After incubation the cells were washed 3 times 

in PBS and stored at 4°C in PBS to be imaged within 24 hours. The cells were imaged using 

a LSM780 confocal microscope (Zeiss Inc, Oberkochen, Germany) equipped with 63X, 1.4 

N.A. objective. Images were viewed and exported using the Zen 2.3 SP1 software (Zeiss 

Inc, Oberkochen, Germany). 

2.19. Immunohistochemistry in the mouse organ of Corti 

2.19.1. Mouse strains 

The NIH Animal Use Committee approved protocol 1263-15 to T.B.F. for mice. All the 

mice used were C57/BJ6 mice aged postnatal day 1 (P1) to P30. 

2.19.2. Dissection of the organ of Corti 

The mice were euthanized. Mice aged P10 or younger were euthanized by decapitation. 

Mice aged P11 or older were euthanized by CO2 which was confirmed by decapitation. 

The cochlear capsule was removed in Leibowitz cell culture medium (Invitrogen, Carlsbad, 

CA, USA) and fixed with 4% paraformaldehyde in PBS for 2 hours. The samples were 

transferred to PBS and micro-dissected. The cochlear capsule was removed. The stria 

vascularis and Reissner membrane were removed and the tectorial membrane lifted away 

from the organ of Corti. A needle was used to dissociate the organ of Corti from the 

modiolus. 
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Figure 2.1. A low magnification light micrograph of a plastic cross-section of the guinea 
pig cochlea. 

The general organisation of the cochlea is shown. The stria vascularis is attached to the 

lateral wall and the modiolus is the bone surrounding the cochlear nerve in the medial 

section. Image taken from Raphael and Altschuler (2003) 

2.19.3. Immunohistochemistry 

The organ of Corti was permeabilised with 1% Triton X-100 in PBS for 30 min followed by 

three 10 min washes with PBS. Nonspecific binding sites were blocked with 5% normal 

goat serum and 2% BSA in PBS for 1 hour at room temperature. Samples were incubated 

for 2 hours with the primary antibodies (detailed in the relevant experimental chapters) 

followed by three 10 min washes with PBS. Samples were incubated with secondary 

antibodies and cytoskeletal markers (see experimental chapters) for 30 min followed 

three 10 min washes with  PBS and were mounted with ProLongGold Antifade staining 

reagent with DAPI (Molecular Probes, Invitrogen, Carlsbad, CA, USA). Slides were 

examined using LSM780 confocal microscope (Zeiss Inc, Oberkochen, Germany Inc, 



119 
 

Oberkochen, Germany) equipped with 63X, 1.4 N.A. objective. Images were viewed and 

exported using the Zen 2.3 SP1 software (Zeiss Inc, Oberkochen, Germany). 

2.20 Gene gun explant transfections 

The gene gun technique is used to transfect difficult to transfect tissues. The organ of 

Corti is difficult to transfect as the cuticular plate on which the auditory hair cells sit is 

dense (Belyantseva 2016). We used the gene gun method of transfection, which propels 

gold particles coated with plasmid DNA into the tissue past the cuticular plate. Gene gun 

explant transfections were performed as detailed in Belyantseva (2016). 

2.20.1 Explant dish preparation 

For the culture of tissue explants a collagen surface needs to be created for the explants 

to attach to the dish. Rat tail collagen for cell culture (Thermo Fisher Scientific Inc, 

Waltham, MA, USA) was diluted 1:1 with cell culture water (Gibco, Thermo Fisher 

Scientific Inc, Waltham, MA, USA). 7μl of the diluted collagen solution was added into the 

well of the culture dish (MatTek, Ashland, MA, USA). The solution was spread to cover the 

full surface of the well. The small dishes were placed inside a large petri dish. Filter paper 

was attached to the lid of the large petri dish. The filter paper was soaked with 

ammonium hydroxide and the excess removed. The lids were removed from the collagen 

coated dishes and the lid of the large dish returned. The collagen dishes were exposed to 

the ammonium hydroxide for 15-20 minutes to polymerise the collagen. After ammonium 

hydroxide exposure the collagen dishes were washed three times with cell culture water 

and stored with DMEM at 37°C with 5% CO2 until use. 

2.20.2. Preparation of explants 

Organ of Corti explants were prepared under sterile conditions from P1 C57/BJ6 mice. 

Mice were euthanised and the organ of Corti was dissected as in section 2.17.2 in 

Leibovitz's L-15 Media (Gibco, Thermo Fisher Scientific Inc, Waltham, MA, USA) in a 60-

mm sterile cell culture dish. The organ of Corti was transferred into the pre-prepared 

collagen dish containing 2 mL of DMEM supplemented with 7 % (v/v) Foetal Bovine 

Serum. The organ of Corti was submerged and gently pushed against the collagen 

substrate to facilitate attachment. The media was removed from the dish and replaced 
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with just enough to touch the explants without disturbing them. The explants were 

placed at 37°C with 5 % CO 2 and left undisturbed for one to three days. 

2.20.3. Preparation of gene gun gullets 

25 mg of gold microcarrier (Bio-Rad, Hercules, CA, USA) was weighed into a 1.5 mL 

centrifuge tube. 100µL of 0.05 M spermidine was added. The solution was vortexed for 

10-15 seconds. The tube was sonicated for 30 seconds in a water bath sonicator. 50 µg of 

plasmid DNA (50 µL at1 µg/µL) was added and the solution was vortexed briefly to ensure 

even distribution of DNA in gold. 100 µl of 1 M CaCl2 was added one drop at a time to 

DNA/gold solution which was vortexed after each drop. The DNA/Gold solution was 

incubated at room temperature for 10 minutes. 

Approximately 76 cm of Tefzel tubing was cut and trimmed at both ends using the Bio-

Rad Tubing cutter (Bio-Rad, Hercules, CA, USA). The tubing was inserted into the Tubing 

Prep Station (Bio-Rad, Hercules, CA, USA), leaving a 10 cm of the tube exposed. The 

nitrogen gas was turned on to 0.3-0.4L/min and the tubing flushed with nitrogen for 10-

15 minutes. 

20mg/ml of polyvinylpyrrolidone (PVP) was diluted to 50µg/ml (10µl of PVP to 4 mL of 

100% ethanol in 15 mL conical tube). The gold particles were pelleted by centrifugation 

for 2 mins at 1000xg. Supernatant was aspirated leaving ~ 20µl in the tube in which the 

gold was resuspended through gentle tapping. The gold particles were washed 3 times in 

1ml of 100% ethanol centrifuging at 1000xg for 2 minutes to pellet the gold particles 

before aspirating the supernatant. After the third ethanol wash most of the ethanol was 

removed and the gold particles resuspended in 200µl of 50µg/ml PVP and mixed by 

pipetting. The gold solution was transferred to a 15ml tube and the original tube washed 

out twice with 200µl of 50µg/ml PVP which was subsequently transferred into the 15ml 

tube containing the gold solution. The final volume of the gold solution was brought to 

3ml with 50µg/ml PVP and vortexed. The gold solution was inverted continually to 

prevent clumping. 

A syringe was attached to the exposed end of the Tefzel tubing. The Tefzel tubing was 

removed from the tubing station and the end not attached to the syringe was inserted 
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into the gold suspension. The gold suspension was steadily drawn into the tubing using 

the attached syringe drawing in the entire volume and leaving 2-3cm of tubing empty at 

the end where the solution was drawn in. The solution was inserted back into the tubing 

station and left undisturbed for 3 minutes. After the 3 minute incubation the supernatant 

was slowly removed using the syringe and the tubing rotated for 20-30 seconds. The 

nitrogen was slowly turned to 0.35-0.4 L/min while the tube rotated for 5 minutes. After 5 

minutes the rotation and nitrogen were turned off and the coated tubing removed from 

the prep station. The tubing which was evenly coated in gold was cut into 1.3 cm sections 

using the tubing cutter and stored at 4°C in vials with DRICAP Capsule Dehydrators (Ted 

Pella, Redding, CA, USA). These gene gun cartridges contain approximately 1µg of plasmid 

DNA per cartridge. 

2.20.4. Gene gun transfection of organ of Corti 

Gene gun transfection was performed under sterile conditions and special care was taken 

to ensure the plastic barrel ring and diffusion screen, which are disposable components of 

the gene gun were sterile. The relevant plasmid bullets were loaded into the gene gun 

cartridge, leaving the first slot empty, and the gene gun (Bio-Rad, Hercules, CA, USA) 

assembled. The gene gun was connected to a helium tank and the pressure set to 110psi. 

The gene gun was fired using the blank slot one to ensure pressure was stable at 110psi. 

The slot was switched to one containing a cartridge and a diffusion screen inserted. A 

previously prepared explant was removed from the incubator and the culture medium 

removed and discarded. The plastic barrel ring was placed at the bottom of the culture 

dish with the tissue in the centre and the gene gun discharged. 2 mL of DMEM 

supplemented with 7 % (v/v) FBS was added to the culture which was returned to the 

incubator. The process was repeated for additional tissue explants. After an additional 8 

hours to 4 days in culture, samples were fixed in 4% paraformaldehyde and stained using 

the same method as the tissue samples above. 
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Chapter 3: Expanding the genotypic spectrum of Perrault 

syndrome 
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Perrault syndrome is a rare autosomal recessive disorder characterized by
sensorineural hearing loss (SNHL) in both sexes and primary ovarian
insufficiency in 46, XX karyotype females. Biallelic variants in five genes
are reported to be causative: HSD17B4, HARS2, LARS2, CLPP and C10orf2.
Here we present eight families affected by Perrault syndrome. In five
families we identified novel or previously reported variants in HSD17B4,
LARS2, CLPP and C10orf2. The proband from each family was whole
exome sequenced and variants confirmed by Sanger sequencing. A female
was compound heterozygous for a known, p.(Gly16Ser) and novel,
p.(Val82Phe) variant in D-bifunctional protein (HSD17B4). A family was
homozygous for mitochondrial leucyl aminocyl tRNA synthetase (mtLeuRS)
(LARS2) p.(Thr522Asn), previously associated with Perrault syndrome. A
further family was compound heterozygous for mtLeuRS, p.(Thr522Asn)
and a novel variant, p.(Met117Ile). Affected individuals with LARS2 variants
had low frequency SNHL, a feature previously described in Perrault
syndrome. A female with significant neurological disability was compound
heterozygous for p.(Arg323Gln) and p.(Asn399Ser) variants in Twinkle
(C10orf2). A male was homozygous for a novel variant in CLPP,
p.(Cys144Arg). In three families there were no putative pathogenic variants
in these genes confirming additional disease-causing genes remain
unidentified. We have expanded the spectrum of disease-causing variants
associated with Perrault syndrome.
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Perrault syndrome (MIM 233400) (1) is a rare autosomal
recessive disorder (2). Approximately 40 families world-
wide have been reported (3). The syndrome is character-
ized by sensorineural hearing loss (SNHL) in both sexes
and primary ovarian insufficiency (POI) in 46, XX kary-
otype females (2). Additional features have been noted
in some individuals with Perrault syndrome, the most
common of which are neurological, including ataxia,
neuropathies and intellectual disability (4). Marfanoid
habitus without the other features of Marfan syndrome
have also been noted in some individuals (5, 6). Perrault
syndrome is clinically and genetically heterogeneous
with disease-causing variants identified in five genes;
HSD17B4 (MIM 233400) (7), HARS2 (MIM 614926)
(8), LARS2 (MIM 615300) (9), CLPP (MIM 614129)
(10) and C10orf2 (MIM 616138) (11). Variants in the
HSD17B4 gene are associated with both D-bifunctional
protein (DBP) deficiency (MIM 261515) (1), a peroxiso-
mal disorder (12) and Perrault syndrome (7). The other
four genes associated with Perrault syndrome encode
mitochondrial proteins (8–11) and indicate that dys-
regulation of mitochondrial homeostasis through altered
mitochondrial protein synthesis and degradation can lead
to this specific phenotype.

In the majority of reported individuals with Perrault
syndrome the genetic basis has not been determined (13).
Here we describe novel and previously reported variants
in HSD17B4, LARS2, C10orf2 and CLPP in five families.
In three families we did not identify pathogenic variants
in the known Perrault syndrome genes.

Materials and methods

All patients provided written informed consent in accor-
dance with local regulations. Ethical approval for this
study was granted by the National Health Service Ethics
Committee (05/Q1404/49) and the University of Manch-
ester. DNA was extracted by standard methods from
blood or saliva samples from affected individuals and
their relatives where available. Autozygosity mapping
was performed on the proband from family P8 using
the Genome-wide SNP6.0 arrays (Affymetrix, High
Wycombe, UK), as previously described (14). Whole
exome sequencing was performed on the proband from
each family. The SureSelect Human All Exon V5 Panel
(Agilent, Stockport, UK) was used for library prepara-
tion and sequencing was performed on the HiSeq 2500
(Illumina, Cambridge, UK) as previously described (15).

The exome data for the probands of the families P1–P7
were filtered for any possible causative variants in the
five genes associated with Perrault syndrome. For the
proband from family P8 the exome data were filtered to
only include variants in regions of homozygosity >2 Mb
as identified from the array data. Heterozygous variants
were removed, as were variants previously seen in-house
as homozygous, and variants present on ExAC (16)
(http://exac.broadinstitute.org), EVS (17) (http://evs.gs
.washington.edu/EVS/) or dbSNP (18) (http://www.ncbi
.nlm.nih.gov/SNP/) with a frequency greater than 1%.
The remaining variants were assessed by gene function,
any known pathogenicity and by the predicted functional
effect from sift (19) (http://sift.jcvi.org/), polyphen 2
(20) (http://genetics.bwh.harvard.edu/pph2/) and muta-
tion taster (21) (http://www.mutationtaster.org/).

Sequence variants were confirmed in the probands
and available family members via Sanger sequencing
using ABI big Dye v3.1 sequencing technology (Thermo
Fisher Scientific Inc.). Primer sequences are available
on request. Segregation with autosomal recessive inheri-
tance was confirmed in families P1, P3 and P4. Parental
samples were not available for family P2 or P8. Samples
were not available from unaffected siblings in families
P1, P2 and P8.

Variants have been submitted to the following LOVD
databases: HSD17B4 (http://databases.lovd.nl/shared/
genes/HSD17B4), LARS2 (http://databases.lovd.nl/
shared/genes/LARS2), C10orf2 (http://databases.lovd
.nl/shared/genes/C10orf2) and CLPP (http://databases
.lovd.nl/shared/genes/CLPP). Variant information and
allele frequencies are provided in Table 1.

Results

Clinical reports

The clinical details of all affected individuals are pre-
sented in Table 2 and the family pedigrees for P1–P4
and P8 in Fig. 1.

Family P1 are non-consanguineous and of Brazilian
descent. The family consists of the female proband,
her unaffected brother and their unaffected parents.
The proband presented with bilateral progressive,
severe-to-profound SNHL (Fig. 2), POI and progressive
cerebellar ataxia. She wears bilateral hearing aids. Her
hormone profile is consistent with hypergonadotropic
hypogonadism (Table 2). Thyroid stimulating hormone
(TSH) levels are normal. The uterus and both ovaries
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Fig. 1. Pedigrees and Sanger sequencing traces for families P1–P4 and P8. Filled icons indicate affected individuals.

appear small but structurally normal on ultrasound. The
proband also has a mild intellectual disability. Very long
chain fatty acid (VLCFA) analysis was normal.

Family P2 are non-consanguineous and of Argentinian
descent. The family consists of the female proband, one
affected male sibling, two unaffected male siblings and
their unaffected parents. The proband was diagnosed
with bilateral moderate SNHL at 8 years, which was

progressive to severe SNHL by age 21 and she has
now been fitted with a cochlear implant. The affected
male sibling was diagnosed with SNHL at the age of
26 years and has no additional clinical features. The
audiograms for both affected siblings show an uncom-
mon pattern of low frequency loss (Fig. 2). The proband
was diagnosed with primary amenorrhea at 15 years of
age with a 46, XX karyotype. The uterus and both
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Fig. 2. Audiograms from affected members of families P1, P2, P3 and P4. Audiograms were not available for the proband from family P8. The hearing
level of the left ear is represented by the crosses and the right ear by circles. The arrows indicate no response to stimuli. Audiograms were created using
the AudGen online tool (version 0.71) (http://audsim.com/audgen/).
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ovaries are visible and structurally normal on ultrasound
but small. Measurement of hormone levels confirmed
a diagnosis of hypergonadotropic hypogonadism in the
proband (Table 2) and she is currently receiving estrogen
replacement therapy. Hormone levels were not assessed
in the affected male sibling. No neurological features
have been noted in this family and all members have nor-
mal levels of intelligence.

Family P3 are a non-consanguineous family of British
descent, consisting of the female proband, one affected
male sibling and their unaffected parents. Both sib-
lings have bilateral severe-to-profound SNHL which
presents as an uncommon audiometric configuration of
low frequency hearing loss resulting in an up-sloping
audiogram (Fig. 2). The proband has been fitted with
a cochlear implant. At puberty the proband presented
with oligomenorrhea with a hormone profile indicative
of hypergonadotropic hypogonadism and a 46, XX kary-
otype (Table 2.). On ultrasound the uterus and ovaries
appear small but structurally normal. The affected male
in this family has presented with hypospadias but dis-
plays no other urogenital features and hormone lev-
els were normal (Table 2.). Both siblings have mild
facial dysmorphic features, including low-set ears and
a hypoplastic midface. The proband also has slight
hemi-dystrophy with a smaller left hand, arm and foot.
Peripheral nerve conduction tests performed on the
proband aged 10 years were normal and no other neu-
rological features have been observed in this family.
All family members have normal levels of intelligence.
This family has previously been screened for variants in
HSD17B4 and HARS2 with no putative pathogenic vari-
ants identified (22).

Family P4 is a non-consanguineous family of
Norwegian descent. The family consists of the female
proband and her unaffected parents, the mother in this
family is deceased. The proband had normal early
development, but ataxia and bilateral SNHL became
apparent before the age of 3 years, both were progressive
(Fig. 2). At age 48 years the affected woman requires a
wheelchair and has had bilateral cochlear implants fitted.
The proband was also diagnosed with primary amen-
orrhea and a small uterus and ovaries on ultrasound.
Hormone profiles are indicative of hypergonadotropic
hypogonadism (values not available). She has a number
of neurological signs including areflexia, oculomotor
paresis, nystagmus and a severe progressive peripheral
neuropathy, which is more pronounced distally. An mag-
netic resonance imaging (MRI) of the brain at 35 years
showed severe atrophy of the cerebellum and atrophy of
the cervical medulla. The assessment of intelligence is
difficult but is considered to be normal or slightly below
average.

Family P5 is a non-consanguineous family of British
descent consisting of two affected female siblings and
their unaffected parents. Both sisters have moderate pro-
gressive bilateral SNHL with childhood onset (Fig. S1,
Supporting information). Both sisters have also pre-
sented with primary amenorrhea, ovarian dysgenesis
and hormone profiles consistent with hypergonadotropic
hypogonadism. No neurological presentations were

noted in the sisters and both have normal levels of
intelligence.

Family P6 is comprised of a female proband from a
previously reported non-consanguineous Korean family
(Fig. S1) (5).The proband is the only child of unaf-
fected parents. Profound SNHL was diagnosed in the
left ear at 4 years of age. The right ear showed a mild
loss at higher frequencies at 15 years of age. Primary
amenorrhea with a lack of secondary sexual charac-
teristics was noted at 15 years of age with a 46, XX
karyotype and hormone profiles of hypergonadotropic
hypogonadism (Table 2). She developed cataracts at
11 years and marfanoid proportions were noted No neu-
rological phenotypes were noted in this individual and
intelligence levels were normal (5). Prior to whole exome
sequencing, HSD17B4, HARS2 and PSMC3IP were
screened with no causative variants found. A microarray
identified a heterozygous maternally inherited 0.32 Mb
microdeletion at 16p12.2 (5). Exome sequencing iden-
tified no potential pathogenic variants on the paternal
allele encompassing the microdeletion.

An affected female from a family of Kurdish Turkish
descent (P7) was ascertained. The proband has six unaf-
fected siblings and unaffected parents. The parents of
the proband are third cousins. The proband has bilat-
eral profound SNHL with prelingual onset and has bilat-
eral cochlear implants (audiograms not available). She
presented with primary amenorrhea at 19 years of age.
Breast development was absent and ovarian dysgenesis
was determined. Her karyotype is 46, XX. The uterus
was absent, a feature which has not previously been
noted in individuals with Perrault syndrome. She also
has marfanoid proportions. No neurological phenotype
was noted and her intelligence is normal. Prior to whole
exome sequencing four genes for Perrault syndrome had
been screened; HSD17B4, HARS2, LARS2 and CLPP
and no causative variants were identified.

Families P1–P7 were ascertained after being clin-
ically diagnosed with Perrault syndrome, subsequent
molecular investigations were undertaken. Family P8 are
unusual in this study as they were investigated on the
basis of a phenotype of SNHL and peripheral neuropa-
thy. The clinical diagnosis of Perrault syndrome was
achieved on the basis of the molecular data.

Family P8 is a consanguineous family of Arabic
descent consisting of the male proband, four unaffected
siblings and their unaffected parents. As the proband
from this family is an adult male with no affected sib-
lings he was not initially identified as having Perrault
syndrome. Bilateral SNHL was identified at 14 months
of age and is currently severe-to-profound (audiograms
are not available), speech is near normal. The father of
the proband has cerebellar ataxia, the cause of which is
undetermined despite extensive investigation. Foot drop
with sudden onset was noted in the proband at 24 years of
age. Examination in adulthood noted no dysmorphic fea-
tures, no cerebellar signs and no neurological symptoms
other than the foot drop. The upper limbs were found to
be normal. The proband is also azoospermic. Neurophys-
iology revealed a sensory-motor demyelinative axonal
peripheral neuropathy of the lower limbs. Spinal CT
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(computerized tomography) and lumbar MRI were nor-
mal. High levels of protein in the cerebrospinal fluid
were reported which did not alter with steroid treatment.
Sequencing of the connexin 26 gene GJB2 was per-
formed but no putative pathogenic variants were found.
Chromosome testing showed a 46, XY karyotype and
genetic testing excluded Charcot–Marie–Tooth disease.

Variants and structural predictions

Family P1
The proband was compound heterozygous for the vari-
ants HSD17B4, c.46G>A, p.(Gly16Ser) on the mater-
nal allele and c.244G>T, p.(Val82Phe) on the paternal
allele. p.(Gly16Ser) is the most common variant associ-
ated with DBP deficiency and is functionally deleterious
(23). p.(Val82Phe) is a novel variant. HSD17B4 encodes
the DBP and catalyzes two steps of the β-oxidation of
fatty acids via the function of separate dehydrogenase
and hydratase domains (24). Both variants are located in
the dehydrogenase domain of the enzyme (Fig. S2a)(23).
Gly16 is an almost invariant residue located within the
binding site for the essential cofactor NAD+. The sub-
stitution for serine at this position is likely to reduce
NAD+ binding, by altering the shape of the binding site
and causing steric clash (23). In contrast, Val82 is not
in direct contact with NAD+, but located in an alpha
helix immediately following a NAD binding site loop.
The substitution of valine for the slightly bulkier pheny-
lalanine residue may cause a small rearrangement that
interferes with NAD binding, but to a lesser extent than
predicted for the Gly16Ser variant.

Family P2
Affected members of family P2 were homozygous for the
variant LARS2 c.1565C>A p.(Thr522Asn). This variant
has been previously associated with Perrault syndrome
in a consanguineous family of Palestinian descent (9).
LARS2 p.(Thr522Asn) is located in the catalytic domain
of the protein at a conserved residue (9).

Family P3
The proband and her affected brother were compound
heterozygous for the variants in LARS2: c.1565C>A
p.(Thr522Asn) (9), on the maternally inherited allele
and c.351G>C p.(Met117Ile), on the paternally inherited
allele. p.(Met117Ile) is a novel LARS2 variant.

LARS2 encodes mitochondrial leucyl aminocyl tRNA
synthetase (mtLeuRS) which is responsible for the addi-
tion of leucine to the appropriate tRNA molecule during
mitochondrial translation (25).The human structure of
mtLeuRS has not been elucidated. The closest structural
ortholog is leucyl tRNA-transferase from Thermus
thermophilus, LeuRSTT (35% identity). Both human
residues Met117 and Thr522 are conserved in LeuRSTT
thermophilus (Met68 and Thr500, respectively) (Fig.
S2b). Met68 is an evolutionarily variable residue in
the catalytic Rossmann domain, and its side-chain
interfaces with the nearby anticodon binding domain.

The Met-to-Ile substitution introduces a shorter but
more branched side chain at the domain–domain inter-
face. In contrast, Thr500 is a highly conserved residue
within the LeuRSTT thermophilus catalytic domain.
Thr500 contacts several invariant residues at the nearby
leucine-binding pocket (Tyr43, Asp80 and Phe501) for
the ATP-dependent synthetase reaction. The Thr-to-Asn
substitution introduces a residue of similar size, but
replaces the hydroxyl group with an amine group. While
the change is subtle, the strictly invariant nature of
nearby residues in the ligand binding pocket implicates
less tolerance for the Thr522Asn change, compared
with Met117Ile. Recently, it was shown that the change
Thr522Asn results in a ninefold reduction in the catalytic
activity of mtLeuRS (26).

Family P4
The proband was compound heterozygous for variants:
C10orf2 c.968G>A, p.(Arg323Gln) and c.1196A>G
p.(Asn399Ser) on the paternally inherited allele. A
sample from the mother was not available for analy-
sis. C10orf2 encodes Twinkle, a mitochondrial hexam-
eric helicase which is part of the DNA replisome. It
comprises the C-terminal domain homologous to the
T7 phage gp4 helicase domain (24% sequence iden-
tity), and the N-terminal domain of unknown fold
or function. Most known disease-causing mutations,
including p.(Arg323Gln) and p.(Asn399Ser), map to the
C-terminal domain or the inter-domain linker, neither
of which has available structural information. Arg323
lies in the inter-domain linker, while Asn399 is a highly
conserved residue located in the helicase domain (27).
Asn399 is positioned near the interface between any two
subunits of the hexamer, but it is not involved in hex-
amer formation, nucleotide binding or the DNA unwind-
ing action.

Family P8
The proband was homozygous for the variant CLPP
c.430T>C; p.(Cys144Arg). Samples from additional
family members were not available for analysis. CLPP
is a protease subunit of the ClpXP complex, composed
of one hexameric CLPX ring sitting on top of two hep-
tamer CLPP rings. ClpXP is responsible for unfolding
and degrading misfolded proteins in the mitochondrial
matrix (28). The structure of human CLPP has been
elucidated. Cys144 is a conserved residue on the sur-
face of a CLPP subunit, and of the heptamic ring (Fig.
S2c). While the Cys144 amino acid position tolerates
similar uncharged amino acids, mutation of Cys144Arg
introduces a bulkier, positively charged residue within a
sterically packed environment of bulky residues (Trp90,
Tyr62, and His112). The conservation and location
of Cys144 suggests a role in interaction with ClpX,
which the variant may interfere with. p.(Cys144Arg) lies
adjacent to the variants c.433A>C, p.(Thr145Pro) and
c.440G>C, p.(Cys147Ser) previously identified in fami-
lies with Perrault syndrome (10).

Putative pathogenic variants in the five genes pre-
viously associated with Perrault syndrome were not
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identified in families P5, P6 or P7. The exome data
from these three families was examined for variants in
96 genes, including Perrault syndrome genes, and those
associated with both syndromic and non-syndromic hear-
ing loss (Table S1). No putative pathogenic variants were
identified (Table S2). Therefore these individuals will
form part of an additional gene discovery cohort.

Discussion

We report the identification of very rare or novel variants
in genes previously associated with Perrault syndrome,
in five families. The lack of variants in the known genes
in the three other families is consistent with the known
genetic heterogeneity in Perrault syndrome (13, 22)
and supports the contention that further disease-causing
genes remain to be discovered. There were no obvious
clinical features differentiating the individuals in whom
disease-causing variants were identified compared with
those in whom the molecular basis remains unresolved.

There is a large clinical overlap between DBP defi-
ciency and Perrault syndrome (29). DBP deficiency types
I–III are severely life limiting with affected individu-
als rarely surviving beyond 2 years of age. The clinical
presentations include: hypotonia, seizures, hearing and
vision loss, myelination defects and failure to achieve
developmental milestones (30). DBP deficiency type IV
has been defined as DBP deficiency due to compound
heterozygous variants affecting two different domains
of DBP, but associated with a relatively milder clinical
and biochemical phenotype (29). The clinical features
include moderate-to-severe bilateral SNHL, ataxia, pes
cavus, sensory motor neuropathy, retinal atrophy, intel-
lectual disability and fertility problems in males and
females. To date, all individuals with DBP deficiency
type IV have been diagnosed in adolescence or adult-
hood (29, 31, 32). The affected sisters with Perrault
syndrome due to HSD17B4 variants (7) from the orig-
inal report share clinical features with DBP deficiency
(29). VLCFA levels were not reported in the sisters (7).
However, they were normal in the affected individual
in our report, consistent with reports of normal, or only
slightly increased, levels in DBP deficiency type IV (29).
The proband would not meet the new definition of DBP
deficiency type IV as both the variants are located in
the dehydrogenase domain of the protein. The combi-
nation of the variant known to be highly deleterious,
p.(Gly16Ser) (23), and the variant predicted to be hypo-
morphic, p.(Val82Phe), may have reduced the activity of
DBP below a threshold level to produce a phenotype,
although one less severe than that of individuals affected
by DBP deficiency.

Both families in this study with Perrault syndrome due
to LARS2 variants were homozygous or compound het-
erozygous for the previously reported LARS2 variant,
c.1565C>A p.(Thr522Asn) (9). The low prevalence of
this allele (allele frequency, ExAC – 0.0003) in the gen-
eral population and its presence in three families with
Perrault syndrome suggests that it may be a hotspot
variant for Perrault syndrome. The uncommon pattern
of low frequency hearing loss with some preservation

at higher frequencies is now reported in three fami-
lies with LARS2 variants (9). Two other families with
Perrault syndrome due to different LARS2 variants (9,
33) did not have this audiological pattern of hearing loss
suggesting that the p.(Thr522Asn) substitution may be
associated with this specific phenotype. Autosomal dom-
inant non-syndromic low frequency SNHL can also be
caused by heterozygous variants in WFS1 and DIAPH1
(34). Recently, variants in LARS2 were identified in an
infant with hydrops, lactic acidosis, sideroblastic anemia,
and multisystem failure. The affected infant was com-
pound heterozygote for the variants LARS2 c.1289C>T
p.(Ala430Val) and p.(Thr522Asn) (26). This represents
a significantly more severe phenotype than seen in indi-
viduals with Perrault syndrome due to LARS2 variants.
The two families included in this report with the vari-
ant p.(Thr522Asn) did not display any of the phenotypic
features associated with this more severe case (26). The
variant p.(Ala430Val) is reported to cause an 18-fold
loss of aminoacylation catalytic efficiency in compari-
son to a 9-fold catalytic efficiency loss associated with
the p.(Thr522Asn) variant which may account for the
more severe phenotype (26). The different phenotypes
are consistent with those seen for other mitochondrial
aminoacyl-synthetase gene disorders, including variants
in NARS2 which may cause non-syndromic hearing loss
or Leigh syndrome (35) and variants in AARS2 which
may cause infantile mitochondrial cardiomyopathy (36)
or leukoencephalopathy with POI (37).

Variants in C10orf2 have been associated with two neu-
romuscular diseases characterized by deletions or deple-
tion in mtDNA: mitochondrial DNA depletion syndrome
7 (MTDPS7) and progressive external ophthalmoplegia 3
(PEOA3) (27). MTDPS7 is an autosomal recessive con-
dition characterized by ophthalmoplegia, SNHL, ataxia,
epilepsy, sensory neuropathy, hypergonadotropic hypog-
onadism in females and cerebellar atrophy (38), whereas
PEOA3 is an autosomal dominant disorder character-
ized by ptosis, ophthalmoplegia and exercise intolerance,
and in some affected individuals neuropathy, ataxia and
hearing loss (39). In the two reported families with Per-
rault syndrome due to variants in C10orf2 and in our
affected individual (P4) there was significant clinical
overlap with MTDPS7, including nystagmus, ataxia and
neuropathies (11).

CLPP encodes the caseinolytic mitochondrial matrix
peptidase proteolytic subunit, forming a complex respon-
sible for unfolding and degrading misfolded mitochon-
drial proteins (28). Two of the four previously identified
families with Perrault syndrome due to variants in CLPP
have had neurological features, including epilepsy, mod-
erate intellectual disability, ataxia, lower limb spastic-
ity and white matter loss (10, 40). The affected male
reported here also has a lower limb peripheral neu-
ropathy. In sporadic males and pre-pubescent females
the absence of POI means a definitive diagnosis of
Perrault syndrome cannot be made from clinical fea-
tures alone, demonstrated here by the proband in fam-
ily P8. As described here and in Ahmed et al. (40)
it is possible to identify sporadic male cases of Per-
rault syndrome from genomic data. In both cases the
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presence of neurological features was required to dis-
tinguish what was subsequently identified as Perrault
syndrome from non-syndromic hearing loss. The pre-
sentation of neurological symptoms has resulted in the
proposal that Perrault syndrome be split into two classi-
fications, type I and type II. Type I represents the clas-
sical Perrault syndrome with no additional neurological
features. Type II encompasses patients with the addi-
tional features (41). We considered that the neurological
symptoms may be due to an unrelated recessive dis-
order. However due to co-segregation of features and
the previously reported neurological symptoms in both
consanguineous and non-consanguineous Perrault syn-
drome families (11, 22, 41) we considered that the
most likely explanation was that these features are part
of the syndrome in some cases. The neurological fea-
tures distinguish these cases from non-syndromic hear-
ing loss, but there is a large clinical heterogeneity in
the Perrault syndrome case studies reported in literature,
both between and within families. To date, there is no
clear genotype–phenotype correlation (13) and as such
we cannot recommend any phenotype directed screening
in Perrault syndrome genes in cases of SNHL and neu-
rological features in males and pre-pubescent females.
However, whole exome sequencing is clearly a powerful
diagnostic tool in these cases.

Azoospermia has not been previously associated with
Perrault syndrome and two males with Perrault syndrome
due to HARS2 variants have had unaffected children (8).
Males with variants in HSD17B4 classed as having DBP
deficiency type IV have been reported to have azoosper-
mia or hypogonadism (31, 32). In the two males with
variants in CLPP reported previously, one is 12 years of
age and did not have gonadal function assessed (40) and
in the other hormone profiles were not available (10).
Of note, Clpp knock out mice have hearing loss, ovarian
dysfunction, ataxia and testicular dysfunction, with both
male and female knockout mice being completely sterile
(42). Due to the partial sex-limited phenotype, the ascer-
tainment bias in Perrault syndrome means that there are
few affected males reported and it may be that azoosper-
mia is an under-recognized feature.

The proband from family P6 has a pattern of hearing
loss unusual in Perrault syndrome, with mild loss in the
right ear and profound loss in the left ear. Perrault syn-
drome patients usually present with a significant bilateral
hearing loss. Unilateral hearing loss has been previously
reported in a Perrault syndrome patient with variants in
LARS2 (9). The proband from the reported LARS2 fam-
ily (family 1) had mild hearing loss in both ears at age
8 years. At 17 years she had a moderate-to-severe hear-
ing loss in the right ear and an unchanged mild loss in the
left ear. It is possible that both reported cases of unilateral
hearing loss may be caused by insult to the inner ear and
that the pathology of mitochondrial dysfunction makes
Perrault syndrome patients sensitive to these insults.

In summary, we have expanded the spectrum of
disease-causing variants associated with Perrault syn-
drome; provide additional evidence that variants in
LARS2 are associated with low frequency SNHL and
demonstrate the further genetic heterogeneity of the

disorder as pathogenic variants in known genes were not
identified in three affected families.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
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Marfanoid habitus is a nonspecific feature of Perrault
syndrome
Maria Zerkaouia,c,*, Leigh A.M. Demaind,e,*, Imane Cherkaoui Jaouadc,
Ilham Ratbia, Karima Amjoudb, Jill E. Urquhartd,e, James O’Sullivand,e,
William G. Newmand,e and Abdelaziz Sefiania,c

The objective of this study was to report the clinical and
biological characteristics of two Perrault syndrome cases in
a Moroccan family with homozygous variant c.1565C>A in
the LARS2 gene and to establish genotype–phenotype
correlation of patients with the same mutation by review of
the literature. Whole-exome sequencing was performed.
Data analysis was carried out and confirmed by Sanger
sequencing and segregation. The affected siblings were
diagnosed as having Perrault syndrome with sensorineural
hearing loss at low frequencies; the female proband had
primary amenorrhea and ovarian dysgenesis. Both affected
individuals had a marfanoid habitus and no neurological
features. Both patients carried the homozygous variant
c.1565C>A; p.Thr522Asn in exon 13 of the LARS2 gene.
This variant has already been reported as a homozygous
variant in three other Perrault syndrome families. Both
affected siblings of a Moroccan consanguineous family with
LARS2 variants had low-frequency sensorineural hearing
loss, marfanoid habitus, and primary ovarian insufficiency in
the affected girl. According to the literature, this variant,
c.1565C>A; p.Thr522Asn, can be correlated with low-
frequency hearing loss. However, marfanoid habitus was
been considered a nonspecific feature in Perrault syndrome,

but we believe that it may be more specific than considered
previously. This diagnosis allowed us to provide appropriate
management to the patients and to provide more accurate
genetic counseling to this family. Clin Dysmorphol
26:200–204 Copyright © 2017 Wolters Kluwer Health, Inc.
All rights reserved.
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Introduction
Perrault syndrome (MIM #233400), the association of

primary ovarian insufficiency and bilateral sensorineural

hearing loss (SNHL), is an autosomal recessive disorder

first described in 1951 by Perrault et al. (1951). It is a rare
disorder affecting both females and males. However, only

females have gonadal dysgenesis or primary ovarian

insufficiency in the context of a normal female karyotype

(46,XX) (Newman et al., 1993–2017). Azoospermia has

been reported in one male with Perrault syndrome

(Demain et al., 2016). Male fertility is not assessed rou-

tinely in families with Perrault syndrome; thus, the male

fertility phenotype, if there is one, remains unclear. The

SNHL, present in both sexes, is bilateral and ranges in

severity from progressive moderate with early-childhood

onset to congenital profound. Neurological features

described in some affected individuals include develop-

mental delay or intellectual disability, cerebellar ataxia,

and motor and sensory peripheral neuropathy. SNHL is

the first clinical manifestation, although a formal

diagnosis of Perrault syndrome may not be made until a

failure of puberty (primary amenorrhea) or secondary

amenorrhea is noted in affected young women (Newman

et al., 1993–2017); SNHL is usually identified in a sibling

of a known affected individual or increasingly through

genetic testing of an individual with childhood hearing

loss (Ahmed et al., 2015; Demain et al., 2016).

Biallelic pathogenic variants in five different genes have

been identified in Perrault syndrome to date: HSD17B4
(MIM #233400) (Pierce et al., 2010), HARS2 (MIM

#614926) (Pierce et al., 2011), CLPP (MIM #614129)

(Jenkinson et al., 2013), LARS2 (MIM #615300) (Pierce

et al., 2013), and C10orf2 (MIM #616138) (Morino et al.,
2014).

Here, we report on a Moroccan family with Perrault

syndrome and marfanoid habitus because of a previously

reported homozygous c.1565C>A p.(Thr522Asn) variant

(Pierce et al., 2013; Demain et al., 2016) in LARS2.
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Patients and methods
Case report
The proband was a 23-year-old woman who presented to

the Genetics Department in Rabat with primary ame-

norrhea and hearing loss. She was the eldest child of five

siblings. The parents were first cousins and both are

healthy (Fig. 1a). Because of speech delay, an audiogram

was performed at 6 years of age. She was diagnosed with

bilateral moderate to severe SNHL that presented as an

uncommon audiometric configuration of low-frequency

hearing loss. On examination at 23 years, she had a long

face, thin fingers, and a high-arched palate. She had

marfanoid body proportions, measuring 170 cm in height

with a 180 cm arm span (ratio: 1.06, normal< 1.05) and a

weight of 60 kg. The upper-to-lower body segment ratio

was reduced at 0.81 (normal ratio: 0.89–0.95). Physical

examination indicated that axillary hair was present,

pubic hair was at stage 4, and breast development was

bilaterally at Tanner stage 2. Neurological and systemic

examinations were normal. Hormone studies were con-

sistent with hypergonadotropic hypogonadism, with ele-

vated levels of follicle stimulating hormone (51 mIU/ml,

normal range: 1.24–7.8 mIU/ml), and luteinizing hor-

mone (16.29 mIU/ml, normal range: 1.42–15.4 mIU/ml).

Her karyotype was 46,XX. Pelvic ultrasonography indi-

cated a hypoplasic uterus and her ovaries could not be

visualized.

Audiometric evidence was consistent with a unifying

diagnosis of Perrault syndrome. She has now been fitted

with a hearing aid that has improved her hearing, and is

currently receiving estrogen-replacement therapy that

led to the appearance of secondary sexual characteristics

and a normal menstruation cycle.

The 16-year-old brother of the proband was diagnosed

with bilateral moderate to severe SNHL and fitted with a

hearing aid. He also had a long face and a high-arched

palate. He had progressed to Tanner stage 5 of puberty,

with a height and weight of 175 cm and 75 kg, respec-

tively. His neurological examination was normal. The

three additional female siblings were unaffected.

Blood samples from all the seven members of the family

were collected after written informed consent was

obtained in accordance with the Declaration of Helsinki

protocols and approval of the local institutional review

boards (NRES 16/WA/0017). DNA was isolated using

standard techniques (Miller et al., 1988).

Fig. 1

(a) Pedigree of the reported family. The proband is indicated by an arrow. (b) Electropherograms of the LARS2 variants in the affected family. Two
patients (III-1 and III-5) are homozygous for the variant c.1565C>A (p.Thr522Asn), and both parents (II-1 and II-2) and two sisters (III-2 and III-3) are
heterozygotes for the variant. One healthy sister (III-4) is homozygous wild type at this locus. The variant base is indicated by an arrow.
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Whole-exome sequencing
Whole-exome sequencing was performed on the pro-

band. The SureSelect Human All Exon V5 Panel

(Agilent, Santa Clara, California, USA) was used for

library preparation and sequencing was performed on the

HiSeq 2500 (Illumina, San Diego, California, USA) as

described previously (Smith et al., 2014). The exome data

were filtered for possible causative variants in the five

genes associated with Perrault syndrome.

Sanger sequencing confirmation and segregation
The sequence variants were confirmed in the proband

and available family members by Sanger sequencing

using ABI big Dye v3.1 sequencing technology (Thermo

Fisher Scientific Inc., Waltham, Massachusetts, USA)

(Fig. 1b). Primer sequences are available on request.

Results
Whole-exome sequencing data analysis
A homozygous known pathogenic variant in LARS2,
c.1565C>A p.(Thr522Asn) (NM_015340) (Pierce et al.,
2013; Demain et al., 2016; www.ncbi.nlm.nih.gov/nuc

core/NM_015340.3), was identified in the proband. No

additional coding variants were identified in LARS2 or in

any other Perrault syndrome genes.

Sanger sequencing confirmation and segregation
The variant segregated with the phenotype in that the

affected brother was also homozygous for the variant, two

unaffected sisters were heterozygous, and an unaffected

sister was homozygous wild type.

Discussion
To date, eight variants have been identified in LARS2 in

11 individuals with Perrault syndrome (Table 1). Here,

we present, for the first time, a Moroccan family carrying

a previously reported homozygous c.1565C>A; p.

Thr522Asn variant in LARS2 (Pierce et al., 2013). The

variant in this family has been reported as a homozygous

variant in two families and as a compound heterozygous

variant in one family (Table 1) (Pierce et al., 2013;

Demain et al., 2016). Previously reported Moroccan

families with Perrault syndrome had variants identified in

HARS2 or C10orf2 (Lerat et al., 2016).

LARS2 encodes a 903 amino-acid protein, mitochondrial

leucyl-tRNA synthetase (mtLeuRS) (Bullard et al., 2000).
Aminoacyl-tRNA synthetases attach specific amino acids

to the 3′ ends of their cognate tRNAs. Aminoacyl-tRNA-

synthetase activity is required in the cytoplasm and

mitochondria for the translation of nuclear and mito-

chondrial encoded genes, respectively. All except two

aaRS, glycyl-tRNA synthetase and lysyl-tRNA synthe-

tase, are encoded by separate genes for nuclear and

mitochondrial functions (Diodato et al., 2014). The

human structure of mtLeuRS has not been elucidated.

The variant residue, LeuRS (of Escherichia coli) p.Thr492

(analogous to human mtLeuRS p.Thr522), is located in

the catalytic site and is in contact with several residues in

the leucine-binding pocket (Pierce et al., 2013). It has

been suggested that substitution at this position might

shift the position of the tRNA in the binding pocket,

subsequently reducing aminoacylation efficiency (Pierce

et al., 2013). Recently, this variant has been shown to

reduce the aminoacylation efficiency of human mtLeuRS

nine-fold, although the mechanism of impairment is

unknown (Riley et al., 2015).

All individuals to date with Perrault syndrome because of

the variant Thr522Asn, whether homozygous or com-

pound heterozygous, have presented with SNHL, which

is worse at low frequencies and can be progressive. The

variability in the severity of hearing loss between families

may be attributed to different genetic backgrounds. The

low-frequency hearing loss appears to be a specific

phenotype–genotype correlation linked to the variant

Thr522Asn (Demain et al., 2016). Our report supports the

assertion by Demain et al. (2016) when they suggested

that the variant LARS2 c.1565C>A (p.Thr522Asn) may

be a hotspot and may be correlated to this unusual

audiological pattern.

The ovarian dysfunction is variable in severity in Perrault

syndrome and there seems to be no obvious

genotype–phenotype correlations associated with any of

the Perrault syndrome genes to date.

Although no individuals with Perrault syndrome because

of variants in LARS2 have been reported to have neuro-

logical symptoms, all the patients were relatively young

at genetic diagnosis. It is unclear whether neurological

symptoms may develop later in life as part of a pro-

gressive aspect of the disease. Variants in LARS2 can be

associated with a more severe phenotype. Compound

heterozygous variants in LARS2, including p.Thr522Asn,

were implicated in a severe multisystem phenotype in a

baby. The variant in trans had a greater effect on catalytic

activity than that shown for p.Thr522Asn (Riley et al.,
2016).

Marfanoid habitus has been noted previously in some

individuals with Perrault syndrome, but this is the first

genetically resolved case. Two previously reported

unrelated individuals with Perrault syndrome and mar-

fanoid habitus have undergone genetic testing, but no

causative variants were identified (Kim et al., 2013;

Demain et al., 2016). In most cases of Perrault syndrome

with marfanoid habitus, no genetic testing has been

performed (Jacob et al., 2007; Ameen and Pinninti, 2012;

Geethalakshmi et al., 2015). Arachnodactyly has been

reported in one individual with Perrault syndrome

because of variants in C10orf2 and it has also been

reported in a genetically unresolved case of Perrault

syndrome (Lerat et al., 2016). High-arched palate has also

been reported as a clinical feature in a number of cases of

Perrault syndrome (Nishi et al., 1988), which, alongside

202 Clinical Dysmorphology 2017, Vol 26 No 4
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arachnodactyly, may represent a more subtle form of the

marfanoid habitus phenotype. However, the evidence

to date indicates that although marfanoid habitus is

definitely a clinical feature associated with Perrault

syndrome, it is not associated with any specific disease-

causing gene or variant.

It is difficult to confidently assert genotype–phenotype

correlations in Perrault syndrome because of the low

numbers of characterized and reported individuals and

the high level of phenotypic and genotypic hetero-

geneity. Several studies have suggested factors that could

modulate mitochondrial translation or replication to

explain the phenotypic heterogeneity (Jenkinson et al.,
2012; Pierce et al., 2013; Lerat et al., 2016).

Perrault syndrome cases have been reported in countries

worldwide. However, it is underestimated because males

without an affected sister will likely be diagnosed with

nonsyndromic deafness. Further, the prevalence of this

condition is likely to be higher in countries with high

levels of consanguinity, including Morocco (15.25%)

(Jaouad et al., 2009).

Conclusion
Perrault syndrome is an under-ascertained, genetically

complex condition with further disease-associated genes

still to be elucidated. The clinical spectrum of the disease

remains incomplete; as new cases of Perrault syndrome

are reported, new phenotypic features become apparent.

Consequently, phenotype–genotype correlations remain

difficult to establish and more patients are required to

better define these relationships. Here, we have descri-

bed the clinical and genetic data of a consanguineous

Moroccan family with Perrault Syndrome carrying the

previously reported mutation c.1565C>A; p.Thr522Asn.

This diagnosis allowed us to provide appropriate man-

agement to the patients and to provide more accurate

genetic counseling to this family.
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5.1. Abstract 

Perrault syndrome is a rare autosomal recessive condition characterised by sensorineural 

hearing loss in both sexes and primary ovarian insufficiency in 46 XX, females. It is 

genetically heterogeneous with biallelic variants in six genes identified to date (HSD17B4, 

HARS2, LARS2, CLPP, C10orf2 and ERAL1). Most genes possessing variants associated with 

Perrault syndrome are involved in mitochondrial translation. We describe a 

consanguineous family with three affected individuals homozygous for a novel missense 

variant c.1454C>T; p.(Ala485Val) in KIAA0391, encoding proteinaceous RNase P (PRORP), 

the metallonuclease subunit of the mitochondrial RNase P complex, responsible for the 

5’-end processing of mitochondrial precursor tRNAs. In RNase P activity assays, RNase P 

complexes containing the PRORP disease variant produced ~35-45% less 5’-processed 

tRNA than wild type PRORP. Consistently, the accumulation of unprocessed polycistronic 

mitochondrial transcripts was observed in patient dermal fibroblasts, leading to an 

observable loss of steady-state levels of mitochondrial oxidative phosphorylation 

components. Expression of wild type KIAA0391 in patient fibroblasts rescued tRNA 

processing. Immunohistochemistry analyses of the auditory sensory epithelium from 

postnatal and adult mouse inner ear showed a high level of PRORP in the efferent 

synapses and nerve fibres of hair cells, indicating a possible mechanism for the 

sensorineural hearing loss observed in affected individuals. We have identified a variant 

in an additional gene associated with Perrault syndrome. With the identification of this 

disease-causing variant in KIAA0391, reduced function of each of the three subunits of 

mitochondrial RNase P have now been associated with distinct clinical presentations. 
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5.2. Author Summary 

Perrault syndrome is a rare genetic condition which results in hearing loss in both sexes 

and ovarian dysfunction in females. Perrault syndrome may also cause neurological 

symptoms in some patients. Here, we present the features and genetic basis of the 

condition in three sisters affected by Perrault syndrome. The sisters did not have 

pathogenic variants in any of the genes previously associated with Perrault syndrome. We 

identified a change in the gene KIAA0391, encoding PRORP, a subunit of the 

mitochondrial RNase P complex. Mitochondrial RNase P is a key enzyme in RNA 

processing in mitochondria. Impaired RNA processing reduces protein production in 

mitochondria, which we observed in patient cells along with high levels of unprocessed 

RNA. When we expressed wild type PRORP in patient cells, the RNA processing improved. 

We also investigated PRORP localisation in the mouse inner ear and found high levels in 

the synapses and nerve fibers that transmit sound. It may be that disruption of RNA 

processing in the mitochondria of these cells causes hearing loss in this family. 

5.3. Introduction 

Perrault syndrome (MIM 233400) is a rare autosomal recessive condition characterised by 

bilateral sensorineural hearing loss (SNHL) affecting both sexes and primary ovarian 

insufficiency (POI) in 46, XX karyotype females (Pallister and Opitz 1979). Additional 

clinical features may be present in some affected individuals, most commonly 

neurological dysfunction, including: ataxia, hereditary sensory motor neuropathy, 

nystagmus and mild to moderate intellectual disability (Gottschalk et al. 1996;Jenkinson 

et al. 2012). Perrault syndrome is challenging to diagnose in males or prepubescent 

females as both groups are likely to present with non-syndromic SNHL (Newman et al. 

2014). Perrault syndrome is genetically heterogeneous, as causative biallelic variants in 

six genes have been identified to date: HSD17B4 (MIM 233400) (Pierce et al. 2010), 

HARS2 (MIM 614926) (Pierce et al. 2011), LARS2 (MIM 615300) (Pierce et al. 2013), CLPP 

(MIM 614129) (Jenkinson et al. 2013), C10orf2 (MIM 616138) (Morino et al. 2014) and 

ERAL1 (MIM 607435) (Chatzispyrou et al. 2017). These six genes do not account for all 

cases of Perrault syndrome, suggesting that additional genes remain to be identified 

(Demain et al. 2017;Lerat et al. 2016). Variants in HSD17B4 are associated with both D-

bifunctional protein deficiency, a peroxisomal disorder (Ferdinandusse et al. 
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2006;McMillan et al. 2012), and Perrault syndrome (Pierce et al. 2010). The other five 

genes associated with Perrault syndrome are nuclear-encoded mitochondrial proteins 

and share a common pathology of disrupted mitochondrial protein translation. 

We report a novel cause of Perrault syndrome, which shares the common pathology of 

disrupted mitochondrial translation. Affected individuals in a large consanguineous family 

are homozygous for a missense variant in KIAA0391 (MIM 609947), encoding 

Proteinaceous RNase P (PRORP, also known as mitochondrial RNase P protein 3 

(MRPP3)), one of the three subunits of the mitochondrial RNase P (mtRNase P) complex. 

In humans, mtRNase P comprises TRMT10C-SDR5C1-PRORP (also called MRPP1-MRPP2-

MRPP3, respectively), and is responsible for cleaving the 5’ end of mitochondrial tRNAs 

from long polycistronic precursor transcripts (Holzmann et al. 2008;Vilardo et al. 2012). 

We demonstrate that the KIAA0391 disease-associated variant impairs mtRNase P 

activity, resulting in the accumulation of unprocessed polycistronic mitochondrial 

transcripts and leading to a loss of steady-state levels of mitochondrial oxidative 

phosphorylation (OXPHOS) components. Expression of wild type KIAA0391 in patient 

fibroblasts rescued tRNA processing. Finally, immunohistochemistry analyses of mouse 

auditory sensory epithelium showed prominent levels of PRORP in the efferent synapses 

and nerve fibres of the auditory hair cells, highlighting a plausible pathology for the 

sensorineural hearing loss observed in affected individuals. 

5.4. Results 

5.4.1. Clinical report 

A consanguineous Palestinian family of three affected female siblings, two unaffected 

female siblings, two unaffected male siblings and their unaffected parents were 

ascertained (Fig. 5.1A). All three affected sisters showed absent middle ear acoustic 

reflex, despite normal tympanometry, when tested in infancy and subsequent audiology 

examinations in each revealed profound bilateral SNHL (>90 decibels hearing level at all 

frequencies) (Fig. 5.1B). The three affected sisters each presented in their late teenage 

years with primary amenorrhea. Abdominal ultrasound noted the absence of ovaries in all 

three affected individuals. Hormonal profiles indicated hypergonadotropic hypogonadism 

(Fig. 5.1C) with otherwise normal endocrine and biochemical tests and a 46, XX 
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karyotype. The sisters were prescribed estrogen to induce puberty and are currently 

treated with hormone replacement therapy. Each affected sibling has mild intellectual 

disability, which is not progressive. The sisters were taught in remedial classes but 

participate in the full activities of daily living, and one sister has paid employment. 

Echocardiography for each of the affected sisters was normal. All other physical and 

neurological examinations were normal and the three sisters each have normal height. 

5.4.2. Exome sequencing and variant confirmation 

Autozygosity mapping, performed on six siblings, as previously described (Banka et al. 

2011), 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 (II-3). After sequence variants in the autozygous regions were filtered 

to remove variants seen more than once in >800 previously sequenced exomes, three 

variants remained. Two variants with a minor allele frequency of greater than 1%  in the 

Exome Variant Server (NHLBI GO Exome Sequencing Project (ESP)) and dbSNP frequency 

(Sherry et al. 2001) respectively were excluded, as they were too common to result in a 

rare inherited disorder. One variant was novel, KIAA0391 c.1454C>T; p.(Ala485Val) 

(Genbank: NM_014672.3).  
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Figure 5.1. The variant 

KIAA0391 c.1454 C>T 

causes sensorineural 

hearing loss and 

primary ovarian 

insufficiency in a large 

consanguineous 

family. 

 

Figure legend 

continued next page.
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Figure 5.1. The variant KIAA0391 c.1454 C>T causes sensorineural hearing loss and 

primary ovarian insufficiency in a large consanguineous family. 

A) The pedigree for the consanguineous Palestinian family with a variant in KIAA0391. The 

pedigree includes genotypes for the variant KIAA0391 c.1454 C>T. Filled symbols indicate 

affected individuals. B) Audiogram of affected individual II-4. The hearing level of the left 

ear is represented by the blue crosses and the right ear by red circles. All three affected 

sisters show a similar audiometric configuration, with profound hearing loss across all 

tested frequencies. The hearing threshold level of a normal adult is 0-20 dB (Action on 

Hearing Loss 2017). C) Hormone profiles for the three affected sisters, indicative of 

hypergonadotropic hypogonadism. Patients with hypergonadotropic hypogonadism have 

levels of follicle stimulating hormone, luteinising hormone and estrogen in the 

postmenopausal range (Aiman and Smentek 1985).  D) Sanger sequencing traces for an 

affected and unaffected member of the family and one control sample at position 

KIAA0391 c.1454, highlighted in yellow (NM_014672.3). 

 

KIAA0391 encodes the endonuclease subunit of the mtRNase P complex, PRORP, which 

catalyses Mg2+-dependent phosphodiester-bond cleavage of 5’ extensions of 

mitochondrial tRNAs (Holzmann et al. 2008). Residue Ala485 is highly conserved in PRORP 

from multiple species (Appendix IV, Supplemental Fig. SIV.1.). The p.Ala485Val variant is 

predicted to be deleterious by in silico pathogenicity tools, including SIFT (Kumar et al. 

2009), PolyPhen2 (Adzhubei et al. 2010) and MutationTaster (Schwarz et al. 2014), and 

was absent in 100 ethnically matched controls, in the ExAC server (Exome Aggregation 

Consortium (ExAC)), dbSNP (Sherry et al. 2001) or EVS (NHLBI GO Exome Sequencing 

Project (ESP)) – comprising a minimum of 70,000 individuals. Of note, homozygous loss of 

function variants in KIAA0391 are absent from publically available databases noted above 

and a cohort of >3,200 British Pakistani individuals (Narasimhan et al. 2016). Segregation 

of the homozygous variant with the Perrault syndrome phenotype was confirmed via 

Sanger sequencing (Fig. 5.1A and 5.1D). Sequence analysis of KIAA0391 in five unrelated 

individuals with Perrault syndrome (Demain et al. 2017), without a disease-causing 

variant in the known Perrault syndrome genes, did not identify putative pathogenic 

variants in a second family. 
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5.4.3. Patient cells contain normal levels of mtRNase P but display decreased levels of 

oxidative phosphorylation (OXPHOS) components containing mitochondria-encoded 

proteins 

We investigated the steady-state levels of TRMT10C, SDR5C1 and PRORP in patient 

fibroblasts by Western blot analysis and found no decrease in the levels of the mtRNase P 

subunits compared to controls (Fig. 5.2A), suggesting that the p.(Ala485Val) variant does 

not markedly influence the stability of PRORP or the other mtRNase P subunits. We 

detected decreased steady-state levels of subunits of respiratory chain complex I 

(NDUFB8) and complex IV (COXI and COXII) subunits in patient fibroblasts compared to 

controls – both complexes containing mitochondrial DNA-encoded subunits - with no 

change of other OXPHOS components observed, most notably complex II, which is 

entirely nuclear-encoded(Fig. 5.2B). These results indicate a generalised defect of 

mitochondrial translation in the patient fibroblasts. 



133 
 

 

Figure 5.2. Patient fibroblasts show no reduction in subunits of mtRNase P, but show 
reduced levels of mitochondrial DNA encoded OXPHOS subunits.  

A) Western blot analysis of mtRNAse P subunits TRMT10C, SDR5C1 and PRORP in 

fibroblasts from a healthy control (C); an individual with the R106C pathogenic 

substitution in SDR5C1 (Deutschmann et al. 2014) and individual II-4 with the p.Ala485Val 

variant in PRORP (P). Steady state levels of both TRMT10C and SDR5C1 are known to be 

reduced in patients with HDS10 disease due to the known pathogenic variant in SDR5C1, 

R106C (Deutschmann et al. 2014). B) Western blot analysis of proteins of the five 

oxidative phosphorylation complexes. Included are two control samples (C) and a patient 

sample (P), II-4. VDAC1 serves as a mitochondrial loading control.  
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5.4.4. Patient cells display disrupted mitochondrial RNA processing 

The levels of unprocessed mitochondrial transcripts in fibroblasts from individual II-4 

were assessed by Northern blot analysis. An MT-ND1 probe detected an RNA transcript of 

approximately 2.5 kb in the patient sample not observed in the controls suggesting 

impaired 5’-end processing of tRNALeu(UUR) (Fig. 5.3). A larger RNA species appeared on a 

longer exposure for the MT-ND1 probe indicating that tRNAVal processing is also 

decreased. An MT-ND2 probe detected a large RNA transcript in the patient sample at 

approximately 4 kb indicating impaired 5’-end processing of tRNAIle, tRNAMet and tRNATrp. 

A longer exposure revealed multiple bands, indicating the accumulation of transcripts due 

to the impaired 5’-end processing at multiple tRNA sites. An MT-CO2 probe showed a 

transcript of approximately 1.7 kb not detected in the controls suggesting impaired 

processing of tRNALys. Multiple bands in a longer exposure using the MT-CO2 probe 

indicated decreased processing across multiple tRNA sites. An MT-ND6 probe detected a 

transcript at approximately 2.3 kb in the patient sample, which can be explained by 

impaired 5’ processing of tRNAGlu. Taken together, the accumulation of various large 

unprocessed mitochondrial RNA transcripts across multiple tRNA sites indicates a 

generalised insufficiency of mitochondrial tRNA processing. 



135 
 

 

Figure 5.3. Impaired 

mitochondrial RNA 

processing is detected in 

patient fibroblasts. 

A) Northern blot assessment 

of RNA extracted from 

patient (P) fibroblasts (II-4) 

and two control (C) samples 

using 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 is shown. B) 

Schematic representations of 

mitochondrial genome 

regions, the probes (dark 

blue) and expected fragment 

sizes in bp (orange) are 

shown to the right of each 

blot. 
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5.4.5. The PRORP p.Ala485Val disease variant displays decreased mtRNase P activity 

The disease-associated variant p.Ala485Val is situated in the metallonuclease domain of 

PRORP, close to four conserved aspartate residues implicated in metal ion binding (Fig. 

5.4A and 5.4B) (Howard et al. 2012). Replacing the conserved alanine at residue 485 with 

the bulkier valine could distort the active site and impair catalysis by interfering with 

proper coordination of the metal ions, thereby reducing the endonucleolytic activity of 

PRORP. To determine whether the p.Ala485Val variant alters the catalytic activity of 

PRORP, we compared the enzymatic activity of the disease-associated isoform and the 

wild type protein in the RNase P complex. 
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Figure 5.4. The residue Ala485 is situated in the metallonuclease domain of PRORP close 

to conserved residues. 

A) The protein structure of human PRORP; the enlarged region is part of the 

metallonuclease domain. Residue Ala485 is situated in the centre of the active site close 

to the conserved aspartate residues that coordinate catalytic magnesium ions. B) A bar 

diagram of the domains of human PRORP (Reinhard et al. 2015). The location of the 

variant residue Ala485 is noted on the diagram. Mitochondrial targeting sequence, MTS; 

pentatricopeptide repeat domain, PPR.  

 

The three wild type proteins of the mtRNase P complex TRMT10C, SDR5C1 and PRORP as 

well as the PRORP p.Ala485Val variant protein were individually produced by 

recombinant expression in E.coli and purified. During the assessment of the recombinant 

protein PRORP p.Ala485Val we noted that it had a higher melting temperature than wild 

type PRORP (Appendix IV, Supplemental Fig. SIV.2) suggesting reduced flexibility of the 
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variant PRORP. Recombinant mtRNase P was reconstituted in vitro and 5’ end processing 

assays were performed with radiolabelled precursor tRNA (pre-tRNA) (Fig. 5.5 and 

Appendix IV Supplemental Fig. SIV.3). Assays were performed with three mitochondrial 

tRNA substrates. Variants in HSD17B10 (encoding SDR5C1) causing HSD10 disease (MIM 

300438) were reported to affect the accumulation of unprocessed transcripts from the 

heavy strand, but not those from the light strand (Deutschmann et al. 2014). We 

therefore selected the heavy strand-encoded pre-tRNAIle and the light strand-encoded 

tRNATyr. Additionally, Pre-tRNAHis-Ser(AGY)-Leu(CUN) was selected, because variants in HARS2 

and LARS2, which encode mitochondrial histidyl and leucyl aminoacyl synthetases, 

respectively, cause Perrault syndrome (Pierce et al. 2011;Pierce et al. 2013).  

Since mtRNase P is an endonuclease, two fragments result from the cleavage of pre-

tRNATyr and pre-tRNAIle: the removed 5’-leader and the 5’-mature tRNA (Fig. 5.5A and 

5.5C; Appendix IV Supplemental Fig. SIV.3A). From the pre-tRNA transcript containing 

three tRNAs, the combination of two mtRNase P sites produces five possible fragments 

(Rossmanith 1997) (Fig. 5.5B, 5.5D and 5.5E). The variant mtRNase P complex generated 

markedly less processed tRNA than the wild type complex across all time points and 

reactions. Quantitative phosphorimaging revealed a diminution of cleavage products by 

~35-45% (p<0.01) depending on the pre-tRNA substrate used (Fig. 5.5F, 5.5G, 5.5H, and 

Appendix IV Supplemental Fig. S3B). There was no significant difference in the reduction 

of 5’-end processing by PRORP p.Ala485Val-containing mtRNase P between the different 

pre-tRNA substrates analysed (p>0.05), consistent with the accumulation of both heavy 

and light-strand transcripts seen in patient fibroblasts (Fig. 5.3).  



139 
 

 Figure 5.5. In 

vitro 

mtRNase 

processing 

assays show 

the variant 

p.Ala485Val 

PRORP 

produces 

significantly 

less 5’ end 

processed 

tRNA than 

wild type 

PRORP. 

Figure legend 

continued 

next page. 
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Figure 5.5. In vitro mtRNase processing assays show the variant p.Ala485Val PRORP 

produces significantly less 5’ end processed tRNA than wild type PRORP. 

A) Mitochondrial pre-tRNATyr was subjected to cleavage by reconstituted recombinant 

mtRNase P containing either wild type or p.Ala485Val PRORP. Aliquots were removed 

from the reactions and stopped at the time points indicated, and resolved by urea-PAGE. 

B) Mitochondrial pre-tRNAHis-Ser(AGY)-Leu(CUN) was subjected to cleavage by reconstituted 

recombinant mtRNase P containing either wild type or p.Ala485Val  PRORP. Processing as 

in (A) with an additional time point added at 5 minutes. See (E) for fragment labelling. C) 

A simplified drawing of pre-tRNA; the arrow indicates the site of mtRNase P processing. 

D) A drawing of pre-tRNAHis-Ser(AGY)-Leu(CUN), (Rossmanith 1997). The arrows indicate the 

sites of mtRNase P processing. E) The fragments produced from pre-tRNAHis-Ser(AGY)Leu-(CUN) 

by mtRNase P processing listed in order of descending size; the 5’-end fragment not 

included. F) Quantitative analysis of pre-tRNATyr processing experiment shown in (A). 

There was significant difference between the p.Ala485Val and wild type mtRNaseP over 

three replicate experiments (n = 9 paired wild type and equivalent variant time points 

across 3 replicate experiments, P<0.01). G) Quantitative analysis of pre-tRNAHis-Ser(AGY)-

Leu(CUN) processing experiment shown in (B), only the fragments HSL3’and 5’HS are shown. 

The HSL3’ fragment at 30 minutes shows reduction compared to the fragment at 20 

minutes likely because of further processing to produce the HS fragment. There was 

significant difference between the p.Ala485Val and the wild type mt RNaseP (HSL3’; n = 

12 paired time points across 3 replicate experiments, P< 0.01 and 5’HS; n = 12 paired time 

points across 3 replicate experiments, P< 0.01). H) The average tRNA processing of the 

four major fragments from the three substrates as compared to the wild type processing. 

Wild type is set to 100%. Data presented as the mean of 3 replicate experiments (all time 

points included) +/- SEM. 

 

5.4.6. tRNA processing in patient cells can be rescued by expression of wild type 

KIAA0391 

Rescue experiments were used to connect the accumulation of unprocessed RNA 

transcripts seen in the patient cells to the variant PRORP p.(Ala485Val). Patient fibroblasts 

were transfected with a plasmid containing the wild type KIAA0391 sequence. 

Unprocessed RNA transcripts were quantified by qPCR across processing sites (Fig.5.6A). 

In untransfected patient cells there was a greater than 6-fold increase in both pre-tRNALeu 

and pre-tRNAVal transcripts in comparison to controls. When the patient cells were 

transfected with wild type PRORP, this increase was reduced to about 3-fold for pre-

tRNALeu, and pre-tRNAVal levels came back close to the control. Transfection efficiency, 
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which is 70% maximum, could account for tRNA processing not achieving wild type levels 

in transfected patient cells. 

5.4.7. PRORP is present in hair cell synapses and neurons of the mouse organ of Corti 

To understand why the variant in PRORP, p.Ala485Val, could be associated with hearing 

loss in the affected family, we undertook localisation studies of PRORP in the mouse 

organ of Corti. The organs of Corti from C57/BJ6 mice at postnatal (P) day 4 (P4), P16 and 

P24, were immunofluorescently stained to reveal the localisation of endogenous PRORP. 

The samples were also counterstained with a presynaptic membrane marker SNAP25 

(synaptosome-associated protein 25), and DAPI, a fluorescent stain for double-stranded 

DNA that highlights the cell nucleus.  

In mice, the onset of hearing occurs at approximately P12-P14 (Ehret 1976). At P4, the 

organ of Corti is not fully mature and low levels of SNAP25 protein are detected at 

presynaptic hair cell membranes (Figure 5.6b) (Sendin et al. 2007). At P4, diffuse PRORP 

staining at low levels is observed. Shortly after the onset of hearing at P16, the outer hair 

cell (OHC) efferent synapses and the inner hair cell (IHC) nerve fibres are highlighted by 

SNAP25. At P16 PRORP signal is detected around the base of inner hair cells where 

afferent and efferent synapses are situated. At the same time, we observed low levels of 

PRORP in the hair cell bodies and in the efferent synapses of OHCs. By P24, PRORP 

immunoreactivity is increased at the efferent synapses of OHCs and around the base of 

inner hair cells. PRORP partially co-localises with SNAP25 staining around IHCs (see P16 

images), suggesting that PRORP could be present not only in the mitochondria of efferent 

synapses but possibly afferent synapses and nerve fibres around the IHCs. Low levels of 

PRORP signal is present in OHC bodies at P24 alongside the more intense signal seen at 

the OHC synapses and IHC base.  At P24, the mitochondrial marker Tom20 labels 

mitochondria mainly within hair cell bodies and does not show increased signal in 

mitochondria within the supporting cells or efferent synaptic buttons (Appendix IV 

Supplementary Fig. S4), arguing for structurally different mitochondria with different 

protein compositions present in different cell types (Lesus et al. 2017;Lysakowski and 

Goldberg 1997). It is likely that the high levels of PRORP found in the subset of 

mitochondria associated with the synapses and neurons of the organ of Corti hair cells 
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reflect those cells’ increased demand for genes involved in mitochondrial tRNA processing 

and translation.  

 



143 
 

 

Figure 5.6. 
Expression of wild 
type KIAA0391 
encoding PRORP 
rescues tRNA 
processing and 
localisation in the 
mouse organ of 
Corti shows high 
levels of PRORP in 
the synapses and 
nerve fibres of 
hair cells.   

 

Figure legend 

continued next 

page.
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Figure 5.6. Expression of wild type KIAA0391 encoding PRORP rescues tRNA processing 

and localisation in the mouse organ of Corti shows high levels of PRORP in the synapses 

and nerve fibres of hair cells.   

A) Mitochondrial precursor transcripts containing tRNAVal and tRNALeu were quantified in 

control and patient fibroblasts using real time PCR. The patient samples are presented as 

a relative fold increase of the relevant controls. The precursor transcripts in patient 

samples were measured in non-transfected cells, cells transfected with the empty vector 

and in cells transfected with the vector containing the wild type KIAA0391 sequence. For 

the control samples non-transfected fibroblasts were quantified. Fibroblast cell cultures 

of three different healthy donors served as controls. (mean ±  SEM). Untransfected 

patient cells showed a greater than 5 fold increase in both pre-tRNALeu and pre-tRNAVal 

transcripts compared to controls. Transfection of patient cells with wild type KIAA0391 

reduced precursor transcripts by ~75% for pre-tRNALeu and ~ 65% pre-tRNAVal, rescuing 

tRNA processing. B) Confocal fluorescence microscopy optical sections of the whole 

mount organ of Corti samples from C57/BJ6 mice at postnatal days 4, 16 and 24 (P4,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 visualize efferent synapses at the 

base of OHCs and nerve fibres and synaptic buttons at the base and around IHCs. In the 

panels for P4 and P16 the dashed white line outlines the area of the outer hair cells (OHC) 

at the nuclear level and the dotted white line outlines the area around the inner hair cell 

nuclei (IHC). The white arrows point to one of the OHC efferent presynaptic buttons. The 

two panels at P24 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). The scale bar is 20µm. C) An illustration of the innervation of inner hair cells 

and outer hair cells. Arrows in the nerve fibres indicate the direction of transmission. The 

area of SNAP25 staining is shown in red. D) An illustration of the arrangement of hair cells 

in the organ of Corti in the same orientation as shown in Panel B. E) An enlarged view of 

the area inside the white box in Panel B showing the co-localisation of SNAP25 (red) and 

PRORP (green) with the OHC nuclei shown in blue. 

 

5.5. Discussion 

In this report we provide evidence that Perrault syndrome is caused by a novel 

homozygous variant in KIAA0391, a gene not previously implicated in this disorder. 

KIAA0391 is the nuclear gene encoding PRORP, the catalytic subunit of the mtRNase P 

complex (Holzmann et al. 2008). In vitro tRNA processing assays supported the in silico 

predictions that the amino acid substitution in PRORP p.Ala485Val, the expected result of 
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the nucleotide alteration c.1454C>T, would be damaging by impairing the processing of 

mitochondrial tRNAs. The absence of variants in KIAA0391 in other known cases of 

Perrault syndrome suggests that variants in KIAA0391 are not a common cause of this 

heterogeneous condition. However, our discovery provides further important insights 

into the pathogenesis of hearing loss and ovarian insufficiency. The functional work 

reported here indicates the mitochondrial respiratory chain deficiency seen in this family 

can be attributed to a variant in KIAA0391. An independent family would provide 

additional data linking variants in KIAA0391 with Perrault syndrome as would 

recapitulation of the Perrault syndrome phenotype in an animal model of the p.Ala485Val 

substitution in PRORP.  

The mtRNase P complex is composed of three proteins, TRMT10C-SDR5C1-PRORP, each 

encoded by the nuclear genome and post-translationally imported into the mitochondria 

matrix via an N-terminal mitochondrial targeting sequence (Holzmann et al. 2008;Vilardo 

et al. 2012). Mitochondrial tRNAs are processed at the 5’ end by mtRNase P (Holzmann et 

al. 2008) and at the 3’ end by mtRNase Z, encoded by ELAC2 (Brzezniak et al. 

2011;Rossmanith 2011). This tRNA processing excises most of the RNA species from the 

polycistronic mitochondrial precursor transcripts according to the tRNA punctuation 

model (Ojala et al. 1981;Rossmanith 2012). 

We observed normal levels of PRORP in patient fibroblasts (Fig. 5.2A), which contrasts 

with the reduction of the other two subunits of mtRNase P, SDR5C1 (Deutschmann et al. 

2014;Zschocke 2012) and TRMT10C (Metodiev et al. 2016) in patients with inherited 

deficiencies of those proteins. Accumulation of multiple unprocessed transcripts in 

patient fibroblasts indicated a generalised defect in mitochondrial tRNA processing (Fig. 

5.3), leading to a mild but observable downstream effect on mitochondrial protein 

synthesis as evidenced by decreased steady-state levels of complex I and complex IV 

subunits (Fig. 5.2B). A similar, but more pronounced, OXPHOS defect was also observed in 

patients with pathogenic variants in TRMT10C (Metodiev et al. 2016) and HSD17B10 

(encoding SDR5C1) (Chatfield et al. 2015). OXPHOS deficiency has also been associated 

with Perrault syndrome in patients with variants in ERAL1 (Chatzispyrou et al. 2017). The 

pattern of OXPHOS deficiency in patients with Perrault syndrome due to ERAL1 variants is 

similar to that seen in our patient, suggesting that they may share a common 

pathogenesis.   
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Biallelic variants, which are predicted to result in complete loss of function, have not been 

identified in any of the three subunits of the mtRNase P complex. All three mtRNase P 

complex genes are among the core set of genes essential for the survival of cells in tissue 

culture (Blomen et al. 2015;Wang et al. 2015). There are no knockout mouse models for 

trmt10c and the homozygous knockout of hsd17b10 results in an early embryonic lethal 

phenotype (Rauschenberger et al. 2010). Knockout of 1110008L16Rik (KIAA0391 

homolog) is embryonic lethal, but cardiac and skeletal muscle specific 1110008L16Rik 

conditional knockout mice have been produced (Rackham et al. 2016). These mice die at 

11 weeks due to cardiomyopathy. The conditional knockout mice showed a significant 

reduction in the synthesis of mitochondrial encoded proteins with no alteration in nuclear 

encoded proteins. The reduction in mitochondrial-encoded proteins was accompanied by 

a significant reduction in mitochondrial respiration (Rackham et al. 2016). The mice also 

showed an accumulation of unprocessed mitochondrial RNA transcripts, but in contrast to 

patients with defects in subunits of mtRNase P, the mice had no mature transcripts 

(Rackham et al. 2016). The lack of mature mitochondrial transcripts may be the result of 

the complete loss of PRORP protein function in mice in comparison to patients with 

predicted hypomorphic variants in TRMT10C, HSD17B10 or KIAA0391. 

Despite the similarities in defective mitochondrial tRNA processing, variants in the three 

subunits of mtRNase P result in markedly differing clinical phenotypes. Pathogenic 

variants in TRMT10C cause a lethal, childhood multisystem disorder characterised by 

muscular hypotonia, SNHL and metabolic acidosis (Metodiev et al. 2016). Pathogenic 

variants in HSD17B10, encoding SDR5C1 (protein also known as HSD10, HADH2, MRPP2 

or ABAD), cause HSD10 disease, which manifests as a severe, infantile-onset 

neurodegenerative condition with cardiomyopathy (Zschocke 2012;Vilardo and 

Rossmanith 2015).  The clinical presentation of Perrault syndrome is less severe than of 

individuals with TRMT10C (Metodiev et al. 2016) and SDR5C1-associated diseases 

(Zschocke 2012). The tissue specific phenotype of Perrault syndrome (SNHL and POI) in 

comparison to the more systemic presentations of TRMT10C- and SDR5C1-associated 

phenotypes may be accounted for by the differing function of the proteins.  TRMT10C and 

SDR5C1 are also  important for methylation at  position 9 of mitochondrial tRNAs, which 

stabilises the tertiary L-shaped structure of some tRNAs (Vilardo et al. 2012),whereas 
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PRORP is required for the nuclease function of mtRNase P only (Holzmann et al. 

2008;Vilardo et al. 2012). It is possible that more deleterious variants in KIAA0391 would 

result in further reduction in PRORP activity and a more severe multisystem disorder, 

similar to that seen in individuals with LARS2 variants (Riley et al. 2015). Conversely, 

hypomorphic alleles in KIAA0391 could result in milder degrees of SNHL or POI only. 

Immunohistochemistry of the mouse organ of Corti revealed the localisation of PRORP in 

hair cells with higher levels associated with the efferent synapses of the outer hair cells 

and nerve fibres of the inner hair cells. This particular pattern of PRORP localisation 

becomes apparent after the onset of hearing and involves only mitochondria of some cell 

types. It seems likely that a subpopulation of mitochondria associated with neurons in the 

organ of Corti are enriched for PRORP and may require a higher level of mitochondrial 

translation, after hearing onset.  

Recently, the expression levels of hearing loss genes were examined in different areas of 

the mouse cochlea. Four of the six genes associated with Perrault syndrome were 

examined, and it was found that they showed higher expression levels in the spiral 

ganglion neurons than in other parts of the cochlea, including the organ of Corti (Nishio et 

al. 2017). This pattern of expression correlates with our immunohistochemistry results, as 

the cell bodies of the nerve fibres with efferent synapses that terminate at the base of 

OHC and IHC are in the brainstem, and IHC afferent synapses and their nerve fibres 

originate from the spiral ganglion neurons. Dysfunction of PRORP causing disruption of 

the hair cell efferent or afferent signalling, in conjunction with malfunctioning 

mitochondria of hair cell bodies, could be the pathological mechanism behind the hearing 

loss in the family reported here. The gene expression patterns from other Perrault 

syndrome genes suggest that they may share a similar pathology of neuronal origin with 

the case presented here (Nishio et al. 2017). Our results together with the results from 

Nishio et al (Nishio et al. 2017) suggest that the neurons in the spiral ganglion and 

brainstem may have an increased level of mitochondrial translation, perhaps making 

them vulnerable to disruption of this pathway during sustained sound stimulations after 

the onset of hearing. 



148 
 

Pathogenic variants resulting in distinct clinical phenotypes have now been identified in 

all the genes encoding subunits of mtRNase P. It is currently unclear why pathogenic 

variants in the different subunits of mtRNase P cause distinct clinical phenotypes. 

Investigation into this could provide insights into differences in the pathogenic 

mechanisms. 

Most genes previously associated with Perrault syndrome (HARS2, LARS2, C10orf2, CLPP 

and ERAL1) encode proteins implicated in mitochondrial protein translation (Pierce et al. 

2011;Pierce et al. 2013;Jenkinson et al. 2013;Morino et al. 2014;Chatzispyrou et al. 2017). 

Our finding that biallelic variants in KIAA0391, encoding PRORP, result in impaired 

mitochondrial tRNA processing expands the spectrum of genes that can cause Perrault 

syndrome and provides additional evidence that Perrault syndrome is caused by impaired 

mitochondrial translation. Further, this discovery lends additional support to the 

hypothesis that genes involved in mitochondrial translation are candidates for genetically 

unresolved cases of Perrault syndrome.  

5.6. Materials and methods 

5.6.1. 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 Ethics 

Committee (16/WA/0017) and University of Manchester. The NIH Animal Use Committee 

approved protocol 1263-15 to T.B.F. for mice.  

5.6.2. Autozygosity mapping and whole exome sequencing 

Autozygosity mapping was performed on six members of the family (II-1, II-2, II-3, II- 4, II-

6 and II-7) using the Affymetrix Genome-wide SNP6.0 arrays as previously described 

(Banka et al. 2011). Whole exome sequencing was performed on DNA extracted from 

lymphocytes from individual II-3. The Agilent SureSelect Human All Exon V5 Panel (Agilent 

Technologies, Santa Clara, CA, USA)  was used for library preparation and sequencing was 

performed on the HiSeq 2500 (Illumina, San Diego, CA, USA) as previously described 

(Smith et al. 2014).  
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5.6.3. Confirmation of variants 

Variants were confirmed in the family via Sanger sequencing using the ABI big Dye v3.1 

(Thermo Fisher Scientific Inc, Waltham, MA, USA) sequencing technology. Primer 

sequences are available in Appendix I. 

5.6.4. Assessment of protein and RNA levels in patient fibroblasts 

Western blot analyses for the mtRNase P subunits were performed as previously 

described (Deutschmann et al. 2014) using cell lysates from dermal fibroblasts (II-4). 30 

mg of protein was separated on a 10% SDS-polyacrylamide gel and transferred to a 

polyvinylidene difluoride membrane (GE Healthcare, Little Chalfont, UK). Membranes 

were blocked and subsequently incubated with the primary antibodies (Deutschmann et 

al. 2014) and detected with HRP-conjugated secondary antibodies (Dako, Agilent 

Technologies, Santa Clara, CA, USA). The blots were developed using the ECL Western 

Blotting Analysis Detection system (GE Healthcare, Little Chalfont, UK).  

Western blots for the respiratory chain complexes (n=3) were performed using fibroblast 

cell lysates (II-4). 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, Billerica, USA). Proteins of interest were bound by overnight 

incubation at 4oC with primary antibodies followed by HRP-conjugated secondary 

antibodies (Dako Cytomation, Agilent Technologies, Santa Clara, CA, USA) and visualized 

using ECL-prime (GE Healthcare, Little Chalfont, UK) and Bio-Rad, Hercules, CA, USA 

ChemiDoc MP with Image Lab software. Antibody details are available in the 

Supplemental Materials.  

Northern blot analysis was performed as previously described (Deutschmann et al. 2014). 

The NorthernMax kit from Ambion, Thermo Fisher Scientific Inc, Waltham, MA, USA was 

used. 2–5 µg of total RNA, from fibroblasts (II-4), was separated on a 1% denaturing 

agarose gel. RNA was then transferred to nylon membrane (Hybond-N + ProteinTech, 

Manchester, UK) by capillary transfer, UV cross-linked and subjected to hybridization with 

biotinylated probes. Signals were detected using the BrightStar BioDetect kit (Ambion, 

Thermo Fisher Scientific Inc, Waltham, MA, USA). A biotinylated RNA size marker 

(BrightStar RNA Millenium Marker, Ambion, Thermo Fisher Scientific Inc, Waltham, MA, 
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USA) was used to determine the size of RNA species. Probe sequences as previously 

described (Deutschmann et al. 2014). 

5.6.5. Preparation of the PRORP p.Ala485Val sequence for bacterial expression 

The plasmid pET28-b(+) containing the coding sequence for PRORP (Holzmann et al. 2008) 

was mutagenized as previously described (Kunkel et al. 1987) with the synthetic 

oligonucleotide PRORP_p.Ala485Val (see 2.10.2 data for oligonucleotide sequence). The 

potential mutagenized plasmids were extracted using the GenElute HP Plasmid miniprep 

Kit (Sigma-Aldrich, St. Louis, MO, USA Aldrich) and the variant was confirmed by DNA 

sequencing. 

5.6.6. Recombinant expression and purification of TRMT10C, SDR5C1 and PRORP (wt 

and p.Ala485Val) 

The templates for recombinant expression of TRMT10C, SDR5C1 and PRORP were as 

detailed in (Holzmann et al. 2008) and above. Expression was induced in E.coli Rosetta2 

DE3 (Novagen, Merck, Kenilworth, NJ, USA) using Overnight Express medium (Novagen, 

Merck, Kenilworth, NJ, USA). Affinity chromatography of the His-tagged proteins was 

performed as previously described (Holzmann et al. 2008). Their 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. 

5.6.7. Preparation of mitochondrial pre-tRNA transcripts 

The templates for pre-tRNATyr and pre-tRNAIle were as described in (Holzmann et al. 

2008). The template for the pre-tRNAHis-Ser(AGY)-Leu(CUN) was as described in section 2.13.8. 

Run off in vitro transcription to produce body labelled pre-tRNA substrate was performed 

as previously described (O'Keefe et al. 1996). 

5.6.8. Pre-tRNA processing assays 

Pre-tRNA processing assays were performed as previously described (Rossmanith et al. 

1995;Holzmann et al. 2008). The TRMT10C, SDR5C1 and PRORP proteins were mixed in a 

2:4:1 molar ratio as described (Holzmann et al. 2008). 6% (w/v) acrylamide 8M urea gels 

were used to resolve substrate and cleavage products. Dried gels were exposed to X-ray 
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film at -80°C or exposed to a phosphorimaging screen to detect assay precursors, 

intermediates and products.. 

5.6.9. Real-time PCR 

Real-time PCR and analysis was performed as previously described (Deutschmann et al. 

2014). Total RNA was isolated from patient and control dermal fibroblasts and treated 

with DNase. Reverse transcription was performed using tRNA specific primers containing 

an adaptor sequence for subsequent real-time PCR. Primers sequences are as previously 

described (Deutschmann et al. 2014). Real time PCR was performed using standard 

conditions (60°C elongation, 40 cycles) and relative expression of precursor transcripts in 

patient fibroblasts was calculated using the ct value for the appropriate transcript from 

three different healthy controls. Ubiquitin B expression served as the reference for both 

patient samples and controls.  

5.6.10. Rescue experiments 

The coding sequence of wild type KIAA0391 was cloned in an expression vector as 

described previously (Deutschmann et al. 2014). The coding sequence was verified by 

Sanger sequencing. Patient dermal fibroblasts (2.0 x 105) were seeded in 25 cm2 flasks 

and cultivated in 4 ml MEM medium. The next day cells were transfected using 3µg 

plasmid DNA (PRORP-vector and empty vector as transfection control) and 7.5 µl 

Turbofect transfection reagent and cultured for additional 48 hours. The cells were then 

harvested and precursor tRNAs were quantified by real-time PCR as described previously 

(Deutschmann et al. 2014). 

5.6.11. Localisation of PRORP in the mouse organ of Corti 

The NIH Animal Use Committee approved protocol 1263-15 to T.B.F. for mice. C57/BJ6 

mice at ages P4, P16 and P24 were euthanised, the cochlear capsule was removed and 

fixed with 4% paraformaldehyde in PBS for 2 hours. The samples were microdissected and 

the organ of Corti was permeabilised with 1% 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, Manchester, UK - 
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Catalog number: 20959-1-AP) at 1µg/ml and mouse monoclonal SNAP25 antibody (Santa 

Cruz Biotechnology, Dallas, TX, USA, 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, Invitrogen, Carlsbad, CA, USA) for 30 min. Samples were washed 

several times with PBS and were mounted with ProLongGold Antifade staining reagent 

with DAPI (Molecular Probes, Invitrogen, Carlsbad, CA, USA) and examined using LSM780 

confocal microscope (Zeiss Inc, Oberkochen, Germany Inc) equipped with 63X, 1.4 N.A. 

objective.  

5.6.12. Statistical analysis 

The Wilcoxon paired test (N=<20) was used with a significance value of 0.05 to test for 

differences between the wild type and p.Ala485Val pairs for each pre-tRNA substrate. 

To test for differences in the percentage reduction in the tRNA output of the p.Ala485Val 

variant between substrates the data was determined to be normally distributed using the 

Shapiro-Wilk test. One-way ANOVA with a significance value of 0.05 was used to test for 

differences. 
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6.1. Abstract 

Perrault syndrome is a rare autosomal recessive condition characterised by sensorineural 

hearing loss in both sexes and primary ovarian insufficiency in females with a normal 

karyotype. Six genes have been found to cause Perrault syndrome to date: HSD17B4, 

HARS2, LARS2, CLPP, C10orf2 and ERAL1. Five of the genes which cause Perrault 

syndrome function in mitochondrial translation and in some cases of Perrault syndrome 

the underlying pathology has been shown to be a defect of mitochondrial translation. 

Using a combination of whole exome sequencing and autozygosity mapping in a large 

consanguineous family we identified a homozygous putative pathogenic variant in a novel 

Perrault syndrome gene, NOP14. Nucleolar protein 14 (NOP14) is part of a sub-complex 

responsible for the processing of 18S rRNA and the formation of the nuclear ribosomal 

40S subunit. Both haploinsufficiency and overexpression of NOP14 was found to be 

detrimental to cells suggesting that expression of NOP14 is tightly controlled. We found 

that knockout of one copy of NOP14 orthologue, NOP14p, in diploid yeast causes the cells 

to slowly lose their mitochondria. In the mouse organ of Corti Nop14 showed a very 

specific, non-nucleolar expression pattern exclusive to sensory hair cells, which becomes 

apparent after the onset of hearing. Here we present the data that biallelic variants in 

NOP14 are likely associated with Perrault syndrome and that NOP14 is not exclusively 

localised to the nucleolus and may have a role in mitochondrial function either directly or 

through nuclear-mitochondrial communication. 

6.2. Introduction 

Perrault syndrome, characterised by sensorineural hearing loss (SNHL) in both sexes and 

primary ovarian insufficiency (POI) in females with a normal karyotype, is a rare 

autosomal recessive condition (MIM 233400) (Pallister and Opitz 1979). In some families 

with Perrault syndrome neurological phenotypes are present including intellectual 

disability, ataxia and motor sensory neuropathy (Fiumara et al. 2004;Gottschalk et al. 

1996). Six genes are associated with Perrault syndrome to date: HSD17B4 (MIM 233400) 

(Pierce et al. 2010), HARS2 (MIM 614926) (Pierce et al. 2011), LARS2 (MIM 615300) 

(Pierce et al. 2013), CLPP (MIM 614129) (Jenkinson et al. 2013), C10orf2 (MIM 616138) 

(Morino et al. 2014) and ERAL1 (MIM 607435) (Chatzispyrou et al. 2017). Of these genes, 

the latter five function in the mitochondrial translation pathway and recently it has 
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become apparent that at least some cases of Perrault syndrome are due to defects of 

mitochondrial translation (Chapter 5) (Chatzispyrou et al. 2017). 

Here we present a single consanguineous family comprising three sisters with Perrault 

syndrome due to variants in a novel Perrault syndrome gene NOP14. Whole exome 

sequencing used in conjunction with autozygosity mapping revealed four rare 

homozygous variants in the affected siblings of which NOP14 c.1160A>G p.(Glu387Gly) 

was the most promising candidate for the Perrault syndrome phenotype. 

NOP14 is part of a sub-complex involved in the processing of nuclear 18S rRNA and the 

biogenesis of the 40s small ribosomal subunit (Liu and Thiele 2001;Warda et al. 2016). 

NOP14 was shown to be essential for the biogenesis of the 40s ribosomal subunit with 

knockdown of NOP14 in cells resulting in the accumulation of pre-18S rRNA and the 

depletion of mature 18s rRNA and the 40S ribosomal subunit (Warda et al. 2016). 

Our data revealed that NOP14 may have functions in addition to its role in nuclear 

ribosome biogenesis. In diploid yeast the knockout of one copy of the NOP14 gene 

resulted in the slow loss of mitochondria from these cells. In HeLa cells overexpression of 

NOP14 appeared detrimental to the cells. Localisation of Nop14 in the mouse organ of 

Corti revealed a unique localisation pattern in the sensory hair cells outside the nucleus 

which appeared after the onset of hearing. Here we have identified NOP14 as a putative 

novel Perrault syndrome gene and provide the initial evidence for a role for NOP14 in 

mitochondrial homeostasis. 

6.3. Materials and methods 

6.3.1. 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 Ethics 

Committee (16/WA/0017) and University of Manchester. The NIH Animal Use Committee 

approved protocol 1263-15 to T.B.F. for mice.  

6.3.2. Autozygosity mapping and whole exome sequencing 

Autozygosity mapping was performed on five individuals from the family (III-1, III-2, III-3, 

III-4 and III-5) using the Affymetrix Genome-wide SNP6.0 arrays and analysed in AutoSNPa 
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(http://dna.leeds.ac.uk/autosnpa/) (Carr et al. 2006). Whole exome sequencing was 

performed on DNA extracted from lymphocytes from individual III-4. The Agilent 

Technologies, Santa Clara, CA, USA SureSelect Human All Exon V5 Panel was used for 

library preparation and sequencing was performed on the  SOLiD 4 sequencer previously 

detailed (Mitchell et al. 2012).  

6.3.4. Confirmation of variants 

Variants were confirmed in the family via Sanger sequencing using the ABI big Dye v3.1 

(Thermo Fisher Scientific Inc, Waltham, MA, USA) sequencing technology. Primer 

sequences are available in Appendix I. 

6.3.5. Prediction of variant pathogenicity 

The following resources were used in the prediction of variant pathogenicity; 

Exome Variant Server (EVS) (NHLBI GO Exome Sequencing Project (ESP)),  

http://evs.gs.washington.edu/EVS/    

ExAC (Exome Aggregation Consortium (ExAC)), http://exac.broadinstitute.org/  

Polyphen2 (Adzhubei et al. 2010), http://genetics.bwh.harvard.edu/pph2/   

SIFT (Kumar et al. 2009), http://sift.jcvi.org/  

Mutation Taster (Schwarz et al. 2014), http://www.mutationtaster.org/  

6.3.6. Conservation mapping 

Sequences were mapped using Clustal Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al. 2011). The reference 

sequences are as follows; Human, NP_001278907. Chimpanzee, ENSPTRT00000029596.5. 

Rat, ENSRNOT00000082612.1. Mouse, NP_083554. Platypus, ENSOANT00000029290.2. 

Chicken, ENSGALT00000025234.6. Xenopus, ENSXETT00000032248.3. Tetradon, 

ENSTNIT00000022183.1. Zebrafish, ENSDART00000165357.1. Fruitfly,  NP_652040.2. C. 

Elegans, NP_740774. S. Cerevisiae NP_010133.  

6.3.7. Mitochondrial targeting sequence prediction 

Mitofates (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi) (Fukasawa et al. 2015) was used 

to predict if proteins contained a mitochondrial targeting sequence. 

http://dna.leeds.ac.uk/autosnpa/
http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org/
http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org/
http://www.mutationtaster.org/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi
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6.3.8. Prediction of functional domains 

The following online software was used to predict the functional domains of proteins 

using the protein reference sequence NP_001278907. 

SMART (http://smart.embl-heidelberg.de/) (Letunic et al. 2015)  

NCBI conserved domains (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) 

(Marchler-Bauer et al. 2015)  

Interpro (https://www.ebi.ac.uk/interpro) (Jones et al. 2014) 

6.3.9. Yeast Strains 

The Saccharomyces cerevisiae strains used in this report are shown in Table 6.1. All 

knockout strains are diploid with one copy of NOP14 ablated. Yeast cells were grown in 

standard YPD media or on standard YPD agar plates unless otherwise indicated. The strain 

containing the plasmid was grown on Synthetic defined (SD)-URA plates. YP-Ethanol, YP-

Acetate and YP-Glycerol plates were used as a non-fermentable carbon source. Yeast 

were always grown at 30°C. Plasmids were transformed into yeast using the one-step 

transformation method (Chen et al. 1992). 

 

 

Strain Genotype 

 BY4743_NOP14Δ 

BY4743; MATa/MATα; ura3Δ0/ura3Δ0; leu2Δ0/leu2Δ0; 

his3Δ1/his3Δ1; met15Δ0/MET15; LYS2/lys2Δ0; 

YDL148c/YDL148c::kanMX4 

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 

YPH501_NOP14Δ YPH501 YDL148C::KanMX4/YDL148C 

YPH501_NOP14Δ 

Mouse Nop14 
YPH501_NOP14Δ pSF-STE5-MouseNop14 

Table 6.1. Saccharomyces cerevisiae NOP14 yeast strains 

 

http://smart.embl-heidelberg.de/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ebi.ac.uk/interpro
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6.3.10. Cell culture 

HeLa cells were cultured in Dulbecco Modified Eagle Medium  (DMEM) media with 10% 

(v/v) foetal bovine serum (FBS) and 2mM Glutamax at 37C in 10% CO2. 

6.3.11. Cell transfection and staining 

HeLa cells were transfected with the plasmids Nop14-EGFP and Nop14-TurboGFP using 

Lipofectamine 3000 (Thermo Fisher Scientific Inc, Waltham, MA, USA) Briefly 10x45 cells 

were seeded into each well of a six well plate in the morning for a transfection in the 

afternoon. When attached, the cells were transfected according to the manufacturer 

protocol using 1.6-1.75 ug of plasmid DNA per 2.5ul of lipofetamine 3000 reagent. The 

transfected cells were incubated overnight at 37°C with 10% CO2. For the imaging of cells 

using the confocal microscope HeLa cells were seeded onto glass bottom plates prepared 

with fibronectin. The cells were incubated for approximately 4 hours (3-5) until optimum 

cell density and attachment was achieved then fixed in the following solution for 15 

minutes at room temperature, 4% paraformaldehyde, 2% sucrose in PBS. After fixation 

the cells were washed 3 times in PBS and stored at 4°C until staining. 

Cells were permeabilised and blocked in the 0.2% Triton X and 10% normal goat serum in 

PBS solution at room temperature. After permeabilisation/blocking the samples were 

washed 3 times in PBS. Cells were incubated with the primary antibodies (Table 6.2) in 

blocking solution (blocking solution - 2% normal goat serum in PBS) for 1-2 hours at room 

temperature. Samples were washed 3 times in PBS. The samples were incubated in 

Secondary antibody solution (Phalloidin Alexa 647, Hoechst (2.5μg/ml) and secondary 

antibody in blocking solution (Table 6.2) for 2 hours at room temperature with gentle 

agitation. After incubation with the secondary antibody solution the cell were washed 3 

times in PBS and stored at 4°C in PBS to be imaged within 24 hours. Cells were imaged 

using a LSM780 confocal microscope (Zeiss Inc, Oberkochen, Germany Inc) equipped with 

63X, 1.4 N.A. objective. 
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Antibody Name Supplier and details 
Concentration/dilution 

used 

NOP14-Sigma 
NOP14 rabbit polyclonal antibody- Sigma-Aldrich, 

St. Louis, MO, USA - Cat no. HPA039596 

HeLa Cells -0.2µg/ml, 

organ of Corti - 5µg/ml 

NOP14-SantaCruz 
NOP14 mouse monoclonal antibody- Santa Cruz 

Biotechnology, Dallas, TX, USA - Cat no. sc-398724 
HeLa Cells - 0.4µg/ml 

NIFK 
NIFK  mouse monoclonal antibody - Abcam, 

Cambridge, UK- Cat no. ab211871 
HeLa Cells - 2µg/ml 

SNAP25 
SNAP 25mouse monoclonal antibody - Santa Cruz 

Biotechnology, Dallas, TX, USA -  Cat no. sc-136267 
organ of Corti - 1µg/ml 

Cytoskeletal 

staining 

Alexa fluor 647 phalloidin or rhodamine phalloidin, 

Thermo Fisher Scientific Inc, Waltham, MA, USA 

HeLa Cells - 1:50, organ of 

Corti- 1:100 

Mouse secondary 

antibody 

Goat anti-mouse - Alexa fluor 568, Thermo Fisher 

Scientific Inc, Waltham, MA, USA 

HeLa Cells - 1:250, organ 

of Corti 1:400 

Rabbit secondary 

antibody 

Goat anti-rabbit - Alexa fluor 488, goat anti-rabbit 

Alexa fluor 568, Thermo Fisher Scientific Inc, 

Waltham, MA, USA 

HeLa Cells - 1:250, organ 

of Corti 1:400 

Table 6.2. Antibody details and concentrations. 

Details and concentrations for the antibodies and staining reagents used in this report. 

Two different NOP14 antibodies were used to localise NOP14 in HeLa cells. The antibody 

used will be specified in the appropriate figure legend. 

 
 

6.3.12. Plasmids 

The plasmid Nop14-TurboGFP (Origene, Rockville, MD, USA, cat no. MG210980, Accession 

NM_029278) was used as provided by the manufacturer. The plasmid Nop14-EGFP was 

created by cloning the mouse ORF cDNA (BC043043) Nop14 into a C-terminal pEGFP-N1 

vector (Clontech, Mountain View, CA, USA-discontinued). Briefly the Mouse ORF cDNA 

minus the stop codon was amplified using the primers below from the plasmid 5701430 

(Dharmacon, Lafayette, CO, USA -MMM1013-202858876). 

Nop14_infusion_1: TACCGGACTCAGATCTATGGGGAAAGCCAAG 

Nop14_infusion_2: CGCGGTACCGTCGACTGCAGTTTTTTGAACTTTTTCCTCT 
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The pEGFP-N1 vector was digested with BglII and PstI. The ORF was inserted into the 

digested vector using the In-Fusion HD Plus EcoDry Cloning System (Clontech, Mountain 

View, CA, USA) according to manufacturer instructions. 

The plasmid pRS-STE5-Nop14 was created by cloning the mouse ORF cDNA (BC043043) 

Nop14 into a pSF-STE5-URA3 yeast expression vector (Oxford Genetics, Oxford, UK- 

OG535). Briefly the Mouse ORF cDNA was amplified using the primers below from the 

plasmid 5701430 (Dharmacon, Lafayette, CO, USA -MMM1013-202858876). 

MoNOP14-F(NcoI) – GCGCGCCCATGGGGAAAGCCAAGCGGAC 

MoNOP14-B(XbaI) – GGGGGTCTAGATTATTTTTTGAACTTTTTCCTC 

Both the cloned ORF and the vector were digested with NcoI and XbaI and ligated using 

T4 ligase. All inserts were confirmed via Sanger sequencing using the ABI big Dye v3.1 

(Thermo Fisher Scientific Inc, Waltham, MA, USA) sequencing technology before use. 

Plasmid maps and sequencing primers are available in Appendix I. 

6.3.13. Localisation of PRORP in the mouse organ of Corti 

The NIH Animal Use Committee approved protocol 1263-15 to T.B.F. for mice. C57/BJ6 

mice at ages Postnatal day 3 (P3), P10, P14, P18 and P30 were euthanised, the cochlear 

capsule was removed and fixed with 4% paraformaldehyde in PBS for 2 hours. The 

samples were microdissected and the organ of Corti was permeabilised with 1% 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 primary antibodies (Table 6.2) in 

blocking solution, followed by several rinses with PBS. Samples were incubated with 

secondary antibodies (Table 6.2) for 30 min. Samples were washed several times with PBS 

and were mounted with ProLongGold Antifade staining reagent with DAPI (Molecular 

Probes, Invitrogen, Carlsbad, CA, USA) and examined using LSM780 confocal microscope 

(Zeiss Inc, Oberkochen, Germany Inc) equipped with 63X, 1.4 N.A. objective.  

6.3.14. Gene Gun transfection of organ of Corti 

Inner-ear sensory epithelium cultures were prepared from organ of Corti of P1 C57Bl/6 

mice and transfected with plasmid DNA using the gene gun method as described in 

Belyantseva (2016).  Briefly the organ of corti spiral was dissected in Leibowitz cell culture 
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medium (Invitrogen, Carlsbad, CA, USA) and was attached to a glass-bottom Petri dish 

(MatTek, Ashland, MA, USA) coated with Rat tail collagen and maintained at 37°C and 5% 

CO2 in DMEM supplemented with 7% FBS for 1–3 days. Cultures were then transfected by 

using a Helios gene gun (Bio-Rad, Hercules, CA, USA). Gold particles of 1.0-μm diameter 

(Bio-Rad, Hercules, CA, USA) were coated with Nop14-TurboGFP plasmid DNA at a ratio of 

2 μg of plasmid DNA to 1 mg of gold particles and precipitated onto the inner wall of 

Tefzel tubing, which was cut into individual cartridges containing approximately 1µg of 

plasmid DNA. Samples were bombarded with the gold particles from one cartridge per 

culture by using 110 psi of helium. After an additional 8 h to 4 days in culture, samples 

were fixed in 4% paraformaldehyde and stained using the same method as the tissue 

samples above.  

6.4. Results 

6.4.1. Clinical Report  

Detailed phenotypes for the three affected siblings in this family have been reported 

previously (Mehdipour et al. 1999). Briefly, the family is consanguineous and of Iranian 

descent. There are three affected sisters, two unaffected male siblings and their 

unaffected parents (Fig 6.1). Progressive bilateral SNHL was present in all three siblings 

with onset at two years of age in the eldest affected sibling.  At the latest assessment the 

hearing loss was severe to profound in the two elder affected siblings and moderate to 

profound at higher frequencies in the youngest affected sibling. All three affected sisters 

achieved a normal height and tests indicated thyroid function was normal. The three 

sisters also presented with primary amenorrhea and lacked secondary sexual 

characteristics. Ultrasound showed hypoplasic uterus and small or streak ovaries for all 

affected siblings. Cytogenetic testing confirmed a 46, XX karyotype in all affected patients. 

Follicle stimulating hormones and luteinising hormones were in the postmenopausal 

range for all sisters and all had no response to the progesterone challenge (indicating low 

levels of estradiol) confirming a diagnosis of hypergonadotropic hypogonadism. The 

proband had a mild intellectual disability with the second sister having a normal IQ and 

the youngest affected sibling having a borderline intellectual disability. No other 
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neurological phenotypes were reported in this family and the CT scans for the three 

affected sisters were normal (Mehdipour et al. 1999). 

 

 

 

Figure 6.1. Pedigree of a consanguineous Iranian family with Perrault syndrome. 

Filled icons indicate affected individuals. Adapted from (Mehdipour et al. 1999). 

 

6.4.2. Exome sequencing, Filtering and Variant confirmation  

Whole exome sequencing was performed on affected individual III-4 as previously 

detailed (Mitchell et al. 2012). Autozygosity mapping was performed on five individuals 

from the family (III-1, III-2, III-3, III-4 and III-5) as previously described (Banka et al. 2011). 

Four regions of homozygosity above 2mb were identified which were shared by affected 

individuals but not unaffected individuals (Table 6.3). 
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Chromosome Position Size 

4 0-7,192,960 7.2Mb 

8 100,801,200-103,148,200 2.3Mb 

11 116,148,900-121,051,700 4.9Mb 

14 101,774,000-108,671,300 6.9Mb 

 

Table 6.3. Regions of homozygosity shared in affected individuals. 

Regions of homozygosity above 2Mb shared between affected individuals (III-1, III-2, and 

III-4) but not unaffected individuals (III-3, III-5). 

 

Four homozygous variants were detected in the regions of homozygosity with a frequency 

less than 1% in the Exome variant server (EVS) (NHLBI GO Exome Sequencing Project 

(ESP)).  

 

Gene UVSSA NOP14 HMBS ZNF839 

Variant c.17C>T p.(Ser6Leu) 
c.1160A>G 

p.(Glu387Gly) 

c.664G>A 

p.(Val222Met) 

c.2027C>T 

p.(Pro676Leu) 

Transcript NM_020894 NM_001291978 NM_000190 NM_018335 

Variant annotation rs138607842 N CM980985 rs544983444 

EVS MAF 0.0769 N N N 

ExAC MAF 0.0009243 N N 0.03 

Polyphen 
Possibly damaging 

(0.92) 
Benign (0.026) 

Probably damaging 

(0.98) 
Benign (0.307) 

SIFT Deleterious (0.02) Tolerated (0.33) Deleterious (0.01) Tolerated (0.28) 

Mutation Taster Polymorphism (1) Disease causing (1) Disease causing (1) Polymorphism (1) 

Table 6.4. Rare homozygous variants identified in regions of homozygosity in individual 

III-4. 

Variants with a minor allele frequency (MAF) less than 1% in EVS seen in the exome data 

from individual III-4, filtered to only include the regions of homozygosity (Table 6.3). N, 

not present. 

 

UVSSA encodes UV-stimulated scaffold protein A which functions in the nucleotide 

excision repair pathway (Nakazawa et al. 2012). Biallelic variants in UVSSA are associated 

with UV-sensitive syndrome characterised by cutaneous photosensitivity and cutaneous 
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pigmentation. The cells of affected individuals show depressed recovery of transcription 

after UV irradiation (Itoh et al. 1994;Nakazawa et al. 2012). As the patients in this family 

showed no sign of photosensitivity the variant in UVSSA was excluded as the cause of 

Perrault syndrome. 

HMBS encodes porphobilinogen deaminase an enzyme in the heme synthesis pathway. 

Heterozygous variants in HMBS are associated with autosomal dominant acute 

intermittent porphyria characterised by recurrent attacks of neurological dysfunction 

which may include gastrointestinal disturbances and nervous system dysfunction 

(Grandchamp et al. 1989;Chen et al. 1994). Biallelic variants in HMBS have been 

associated with a more severe phenotype with one child displaying porencephaly and 

severe developmental retardation. In this case both parents had shown an acute 

intermittent porphyria phenotype either clinically or biochemically (Beukeveld et al. 

1990). In another unrelated child a homozygous change in HMBS as shown to cause with 

hepatosplenomegaly, mild intellectual disability, yellow-brown teeth, and dark red urine. 

The parents in this case were both heterozygous for the variant and asymptomatic 

making this a true case of a recessive phenotype due to variants in HMBS (Hessels et al. 

2004). Although the software has predicted the variant to be pathogenic the phenotype 

associated with this gene does not match the Perrault syndrome phenotype especially in 

light of the more severe presentation associated with biallelic variants in HMBS. 

The function of ZNF839 is not well characterised. A single nucleotide polymorphism in 

ZNF839 has been shown to be associated with survival rates in colorectal cancer through 

microRNA binding (Yang et al. 2017). Although rare this variant has been seen as a 

homozygous change in one individual in ExAC (Exome Aggregation Consortium (ExAC)). As 

the ExAC population is in theory unaffected by genetic syndromes it is unlikely that this 

variant is responsible for the Perrault syndrome phenotype in the affected family. 

NOP14 encodes NOP14 a nucleolar protein involved in the biogenesis of the 40s 

ribosomal subunit (Liu and Thiele 2001). There have been no genetic disorders reported 

to be associated with variants in NOP14. There are no reported homozygous loss of 

function variants in this gene, including in a large consanguineous population comprising 

over 3200 healthy individuals (Narasimhan et al. 2016), suggesting it may be essential for 

life. The variant NOP14 c.1160A>G p.(Glu387Gly) is also absent from Gnomad (Lek et al. 

2016). With the exclusion of the other candidate variants the variant NOP14 c.1160A>G 
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p.(Glu387Gly) appeared a promising candidate for the cause of Perrault syndrome in this 

family. 

The variant NOP14 c.1160A>G p.(Glu387Gly) was confirmed via Sanger sequencing. All 

three affected siblings were homozygous for the variant while the two unaffected siblings 

and the unaffected parents were heterozygous for the variant (Fig. 6.2a). Six families with 

genetically unresolved Perrault syndrome without a known genetic cause were screened 

for NOP14 but no putative pathogenic variants were identified. 
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Figure 6.2. Affected individuals are homozygous for the variant NOP14 c.1160A>G and the residue NOP14 p.387 is moderately conserved. 

A) Sanger sequencing traces from affected individual III-1, her unaffected sibling (III-2) and a control sample. The affected residue is 

highlighted in blue. The affected individual is homozygous for the variant c.1160A>G, the unaffected sibling is heterozygous c.1160A>G and 

the control sample is wild type at this position. B) Conservation of NOP14 p.387 across multiple species. The variant residue in this family, 

NOP14 p.387, is highlighted in red.  



173 
 

 

The residue NOP14 p.E387 is moderately conserved but is a glycine in both platypus and 

in xenopus (Fig 6.2b). There are no known functional domains in Yeast Nop14p (Liu and 

Thiele 2001). We performed an analysis of the human protein (NP_001278907) using 

SMART (http://smart.embl-heidelberg.de/) (Letunic et al. 2015), NCBI conserved domains 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Marchler-Bauer et al. 2015) 

and Interpro (https://www.ebi.ac.uk/interpro) (Jones et al. 2014) but no functional 

domains or known motifs were identified. It has been reported that Nop14p was detected 

on a western using an antibody for Noc2p. The authors suggested this was due to tertiary 

structure similarities rather than sequence homology (Milkereit et al. 2003). This could 

mean that any functional domains in NOP14 may share structural but not sequence 

homology to known domains making them difficult to identify using traditional prediction 

tools. With no identifiable domains and no 3D structure available it is difficult to predict 

the likely effect of the variant NOP14 c.1160A>G p.(Glu387Gly). 

6.4.3. The loss of one copy of Nop14p in diploid yeast causes the slow loss of 

mitochondria 

The genetic data suggested NOP14 was the most likely causative gene for Perrault 

syndrome in this family but NOP14 has no known function in mitochondria. As such 

NOP14 does not associate with the other Perrault syndrome genes and there may be a 

different pathogenic mechanism for the SNHL and POI in this family. We undertook 

investigations in the yeast Saccharomyces cerevisiae to examine the pathology of Perrault 

syndrome due to variants in NOP14. 

The orthologue of human NOP14 in Saccharomyces cerevisiae is NOP14p, it shares ~25% 

sequence homology with the human protein and the function in ribosomal biogenesis has 

been shown to be conserved (Liu and Thiele 2001). Analysis of the Yeast orthologue 

NOP14p with Mitofates (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi) (Fukasawa et al. 

2015) revealed a degenerate mitochondrial targeting sequence. Both the yeast and 

mouse orthologues of NOP14 have shown to be localised to the mitochondria using mass 

spectrometry (Sickmann et al. 2003;Calvo et al. 2016) Analysis of human NOP14 

(NP_001278907) with Mitofates predicted the protein does not have a mitochondrial 

http://smart.embl-heidelberg.de/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ebi.ac.uk/interpro
http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi
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targeting sequence and human NOP14 has not been found to be part of the human 

mitochondrial proteome (Fukasawa et al. 2015;Calvo et al. 2016).  

NOP14 is an essential gene in yeast and complete knockout is lethal. We obtained a 

diploid strain with one copy of NOP14 removed. This was confirmed by PCR. Given the 

predicted mitochondrial targeting sequence we wanted to test the mitochondrial 

function in this strain. When the NOP14 knockout strain was grown on a non-fermentable 

carbon source, which forces yeast to use their mitochondria for respiration, the strain was 

not viable indicating non-functional mitochondria. This suggested the loss of even one 

copy of NOP14 was detrimental to mitochondrial function so we produced a NOP14 

knockout in the diploid YPH501 strain. The YPH501 strain contains a variant in ADE2 

which causes cells with functioning mitochondria to produce a red pigment allowing 

mitochondrial function to be monitored (Dorfman 1969). It was noted that over time 

colonies of the diploid knockout for Nop14 would lose their red colour and thus their 

mitochondrial function. This was apparent on standard YPD plates. There was no initial 

growth defect on a non-fermentable carbon source. This indicates that loss of even one 

copy of NOP14 causes the loss of functional mitochondria but this process is not 

immediate and may take a number of generations to become apparent. 
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Figure 6.3. The loss of one copy of NOP14 causes the gradual loss of mitochondrial function in yeast which is not rescued by Mouse 

Nop14. 

Images of two strains YPH501_NOP14Δ and YPH501_NOP14Δ transformed with pSF-STE5-Nop14Mouse. Some cells have lost mitochondrial 

function indicated by the loss of red pigment. In the enlarged view you can see the loss of mitochondria the colonies occurring in sectors. 

This sectoring is commonly seen in strains with the ADE2 variants when genetic defects cause mitochondrial loss (Wang et al. 2007). 
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6.4.4. Complementation with Mouse Nop14 does not rescue mitochondrial loss 

In order to perform yeast complementation assays we inserted the mouse Nop14 

sequence (BC043043) into a plasmid containing a yeast STE5 (low activity) promotor. The 

plasmid was transformed into the YPH501_NOP14Δ strain for sporulation to produce 

haploid cells with either yeast NOP14 or the plasmid containing mouse Nop14. These cells 

failed to sporulate and when examined by light microscopy had stalled during 

sporulation. We can assume that over-expression of murine Nop14 in yeast cells is 

detrimental for sporulation as the diploid knockout had previously sporulated normally. It 

was also noted that the cells transformed with the plasmid were losing mitochondria 

function (Fig 6.3) and so the insertion of the Nop14 mouse gene did not rescue the 

mitochondrial loss in these cells. 

6.4.5. Localisation of NOP14 in Hela cells 

Experiments in yeast showed that NOP14p has an influence over mitochondrial function 

so we were interested to see if NOP14 had additional localisations outside the nucleolus. 

Using antibody staining we confirmed the localisation of endogenous NOP14 in Hela cells 

to the nucleolus (Fig 6.4). There appeared to be no additional localisations for 

endogenous NOP14 in Hela cells. 

 



177 
 

 

Figure 6.4. In HeLa cells endogenous NOP14 localises to the nucleolus 

Confocal fluorescence microscopy of HeLa cells showing localisation of NOP14 protein (NOP14-Sigma, red). Cells were counterstained with 

Hoechst (nuclear marker, blue) to visualise the nuclei, NIFK (nucleolar marker, green) to visualise the nucleolus and Phalloidin (F-actin 

marker, pink) to visualise the cytoskeleton.  The scale bar is 20µm. 
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To assess the effect of overexpression of NOP14 we produced a plasmid containing the 

mouse cDNA for Nop14 (Accession - BC043043) with a C-terminal EGFP tag. The C-

terminal tag was chosen as to not disrupt targeting sequences located at the N-terminus 

of the protein. We transfected Hela cells with this construct (Fig.6.5). In contrast to the 

localisation of endogenous NOP14 we noted two distinct localisations for Nop14-EGFP. In 

some cells large spots of nucleolar staining was seen with additional staining at nuclear 

foci (Fig.6.5A and 6.5D). It is possible that the EGFP tag is causing the protein to aggregate 

on the surface of the nucleoli either directly or through reduced associated with co-

factors required for nucleolar localisation. The use of mouse Nop14 may also reduce 

association with these co-factors such as such as NOC4L (Warda et al. 2016), which is 

essential for the nucleolar localisation of NOP14. The aggregation of protein at nuclear 

foci has been seen in cells where EMG1 (NOP14 co-factor) and the variant EMG1 D86G 

were overexpressed. In these cases the EMG1 was localised to these foci for proteasome 

degradation (Armistead et al. 2009;Warda et al. 2016). It seems likely that Nop14 is also 

localised to foci for proteasome degradation as the saturation of proteins required for the 

localisation of NOP14 to the nucleolus, could prevent complete nucleolar localisation.  

In other cells diffuse nuclear staining was noted (Fig. 6.5B and 6.5C). In these cells there 

was a high level of NOP14 antibody staining in what appeared to be the nucleolus. It may 

be that some of the Nop14 has lost the EGFP tag and thus preventing the aggregation of 

Nop14-EGFP on the nucleoli as seen in panel A.  It is not clear why some cells show these 

differing patterns of Nop14-EGFP expression, it may relate to the levels of expression of 

the construct. 
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Figure 6.5. Nop14-EGFP shows two distinct patterns of localisation 

Confocal fluorescence microscopy of HeLa cells showing localisation of Nop14 with a c-

terminal EGFP tag (green). A & B) Cells were counterstained with Hoechst (nuclear DNA 

A 

B 

C 

D 
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marker, blue) to visualise the nuclei, NIFK (nucleolar marker, red) to visualise the 

nucleolus and Rhodamine-Phalloidin (F-actin marker, pink) to visualise the cytoskeleton. 

The scale bar is 20µm. C & D) Cells were counterstained with Hoechst (nuclear DNA 

marker, blue) to visualise the nuclei, NOP14 antibody (Santa Cruz Biotechnology, Dallas, 

TX, USA, red) and Phalloidin (F-actin marker, pink) to visualise the cytoskeleton. The scale 

bar is 20µm. 

 

 

HeLa cells were also transfected with a construct containing Nop14 c-terminally labelled 

with turbo GFP (Origene Rockville, MD, USA, Accession NM_029278.2). These cells 

showed the same dual localisation patterns as the EGFP tagged Nop14. In contrast this 

construct was able to enter the nucleolus (Fig 6.6) suggesting that the aggregation on the 

nucleolar surface (Fig 6.5A and 6.5D) is due to the EGFP tag. There was also some Nop14-

TurboGFP localised to the cytoplasm which is likely due to overexpression saturating 

import into the nucleus or the Turbo-GFP tag causing slight interference to nuclear 

import. 
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Figure 6.6. Nop14-TurboGFP shows two distinct patterns of localisation in HeLa cells. 

Confocal fluorescence microscopy of HeLa cells showing localisation of Nop14 with a c-

terminal TurboGFP tag (green). A & B) Cells were counterstained with NOP14 (Sigma, 

Red), Hoechst (nuclear DNA marker, blue) to visualise the nuclei and phalloidin (F-actin 



182 
 

marker, pink) to visualise the cytoskeleton. The scale bar is 20µm. C ) Cells were 

counterstained with Hoechst (nuclear DNA marker, blue) to visualise the nuclei, NIFK 

(nucleolar marker, red) and Phalloidin (F-actin marker, pink) to visualise the cytoskeleton. 

The scale bar is 20µm. 

 

Some cells transfected with NOP14-turboGFP showed nuclear blebbing and malformation 

(Fig 6.7). A notable number of cells were seen with this defect. It appears overexpression 

of NOP14-turboGFP is detrimental to Hela cells.  

 

 

Figure 6.7. Overexpression of Nop14-TurboGFP has a detrimental effect on HeLa cells 

Confocal fluorescence microscopy of HeLa cells showing localisation of Nop14 with a c-

terminal GFP tag (green). Cells were counterstained with Hoechst (nuclear DNA marker, 

blue) to visualise the nuclei and Phalloidin (F-actin marker, pink) to visualise the 

cytoskeleton. Panel A was conterstained with NOP14-Santa Cruz Biotechnology, Dallas, 

TX, USA and panel B with NOP14-Sigma. The scale bar is 20µm.  
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6.4.6. NOP14 has a specific non-nucleolar localisation in mouse auditory hair cells 

Although it appears that NOP14 may have an uncharacterised function affecting 

mitochondria we did not see any specific non-nucleolar localisation of endogenous 

NOP14 or overexpressed Nop14 in HeLa cells. We considered that NOP14 may have tissue 

specific expression which might not be apparent in tissue culture cells. To investigate this 

potential tissue specific expression and the pathological mechanism behind the hearing 

loss in the affected family we undertook localisation of Nop14 in the mouse organ of 

Corti. The organ of Corti from mice aged postnatal day 3 (P3) to P30 were removed and 

fixed before endogenous Nop14 was localised using a NOP14 antibody (Sigma, green). 

Samples were also counterstained using a nuclear marker (DAPI, blue), a cytoskeletal 

marker (localises f-actin, rhodamine-phalloidin in panel A, red. Phalloidin  in panel C and 

E, pink) and in panel c a presynaptic membrane marker SNAP25  synaptosome-associated 

protein 25).  

At P3 we see low levels of Nop14, which is likely background staining, in the mouse organ 

of Corti (Fig 6.8A). The distinct nucleolar staining seen in HeLa cells is not seen here and it 

is likely that if the hair cells are expressing Nop14 it is at low levels. At P3 the organ of 

Corti is not fully developed and the mice cannot hear, the onset of hearing occurs at 

approximately P12-P14 (Ehret 1976). At P14 we see a distinct pattern of Nop14 

localisation with staining in both the outer hair cells and at the base of the inner hair cells. 

In the outer hair cells the location and pattern of expression suggest Nop14 localises to 

the outer hair cells synapses. In the inner hair cells there appears to be a single foci of 

Nop14 per cell, which does not localise to nucleus.  By P18 localisation of Nop14 is no 

longer seen in outer hairs cells but there is increased Nop14 localised to the base of the 

inner hair cells (Fig. 6.8C and 6.8D). This localisation persists into adult mice (P30, Fig 

6.8E). We did not see significant nuclear localisation of Nop14 in the mouse organ of Corti 

at any age. The pattern of Nop14 localisation seen in the organ of Corti is markedly 

different than that seen in HeLa cells. It appears Nop14 is not exclusively localised to the 

nucleolus and as such may have additional tissue specific localisation. 
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Figure 6.8. Nop14 has a specific non-nucleolar localisation pattern in the mouse organ 

of Corti 

Confocal fluorescence microscopy optical sections of the whole mount organ of Corti 

samples from C57/BJ6 mice at postnatal days 3, 14 and 18 and 30 (P3, P14, P18 and P30, 

correspondingly) showing localisation of Nop14 (green). All samples were counterstained 

with DAPI (nuclear DNA marker, blue) to visualize the nuclei of hair cells. Panel A was also 

counterstained with rhodamine-phalloidin (cytoskeletal marker, red). Panel C and E were 
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counterstained with phalloidin (cytoskeletal marker, pink). Panel C was also stained for 

SNAP25 (presynaptic membrane marker, red), to visualize efferent synapses at the base 

of outer hair cells (OHCs) and nerve fibres and synaptic buttons at the base and around 

IHCs. Panel B shows different focal planes within a sample to visualise both the OHC (left) 

and IHC (right) areas. The dashed white line outlines the area of the outer hair cells (OHC) 

at the nuclear level and the dotted white line outlines the area around the inner hair cell 

nuclei (IHC). The scale bar is 20µm. 

 

To determine if the pattern of Nop14 localisation in the organ of corti is age specific we 

transfected organ of corti explants from C57/BJ6 mice at P3 with Nop14-TurboGFP using 

the gene gun method (Fig 6.9). Transfected hair cells showed the same pattern of 

expression as HeLa cells suggesting that the endogenous pattern of expression seen 

above is age specific and cannot be induced by the overexpression of Nop14 in mice 

before the onset of hearing. It also suggests that at this age Nop14 does localise to the 

nucleolus if it is produced.  
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Figure 6.9.  Hair cells from P3 mice transfected with Nop14-TurboGFP show a nucleolar pattern of Nop14 localisation. 

Confocal fluorescence microscopy optical section of the whole mount organ of Corti sample from a C57/BJ6 mouse at P3 which was gene 

gun transfected with the plasmid Nop14-TurboGFP (green). The sample was counterstained with NOP14 (Sigma, red), DAPI (nuclear DNA 

marker, blue) and phalloidin (cytoskeletal marker, pink). The transfected cell is an outer hair cell. The scale bar is 20µm. 
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6.5. Discussion 

We have identified a putative novel Perrault syndrome gene, NOP14, in a single 

consanguineous family. NOP14 is involved in nuclear ribosomal formation and as such 

does not fit the hypothesis that Perrault syndrome genes will be involved in the 

mitochondrial translation pathway. Initially the variant in NOP14 appeared like it may 

represent an alternate non-mitochondrial pathology for Perrault syndrome.  When we 

performed investigations in yeast it became clear that NOP14 had an influence over 

mitochondrial function. Localisation in the mouse organ of Corti showed that NOP14 has 

a tissue specific expression pattern and is not always localised to the nucleolus. This 

localisation indicates that NOP14 may have an additional non-nucleolar function and 

influences mitochondrial function. 

NOP14 is part of a sub-complex involved in the processing of 18S rRNA (Liu and Thiele 

2001;Warda et al. 2016). The sub-complex comprises UTP14A, NOC4L, NOP14 and EMG1. 

The complex is assembled in a hierarchical manner as shown in figure 6.10 with all of the 

preceding subunits required for the nucleolar localisation of the subsequent protein 

(Warda et al. 2016). NOP14 forms a stable heterodimer with NOC4L and is likely co-

regulated (Milkereit et al. 2003). It is possible that NOC4L and NOP14 are recruited into 

the sub-complex as a heterodimer but this has yet to be shown experimentally. EMG1 is a 

methyltransferase responsible for a post-transcriptional modification of 18s RNA, which is 

not essential for ribosome biogenesis (Meyer et al. 2011). The sub-complex also has an 

additional role in ribosomal biogenesis which has not been fully elucidated but likely 

involves processing of the 18s RNA (Liu and Thiele 2001;Meyer et al. 2011). Knockdown of 

any of the four subunits of the sub-complex resulted in the accumulation of pre-18S rRNA 

and depletion of mature 18S RNA and the 40S ribosomal subunit (Warda et al. 2016). 
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Figure 6.10. The hierarchical assembly of the ribosomal biogenesis sub-complex 

containing NOP14.  

The preceding subunit is required for the recruitment of each subsequent protein to the 

nucleolus and the complete complex is required for the biogenesis of the 40S ribosomal 

subunit (Warda et al. 2016). 

 

A single homozygous variant in EMG1, D86G, causes Bowen-Conradi syndrome 

(Armistead et al. 2009). Bowen Conradi syndrome is a severe infantile disorder which 

presents as growth retardation, micrognathia, microcephaly, joint abnormalities and 

severe psychomotor delay with affected children rarely surviving beyond the age of one 

year (Lowry et al. 2003;Armistead et al. 2009). The reported variant causes protein 

instability and a severe reduction in the amount of EMG1 localising to the nucleolus 

(Armistead et al. 2009). There are no reported genetic syndromes associated with the 

other three subunits of the complex. 

The family reported here did not have the features of Bowen-Conradi syndrome, caused 

by variants in EMG1. Not having features of Bowen-Conradi syndrome may have been 

due to the milder defect of NOP14 in this family or the additional function of EMG1 as a 
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methyltransferase (Meyer et al. 2011). Our functional work suggested that there may be 

another reason. When we investigated further it became apparent that NOP14 had more 

in common with other Perrault syndrome proteins than initially thought. 

Haploinsufficiency of NOP14p in yeast caused the loss of mitochondria indicating that 

NOP14p either has an essential mitochondrial function or is an essential component of 

mitochondrial and nuclear communication (mitonuclear communication).  

Mitochondrial-nuclear communication is vital for mitochondrial homeostasis and occurs 

through a bidirectional pathway with anterograde (nuclear to mitochondrial) and 

retrograde (mitochondrial to nuclear) signalling. While the pathway is bidirectional, 

anterograde signalling is mainly responsible for homeostasis and the retrograde pathway 

often signals mitochondrial stress (Quiros et al. 2016). Anterograde mitonuclear 

communication is controlled via the expression of nuclear encoded mitochondrial 

proteins that are involved in the expression of mitochondrial DNA or the regulation of the 

mitochondrial proteome. We could predict if NOP14 was affecting mitonuclear 

communications it may function in the anterograde pathway given its localisation in the 

nucleolus and the fact that the knockout yeast lost their mitochondria under normal non-

stress conditions suggesting mitochondrial homeostasis was disrupted.  

We also saw indications that NOP14 may have additional functions outside the nucleus. 

We found that mouse Nop14 has a very specific localisation pattern in the sensory hair 

cells of the organ of Corti. The localisation was seen from the onset of hearing and was 

seen in the outer hair cells (OHC) and inner hair cells (IHC) only. At P14 we saw 

localisation of Nop14 in the body of the OHCs. The pattern was suggestive of synaptic 

localisation and was no longer apparent at P18. In contrast from P14 we saw localisation 

of Nop14 to single foci towards the base of the inner hair cells. This localisation persisted 

into adulthood and was still present at the latest age examined (P30). This localisation 

pattern showed similarities to another Perrault syndrome gene, MRPP3, which after the 

onset of hearing showed localisation to the OHC synapses and the IHC synaptic area. It 

would be useful to co-localise Nop14 in the organ of Corti with the hair cell synapses as it 

appears to localise to the OHC synapses at P14 and the single foci of Nop14 in the IHC 

bodies may correspond to the synaptic bouton of the IHCs. A defect of the hair cell 

synapses could explain the hearing loss seen in this family with Perrault syndrome. 
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NOP14 appears to be a vital gene with no homozygous loss of function variants reported 

in online databases. Variants in NOP14 have not been previously associated with any form 

of genetic disease. The complete loss of NOP14p is lethal in yeast with haploinsufficiency 

causing mitochondrial dysfunction.  The overexpression of NOP14 in Hela cells was 

detrimental to the cells. This lethality following NOP14 overexpression suggests that the 

expression of NOP14 is likely tightly controlled in normal functioning cells with NOP14 

appearing to have specific tissue and developmental localisation patterns. It would be 

useful to assess the localisation of NOP14 in additional tissues with focus on possible 

mitochondrial localisation. This may help elucidate the role of NOP14 in mitochondrial 

homeostasis. 

The homozygous variant NOP14 c.1160A>G p.(Glu387Gly) is the likely cause of Perrault 

syndrome in this reported family. There have been no additional families identified with 

Perrault syndrome due to variants in NOP14 but this is not unexpected given the high 

genetic heterogeneity seen in Perrault syndrome and the rarity of cases. We have 

submitted this case to GeneMatcher (https://genematcher.org/), an online tool which 

connects individuals with interest in the same gene to solve unsolved exomes (Sobreira et 

al. 2015). It is important to identify a second family with Perrault syndrome and causative 

variants in NOP14 to confirm pathogenicity.  It appears that this case of Perrault 

syndrome may have a similar pathology of mitochondrial dysfunction as other cases of 

Perrault syndrome (Chatzispyrou et al. 2017). It is currently unknown whether NOP14 

functions in mitonuclear communication or has a role within the mitochondria itself. It is 

clear that the disruption of NOP14 disrupts mitochondrial homeostasis which is the likely 

pathological mechanism for the sensorineural hearing loss and primary ovarian 

insufficiency of Perrault syndrome. 
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Chapter 7: Variants in mitochondrial ribosomal protein 

DAP3 are causative of Perrault syndrome without a defect 

of mitochondrial translation 
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7.1. Abstract 

Perrault syndrome is a rare autosomal recessive condition characterised by sensorineural 

hearing loss in both sexes and primary ovarian insufficiency in 46, XX karyotype females. 

Other features, most commonly neurological are present in some cases. Six genes have 

been associated with Perrault syndrome to date: HSD17B4, HARS2, LARS2, CLPP, C10orf2 

and ERAL1, the latter five of which function in mitochondrial translation. Here we have 

identified a novel Perrault syndrome gene, DAP3. The proband in this case was the only 

child of a non-consanguineous family. Whole exome sequencing identified a hemizygous 

variant DAP3 c.1184G>A p.(Cys395Tyr) and large deletion encompassing the entire DAP3 

gene. DAP3 encodes death associated protein 3 (DAP3), which was initially identified as a 

pro-apoptotic factor. DAP3 also functions as part of the 28S mitochondrial ribosomal 

subunit and has a role in mitochondrial fission through regulation of the Drp, the 

mitochondrial fission protein. When the yeast orthologue of DAP3, RSM23, is knocked out 

yeast rapidly lose their mitochondria. We localised endogenous Dap3 in the mouse organ 

of Corti. We saw little endogenous Dap3 localised to the mitochondria, with high levels of 

Dap3 seen in a diffuse cytoplasmic localisation. Not all cells showed Dap3 localisation 

which can be associated with cell damage. The patient fibroblasts did not show a 

mitochondrial translational defect suggesting the pathological mechanisms of this case of 

Perrault syndrome may differ from those of previously reported cases with defects of 

mitochondrial translation. Dysfunction in a non-mitochondrial translation function of 

DAP3, either mitochondrial dynamics or apoptosis, may explain the Perrault syndrome 

phenotype in this case. While mitochondrial dysfunction explains many cases of Perrault 

syndrome, the underlying pathology may not be the same in all cases. 
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7.2. Introduction 

Perrault syndrome is a rare autosomal recessive condition which is characterised by 

sensorineural hearing loss (SNHL) in both sexes and primary ovarian insufficiency (POI) in 

46, XX karyotype females (Pallister and Opitz 1979). Fertility in males is presumed to be 

normal (Newman et al. 1993-2016). Neurological features and dysmorphia can also 

present in some cases including; nystagmus, intellectual disability, ataxia, sensory motor 

neuropathy and marfanoid proportions (Fiumara et al. 2004;Jacob et al. 2007). Six genes 

are associated with Perrault syndrome to date: HSD17B4 (MIM 233400) (Pierce et al. 

2010), HARS2 (MIM 614926) (Pierce et al. 2011), LARS2 (MIM 615300) (Pierce et al. 2013), 

CLPP (MIM 614129) (Jenkinson et al. 2013), C10orf2 (MIM 616138) (Morino et al. 2014) 

and ERAL1 (MIM 607435) (Chatzispyrou et al. 2017). Of these genes, the latter five 

function in the mitochondrial translation pathway and it is likely most cases of Perrault 

syndrome are the result of mitochondrial dysfunction. Variants in PRORP (Chapter 5) and 

ERAL1 (Chatzispyrou et al. 2017) have a generalised defect of mitochondrial translation.  

Here we present a single case of Perrault syndrome associated with a novel Perrault 

syndrome gene DAP3. The proband in this case has congenital hearing loss, POI and 

progressive late onset ataxia. Using whole exome sequencing we found the proband was 

hemizygous for a maternally inherited missense change, DAP3 c.1184G>A p.(Cys395Tyr), 

in trans with a 135Kb deletion which included the whole DAP3 gene.  

DAP3 encodes death associated protein 3 (DAP3). DAP3 was initially identified as a pro-

apoptotic factor but its exact role in apoptosis is disputed (Kissil et al. 1995;Mukamel and 

Kimchi 2004;Kim et al. 2007). siRNA repression of DAP3 was shown to reduce cell 

sensitivity to apoptotic signals with over-expression of DAP3 shown to sensitise cells to 

apoptotic signals (Kim et al. 2007;Mukamel and Kimchi 2004). DAP3 localises 

predominantly to the mitochondrial matrix and has two known functions in mitochondria 

in addition to the role in apoptosis (Xiao et al. 2015). DAP3 is also known as mitochondrial 

28S ribosomal Protein S29 (MRPS29) and is the GTPase subunit of the mitochondrial 

ribosomal 28S subunit, essential for mitochondrial translation (Cavdar Koc et al. 

2001;Xiao et al. 2015). Knockout of the yeast DAP3 orthologue RSM23 caused rapid 

mitochondrial loss (Berger et al. 2000). DAP3 also functions in mitochondrial fission via 

the phosphorylation of Drp1, a mitochondrial fission protein (Xiao et al. 2015). Knockout 
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of DAP3 has been shown to be embryonic lethal in mice, with mitochondria in these 

embryos showing morphological defects (Kim et al. 2007). 

Irretrievable loss of mitochondrial function in a yeast RSM23 knockout might explain why 

we could not rescue the knockout with human DAP3. The expression of the human DAP3 

gene in yeast resulted in a growth defect which was exacerbated by the variant DAP3 

p.Cys395Tyr. Although hard to interpret given the lack of mitochondrial function, this 

suggests that the variant may be deleterious. 

In the mouse organ of Corti we saw little endogenous Dap3 localised to mitochondria. 

High levels of Dap3 were seen in a diffuse cytoplasmic localisation, with not all cells 

affected equally. Some cells with high levels of Dap3 localisation appeared damaged. 

When overexpressed in the mouse organ of Corti Dap3 did localise to the mitochondria 

but overexpression of Dap3 did not seem to cause cell damage or the diffuse cytoplasmic 

localisation, suggesting the high level of endogenous Dap3 may be the result of, not the 

cause of, the cellular damage. We had previously seen that candidate Perrault syndrome 

genes showed distinctive localisation in the mouse organ of Corti, often to co-localising to 

regions of synapses and nerve fibres (Chapter 5 and 6). This distinctive localisation 

pattern was not seen for Dap3.   

Unlike previously reported cases of Perrault syndrome the patient cells did not show a 

mitochondrial translational defect suggesting the mechanisms behind this case of Perrault 

syndrome may differ from those of previously reported cases (Chapter 5) (Chatzispyrou et 

al. 2017). The data suggests a defect of mitochondrial translation may not explain this 

case of Perrault syndrome, which is surprising given the essential role of DAP3 in the 

mitochondrial ribosome. Although it appears that most cases of Perrault syndrome result 

from mitochondrial dysfunction these data suggest that all cases may not have the same 

mitochondrial pathology. 

7.3. Materials and Methods 

7.3.1. 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 Ethics 

Committee (16/WA/0017) and University of Manchester. The NIH Animal Use Committee 
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approved protocol 1263-15 to T.B.F. for mice.  

7.3.2. Whole exome sequencing 

Whole exome sequencing was performed on DNA extracted from lymphocytes from 

individual II-1. The Agilent Technologies, Santa Clara, CA, USA SureSelect Human All Exon 

V5 Panel was used for library preparation and sequencing was performed on the HiSeq 

2500 Illumina, San Diego, CA, USA as previously described (Smith et al. 2014).  

7.3.3. Identification and confirmation of the deletion 

A 135Kb deletion encompassing the DAP3 gene was identified using the ExomeDepth 

v1.1.6 software package as previously described (Plagnol et al. 2012;Ellingford et al. 

2017). Briefly the read depth around the area of the possible deletion was compared to a 

reference aggregated set of exome read depths for this region. The read depth was 

approximately 0.5 times the aggregated depth indicating a single allele deletion. 

The fusion product and the breakpoint region of the deletion were confirmed in the 

proband by Sanger sequencing using the ABI big Dye v3.1 (Thermo Fisher Scientific Inc, 

Waltham, MA, USA) sequencing technology. The primers were designed around areas of 

slight polymorphism between the two segmental duplications where the deletion 

breakpoints were situated. 

7.3.4. Primers for the amplification of the fusion product 

DAP3_BP-SeqInt_f 5’ TGGCAGAGTTAGCCGATGC 3’ 

DAP3_BP-SeqInt_r 5’ CCATTGGGAATGGATTTGACC 3’ 

7.3.5. Confirmation of the missense variant 

The variant was confirmed in the proband and unaffected mother via Sanger sequencing 

using the ABI big Dye v3.1 (Thermo Fisher Scientific Inc, Waltham, MA, USA) sequencing 

technology. Primer sequences are available in the appendix. 

7.3.6. Prediction of variant pathogenicity 

The following resources were used in the prediction of variant pathogenicity; 
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Exome Variant Server (EVS) (NHLBI GO Exome Sequencing Project (ESP)),  

http://evs.gs.washington.edu/EVS/    

ExAC (Exome Aggregation Consortium (ExAC)), http://exac.broadinstitute.org/  

Polyphen2 (Adzhubei et al. 2010), http://genetics.bwh.harvard.edu/pph2/   

SIFT (Kumar et al. 2009), http://sift.jcvi.org/  

Mutation Taster (Schwarz et al. 2014), http://www.mutationtaster.org/  

7.3.7. Conservation mapping 

Sequences were mapped using Clustal Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al. 2011). The reference 

sequences are as follows; Human, NP_001186778.1. Chimpanzee, 

ENSPTRT00000002635.4. Dog, ENSCAFG00000016941. Rat, NP_001011950.2. Mouse, 

NP_001158005.1. Chicken, ENSGALG00000019796. Xenopus, ENSXETT00000063437.1. 

Zebrafish, NP_001092207.1. Tetraodon, ENSTNIT00000021716.1. Fruitfly , NP_523811.1 

Caenorhabditis elegans, NP_496280.1. Saccharomyces cerevisiae, NP_011386.2. 

7.3.8. Dermal fibroblast Cell culture 

Patient dermal fibroblasts were cultured in Eagle’s minimal essential medium 

supplemented with 10% (v/v) foetal calf serum, 1 × non‐essential amino acids, 1 mm 

sodium pyruvate and 50 μg/ml uridine, humidified at 37 °C and 5% CO2. 

7.3.9. Dermal fibroblast Cell culture for stress conditions  

The cells were cultured under the conditions above prior to seeding. Cells were seeded at 

4,000 cells per well in a TPP 96 well plate with modified glucose media. After 24 hours, 

the media was removed from all wells. Modified glucose media was added to half the 

wells of each cell line, and  galactose media added to the other half. The plate was 

imaged, and confluence measured, every 2 hours for a period of 5 days using an Incucyte 

live cell imager. 

7.3.10. Cell lyses and western blotting 

Cultured fibroblasts were harvested and lysed in 50 mm Tris-HCl pH 7.5, 130 mm NaCl, 

2 mm MgCl2, 1 mm phenylmethanesulfonyl fluoride (PMSF), 1% Nonidet P-40 (v/v) and 1 

http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org/
http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org/
http://www.mutationtaster.org/
http://www.ebi.ac.uk/Tools/msa/clustalo/
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× EDTA free protease inhibitor cocktail (Pierce). Protein lysates (40 μg) were separated 

according to size on 12% gels by sodium dodecyl sulphate—polyacrylamide gel 

electrophoresis (SDS-PAGE) and electrophoretically transferred to a PVDF membrane 

(Immobilon-P). Immunoblotting was performed using primary and HRP-conjugated 

secondary antibodies. 

7.3.11. Immunoblotting 

The following primary antibodies were used for immunoblotting: NDUFA9 (Molecular 

Probes, Invitrogen, Carlsbad, CA, USA, A21344), NDUFB8 (Abcam, Cambridge, UK, 

ab110242), SDHA (MitoSciences, Eugene, OR, USA, MS204), UQCRC2 (Abcam, Cambridge, 

UK, ab14745), COX1 (Abcam, Cambridge, UK, ab14705) and COX2 (Molecular Probes, 

Invitrogen, Carlsbad, CA, USA, A6404), DAP3 (Abcam, Cambridge, UK, ab11928), MRPL3 

(Invitrogen, Carlsbad, CA, USA, PA5-18107), MRPS26 (Proteintech, Manchester, UK, 

15989-1-AP), MRPS27 (Proteintech, Manchester, UK, 17280-1-AP), beta-actin (Sigma, 

A1978). All antibodies were diluted 1:1000 in 5% milk in TBS-Tween, except beta-actin 

which was diluted 1:10 000 

HRP-conjugated anti-mouse or anti-rabbit secondary antibodies were used (P0260 and 

P0399 respectively; Dako, Glostrup, Denmark). Chemiluminescence ECL Prime Kit 

(Amersham, GE Healthcare, Little Chalfont, UK) and ChemiDocMP Imaging System (Bio-

Rad, Hercules, CA, USA) were used for signal detection and Image lab 4.0.1 (Bio-Rad, 

Hercules, CA, USA) software for analysis. 

7.3.12. Yeast Strains 

The Saccharomyces cerevisiae strains used in this report are shown in Table 7.1. Yeast 

cells were grown in standard YPD media or on standard YPD agar plates unless otherwise 

indicated. The strain containing the plasmid was grown on Synthetic defined (SD)-URA 

plates. YP-Ethanol, YP-Acetate and YP-Glycerol plates were used as a non-fermentable 

carbon source. Yeast were grown at 30°C unless otherwise indicated. Plasmids were 

transformed into yeast using the high efficiency yeast transformation method (Gietz and 

Schiestl 2007). 
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Strain Genotype 

BY4742 MATα: ura3Δ0; leu2Δ0; his3Δ1; lys2Δ0 

BY4742_RSM23Δ BY4742 YGL129C::KanMX4  

RSM23Δ_ Vector BY4742 RSM23Δ +  p426GPD 

RSM23Δ_ DAP3 BY4742 RSM23Δ +  p426GPD-DAP3 

RSM23Δ_ 

DAP3C395Y 
BY4742 RSM23Δ + p426GPD-DAP3C395Y 

YPH500 
MATα ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 

his3-Δ200 leu2-Δ1 

YPH500_RSM23Δ  YPH500_ YGL129C::KanMX4 

Table 7.1. Saccharomyces cerevisiae yeast strains used in this report. 

7.3.13. Yeast expression Plasmids 

The plasmid p426GPD-DAP3 was created by cloning the Human ORF cDNA 

(NM_001199849) of DAP3 into a yeast expression plasmid with a strong promotor 

p426GPD (ATCC, Manassas, VA, USA - 87361). Briefly the Human ORF cDNA was amplified 

from human cDNA. 

The p426GPD vector was digested with HindIII. The ORF was inserted into the digested 

vector using Gibson assembly molecular cloning technique (Gibson et al. 2009). The 

plasmid  p426GPD-DAP3C395Y  was created by mutagenizing the plasmid p426GPD-DAP3  

as previously described (Kunkel et al. 1987) with the synthetic oligonucleotide 

DAP3_p.Cys395Tyr (see 2.12.2 for oligonucleotide sequence). All plasmids were extracted 

using the GenElute HP Plasmid miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA) and 

inserts were confirmed via Sanger sequencing using the ABI big Dye v3.1 (Thermo Fisher 

Scientific Inc, Waltham, MA, USA) sequencing technology. Plasmid maps and sequencing 

primers are available in Appendix I. 

7.3.14. Primers for the amplification of Human ORF cDNA (NM_001199849)  

hDAP3_FWD: CTGCAGGAATTCGATATCAATGATGCTGAAAGGAATAACAAGGCT 

hDAP3_REV: GGTCGACGGTATCGATATTAGAGGTAGGCACAGTGCCG 
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7.3.15. Yeast knockout in the YPH500 strain 

The deletion module containing the selectable marker, KanMX4, was amplified by PCR 

from a plasmid template. The primers contained sequence complementary to the 

deletion module at the 3’ end and sequence complementary to the sequencing flanking 

the appropriate yeast gene at the 5’ end for homologous recombination. The PCR product 

was assessed my agarose gel electrophoresis as in section 2.7.3 and purified using the 

QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) according to manufacturer 

instruction. 35-50 µl of the deletion module was transformed into yeast using the High 

efficiency transformation protocol (Gietz and Schiestl 2007). The transformed cells were 

plated onto YPD and incubated overnight at 30°C.  Colonies were transferred to selective 

medium and incubated for 2-3 days at 30°C. Gene knockout was confirmed using PCR and 

agarose gel electrophoresis. 

7.3.16. HeLa Cell culture 

HeLa cells were cultured in DMEM media with 10% (v/v) foetal bovine serum (FBS) and 

2mM Glutamax at 37°C in 10% CO2. 

7.3.17 Cell transfection and staining 

HeLa cells were transfected with the plasmid Dap3-EGFP using Lipofectamine 3000 

(Thermo Fisher Scientific Inc, Waltham, MA, USA). Briefly 10x45 cells were seeded into 

each well of a six well plate in the morning for a transfection in the afternoon. When 

attached, the cells were transfected according to the manufacturer protocol using 1.6-

1.75 ug of plasmid DNA per 2.5ul of lipofetamine 3000 reagent. The transfected cells 

were incubated overnight at 37°C with 10% CO2. For the imaging of cells using the 

confocal microscope HeLa cells were seeded onto glass bottom plates prepared with 

fibronectin. The cells were incubated for approximately 4 hours (3-5) until optimum cell 

density and attachment was achieved then fixed in the following solution for 15 minutes 

at room temperature, 4% paraformaldehyde, 2% sucrose in 1X PBS. After fixation the cells 

were washed 3 times in 1X PBS and stored at 4°C until staining. 

Cells were permeabilised and blocked in the 0.2% Triton X and 10% normal goat serum in  

PBS solution at room temperature. After permeabilisation/blocking the samples were 

washed 3 times in PBS. Cells were incubated with the primary antibodies (Table 7.2) in 
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blocking solution (blocking solution - 2% normal goat serum in PBS) for 1-2 hours at room 

temperature. Samples were washed 3 times in PBS. The samples were incubated in 

Secondary antibody solution (Phalloidin Alexa 647, Hoechst (2.5μg/ml) and secondary 

antibody in blocking solution (Table 7.2) for 2 hours at room temperature with gentle 

agitation. After incubation with the secondary antibody solution the cell were washed 3 

times in PBS and stored at 4°C in PBS to be imaged within 24 hours. Cells were imaged 

using a LSM780 confocal microscope (Zeiss Inc, Oberkochen, Germany Inc) equipped with 

63X, 1.4 N.A. objective. 

 

Antibody Name Supplier and details 
Concentration/dilution  

used 

DAP3 

DAP3 mouse monoclonal antibody - 

BDbiosciences, San Jose, CA,USA - Cat no. 

610660 

HeLa Cells -0.5µg/ml, 

organ of Corti – 

2.5µg/ml 

TOM20 

TOM20 rabbit polyclonal antibody - Santa 

Cruz Biotechnology, Dallas, TX, USA - Cat 

no. sc-11415 

HeLa Cells -0.4µg/ml, 

organ of Corti – 2µg/ml 

Cytoskeletal staining 

Alexa fluor 647 phalloidin or rhodamine 

phalloidin, Thermo Fisher Scientific Inc, 

Waltham, MA, USA 

HeLa Cells - 1:50, organ 

of Corti- 1:100 

Mouse secondary 

antibody 

Goat anti-mouse - Alexa fluor 488, 

Thermo Fisher Scientific Inc, Waltham, 

MA, USA 

HeLa Cells - 1:250, 

organ of Corti 1:400 

Rabbit secondary 

antibody 

Goat anti-rabbit Alexa fluor 568, Thermo 

Fisher Scientific Inc, Waltham, MA, USA 

HeLa Cells - 1:250, 

organ of Corti 1:400 

Table 7.2. Antibody details and concentrations. 

Details and concentrations for the antibodies and staining reagents used in this report.  

7.3.18. EGFPpPlasmids 

The plasmid Dap3-EGFP was created by cloning the mouse ORF cDNA Dap3 (BC019566) 

into a C-terminal pEGFP-N1 vector (Clontech, Mountain View, CA, USA-discontinued). 

Briefly the Mouse ORF cDNA minus the stop codon was amplified using the primers below 

from the plasmid 4235517 (Dharmacon, Lafayette, CO, USA - MMM1013-202765774). 
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DAP3_infusion_1 TACCGGACTCAGATCTATGCTGACAGGAATAACAA 

DAP3_infusion_2 CGCGGTACCGTCGACTGCAGCAGCGAGGCACAGAGC 

The pEGFP-N1 vector was digested with BglII and PstI. The ORF was inserted into the 

digested vector using the In-Fusion HD Plus EcoDry Cloning System (Clontech, Mountain 

View, CA, USA) according to manufacturer instructions. 

All inserts were confirmed via Sanger sequencing using the ABI big Dye v3.1 (Thermo 

Fisher Scientific Inc, Waltham, MA, USA) sequencing technology before use. Plasmid maps 

and sequencing primers are available in appendix I and appendix II. 

7.3.19. Localisation of Dap3 in the mouse organ of Corti 

The NIH Animal Use Committee approved protocol 1263-15 to T.B.F. for mice. C57/BJ6 

mice at ages Postnatal day 3 (P3), P10, P14 and P30 were euthanised, the cochlear 

capsule was removed and fixed with 4% paraformaldehyde in PBS for 2 hours. The 

samples were microdissected and the organ of Corti was permeabilised with 1% 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 primary antibodies (Table 7.2) in 

blocking solution, followed by several rinses with PBS. Samples were incubated with 

secondary antibodies (Table 7.2) for 30 min. Samples were washed several times with PBS 

and were mounted with ProLongGold Antifade staining reagent with DAPI (Molecular 

Probes, Invitrogen, Carlsbad, CA, USA) and examined using LSM780 confocal microscope 

(Zeiss Inc, Oberkochen, Germany Inc) equipped with 63X, 1.4 N.A. objective.  

7.3.20. Gene Gun transfection of organ of Corti 

Inner-ear sensory epithelium cultures were prepared from organ of Corti of P1 C57Bl/6 

mice and transfected with plasmid DNA using the gene gun method as described in 

Belyantseva (2016).  Briefly the organ of corti spiral was dissected in Leibowitz cell culture 

medium (Invitrogen, Carlsbad, CA, USA) and was attached to a glass-bottom Petri dish 

(MatTek, Ashland, MA, USA) coated with rat tail collagen and maintained at 37°C and 5% 

CO2 in DMEM supplemented with 7% FBS for 1–3 days. Cultures were then transfected by 

using a Helios gene gun (Bio-Rad, Hercules, CA, USA). Gold particles of 1.0-μm diameter 

(Bio-Rad, Hercules, CA, USA) were coated with Dap3-EGFP plasmid DNA at a ratio of 2 μg 
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of plasmid DNA to 1 mg of gold particles and precipitated onto the inner wall of Tefzel 

tubing, which was cut into individual cartridges containing approximately 1µg of plasmid 

DNA. Samples were bombarded with the gold particles from one cartridge per culture by 

using 120 psi of helium. After an additional 8 hours to 4 days in culture, samples were 

fixed in 4% paraformaldehyde and stained using the same method as the tissue samples 

above.  

 

7.4. Results 

7.4.1. Clinical Report 

The proband is the only child of non-consanguineous British parents (Fig. 7.1). 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 and spent 2 weeks intensive care 

because of hypoxia at birth. By the age of 1 year profound SNHL was noted which was 

initially believed to be caused by hypoxia. She communicates effectively by lip reading. At 

14 years of age the proband presented with primary amenorrhea with absent secondary 

sexual characteristics, 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 

Recently the proband presented with progressive late onset ataxia but is still able to walk 

unaided. She has also reported intermittent episodes of dizziness and nausea.  The 

proband has short stature but has no dysmorphic features. 
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Figure 7.1. Pedigree of the family with Perrault syndrome 

Filled icon indicates the affected individual. 

 

7.4.2. Identification of the variant DAP3 c.1184G>A p.(Cys395Tyr) 

Whole exome sequencing was performed on the proband as previously detailed (Smith et 

al. 2014). No putative pathogenic variants were identified in known Perrault syndrome 

genes. The data was filtered to exclude variants seen more than once in our in house 

database of over 500 exomes and variants seen with a frequency of >1% in EVS (NHLBI 

GO Exome Sequencing Project (ESP)), ExAC (Exome Aggregation Consortium (ExAC)) and 

dbSNP (Sherry et al. 2001). An autosomal recessive model was applied and heterozygous 

variants with no additional rare variants were also excluded as well as variants in highly 

variable genes such as HLA genes (appendix III). Using prediction software and 

assessment of potential gene function the homozygous variant DAP3 c.1184G>A 

p.(Cys395Tyr) (Accession- NM_001199849) was selected as the most likely cause of 

Perrault syndrome in this individual. Candidate variants and a list of highly variable genes 

excluded are available in appendix III. The variant DAP3 c.1184G>A p.(Cys395Tyr) was 

confirmed as homozygous in the proband and as heterozygous in the unaffected mother 

by Sanger sequencing. A sample was not available from the father. 

DAP3 c.1184G>A p.(Cys395Tyr) is absent from EVS and dbSNP. It has been seen once as a 

heterozygous variant in a European (non-Finnish) population in ExAC and Gnomad (Lek et 

al. 2016). DAP3 c.1184G>A p.(Cys395Tyr) was predicted to be deleterious by Polyphen2 
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(0.996) (Adzhubei et al. 2010) , Mutation Taster (0.999) (Schwarz et al. 2014) and SIFT(0) 

(Kumar et al. 2009). DAP3 encodes Death association protein 3 (DAP3) which was 

identified as a pro-apoptotic factor but also has roles in mitochondrial fission, and most 

relevant to Perrault syndrome, is an essential protein of the mitochondrial ribosome 

(Kissil et al. 1995;Cavdar Koc et al. 2001;Xiao et al. 2015). DAP3 is therefore a key 

component of the proposed Perrault syndrome pathway of mitochondrial translation.  

7.4.3 Identification of a 135Kb deletion encompassing DAP3. 

Given the rarity of Perrault syndrome and the fact the family is non-consanguineous it 

was thought unlikely that the ultra-rare variant DAP3 c.1184G>A p.(Cys395Tyr) was 

homozygous in the proband and instead  was potentially hemizygous in trans with a 

deletion. Whole exome depth coverage analysis was performed as previously described 

(Ellingford et al. 2017;Plagnol et al. 2012). Reduced exome depth coverage was found 

surrounding the DAP3 region and the data suggested that this individual was 

heterozygous for a large deletion encompassing the region of chr1:155,581,680-

155,717,258 (GRCh37.p8). There are two segmental duplications located at 

chr1:155573392-155587902 and chr1:155711167-155723605 (hg19). It was thought that 

non-allelic homologous recombination had occurred between these duplications resulting 

in the deletion seen in the exome data. To verify this deletion, PCR was performed with 

the primers designed around a region where a number of bases differed between the 

segmental duplications. This PCR approach meant the fusion product would be 

identifiable as it would contain unique variants from the 5’ and 3’ segmental duplications 

in the same sequence. The fusion product (Fig. 7.2A) was sequenced and was 478bp in 

length (full sequence in appendix III).This sequencing narrowed down the breakpoint of 

the recombination to chr1:155747068-155747546 and chr1:155611487-155611965. The 

deleted region is approximately 135kb and includes the entire DAP3 gene as well as 

YY1AP1 and part of MST01. There were no variants found in either YY1AP1 or MST01 in 

the exome data. It appears in the proband a non-allelic homologous recombination event 

produces a complete loss of one copy of DAP3. As a paternal sample was not available we 

cannot confirm whether this deletion is paternally inherited or de novo.  

The variant DAP3 c.1184G>A p.(Cys395Tyr) should be the only allele expressed in the 

proband. The residue DAP3 Cys395 is relatively well conserved (Fig. 7.2A) with only 
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chicken and fruitfly showing an alternate residue at this loci, which is not glycine in either 

case. The residue is not located in the GTP or nucleotide binding regions of DAP3 but is 

located in a possible prenylation sequence, CAYL, with the cysteine the residue being 

modified (Cavdar Koc et al. 2001). Prenylation adds lipids to the C-terminus of a protein, 

making it hydrophobic, and is thought to be important for the attachment of proteins to 

lipid membranes and protein-protein interactions (Wang and Casey 2016). It is possible 

that the substitution of cysteine at residue 395 for glycine removes a prenylation site 

which may affect the interaction of DAP3 with a membrane or binding partner. This CAYL 

site was shown not to be prenylated in bovine ribosomal mitochondria under normal 

metabolic conditions (Cavdar Koc et al. 2001) but may be modified under different 

physiological conditions.  
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Figure 7.2. The proband is hemizygous for a the variant DAP3 c.1184G>A p.(Cys395Tyr)  

A) Sanger sequencing traces for the position DAP3 c.1184. The proband is hemizygous for 
the variant DAP3 c.1184G>A (NM_001199849), her unaffected mother is heterozygous 
for the variant and the control is wildtype at position c.1184. The blue box indicates DAP3 
c.1184. B) Fusion product for the large 135Kb deletion. The fusion product is seen in the 
proband but not in her unaffected mother or the control samples. The control locus 
verified the quality of the DNA samples. C) The conservation of DAP3 p.C395 in multiple 
species. The residue corresponding to the human residue p.C395 is highlighted in red. 

 

 



212 
 

7.4.4. Patient fibroblasts do not show depletion of DAP3 or diminution of components 

of the mitochondrial oxidative phosphorylation pathway. 

The mitochondrial encoded subunits of the oxidative phosphorylation (OXPHOS) pathway 

have been shown to be reduced in patients with Perrault syndrome with variants in 

PRORP (chapter 5) and ERAL1 (Chatzispyrou et al. 2017) indicating defects of 

mitochondrial translation. As DAP3 has a vital role in the mitochondrial ribosome we 

performed western blots on patient dermal fibroblasts to assess the steady state levels of 

DAP3 and components of the OXPHOS pathway. Surprisingly there appeared to be no 

reduction in either DAP3 or the subunits of the OXPHOS pathway in the proband (Fig. 

7.3). The single remaining copy of DAP3 is therefore able to maintain physiologically 

normal levels of DAP3 and it is unlikely that haploinsufficiency is contributing to the 

Perrault syndrome phenotype in this patient. The steady state levels of both 

mitochondrial encoded components of the OXPHOS complex such as COXII and COXIII as 

well as nuclear encoded components such as SDHA do not show differences from the 

control samples indicating mitochondrial translation is not affected by the variant in DAP3 

p.C395Y. 

Two components of the mitochondrial 28S small ribosomal subunit were also assessed. 

The bands for MRPS26 are faint and hard to interpret but the steady state levels of 

MRPS27, which is a predicted interaction partner of DAP3 (Cavdar Koc et al. 2001), are 

not reduced.  

There did appear to be some increase in CORE2 in patient cells and in MRPL3. CORE2 (also 

known as Ubiquinol-Cytochrome-C Reductase Complex Core Protein 2) is a nuclear 

encoded subunit of complex III, MRPL3 is a component of the mitochondrial large 

ribosomal subunit. Both are nuclear encoded genes but not all nuclear encoded genes 

show increased steady state protein levels. The reason for the increase in these two 

proteins is unclear but it is unlikely that this increase in CORE2 and MRPL3 levels is a 

compensational increase of mitochondrial load as theorised in patients with variants in 

PRORP (Chapter 5). 
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Figure 7.3. Patient cells do not show any reduction in DAP3 or mitochondrial encoded 

components of the OXPHOS pathway. 

Western blot analysis of DAP3, proteins of the five oxidative phosphorylation complexes 

and mitochondrial ribosomal proteins. Included are two control samples (C1 and C2) and 

the patient sample (P), II-1.  
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7.4.5. Patient Dermal fibroblasts do not show any growth defects in response to stress  

Defects of the OXPHOS pathway can produce a growth reduction in cells under stress 

conditions (Hofhaus et al. 1996). We considered if there was an OXPHOS defect in this 

patient that was only apparent under stress conditions. We assessed the growth of 

patient fibroblasts in comparison to control fibroblasts under stress conditions. Cells 

grown in modified glucose media were either transferred to modified galactose media 

(stress conditions) or maintained in glucose media and growth over 5 days compared (Fig. 

7.4).  

In glucose media the patient cells showed similar growth to the control samples. In the 

stress conditions (galactose media) the patient cells showed slightly better growth than 

the control cells. Therefore, the patient fibroblasts do not have a growth defect in stress 

conditions re-enforcing that there is no OXPHOS deficiency in the patient. 
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Figure 7.4. Patient cells do not exhibit a stress induced growth defect 

A growth curve of fibroblasts under normal (glucose media) and stress conditions 

(galactose media).  Samples labelled DAP3 are patient samples. Samples were assessed 

over 5 days with confluence measured at the times (hours) indicated on the X-axis. 

 

7.4.6. Knockout of the yeast orthologue of DAP3, RSM23, causes the rapid loss of 

mitochondria 

To assess the effect of the variant DAP3 p.Cys395Tyr we planned to use yeast 

complementation assays. It has been shown that the human gene complements the yeast 

orthologue, RSM23 (Berger et al. 2000). We found that knockout of the yeast RSM23 did 

not affect growth on normal YPD media but the strain was not viable on a non-
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fermentable carbon source, which forces yeast to use mitochondria for respiration (Fig. 

7.5). The mitochondrial defect in the knockout is concordant with previous results (Berger 

et al. 2000). 

 

 

Figure 7.5. The yeast strain BY4742_RSM23Δ shows a growth defect on a non-
fermentable carbon sources. 

Growth competency analysis of wild type BY4742 (wt) and BY4742_RSM23Δ (mut) yeast 
on (A) fermentable glucose (YPD) as well as (B) non-fermentable glycerol (YPG), (C) 
acetate (YPAc) and (D) ethanol (YPE) carbon sources. Yeast cultures were grown overnight 
then 1:10 serial dilutions spotted onto the indicated plates. 
 

To assess the impact of the variant DAP3 p.C395Y we complemented the yeast knockout 

RSM23 with the human gene DAP3 and the variant DAP3 p.C395Y cloned into yeast 

expression vectors. These transformed strains were not viable on a non-fermentable 

carbon source most likely because the knockout strain has already irretrievably lost 

mitochondrial function. When grown on standard media yeast transformed with the 

human DAP3 gene showed growth defects (Fig. 7.6) with the variant C395Y having a 

greater negative effect on growth than the wild type human DAP3. These results are 

interesting but difficult to interpret given the lack of functioning mitochondria in this 

strain. To assess the rate of mitochondrial loss we knocked out the RSM23 gene in a strain 

with an ADE2 variant, YPH500. Strains with ADE2 variants produce red pigment if 
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mitochondrial function is normal (Dorfman 1969). The YPH500_RSM23Δ yeast were white 

indicating that mitochondrial loss occurred very rapidly after gene knockout. 

 

 

Figure 7.6. The strains RSM23Δ_DAP3 and RSM23Δ_ DAP3C395Y show growth defects 

in standard media 

Growth curves for the yeast strains RSM23Δ_Vector (Vector control), RSM23Δ_ DAP3 

(DAP3 Wt) and RSM23Δ_ DAP3C395Y (DAP3 C395Y) in YPD media. Optical Density (OD 

measurements were performed over 48 hours. 

 

7.4.7. DAP3 localises to mitochondria in HeLa cells but overexpression has no effect on 

mitochondrial morphology 

We localised endogenous DAP3 in HeLa cells (Fig. 7.7A) and saw, as in previous reports, 

DAP3 localised to mitochondria (Xiao et al. 2015;Mukamel and Kimchi 2004). Unlike 

previous reports there was no apparent cytosolic pool of DAP3 (Miyazaki et al. 

2002;Miyazaki and Reed 2001). To assess overexpression of DAP3 we produced a C-

terminal EGFP tagged plasmid containing the mouse cDNA for Dap3 (Accession-

BC019566). The C-terminal tag was chosen so not to disrupt targeting sequences located 

at the N-terminus of the protein. We transfected Hela cells with this construct (Fig. 7.7b). 

The construct localised to the mitochondria with some diffuse additional staining in the 

cytoplasm and nucleus, likely as a result of overexpression. The construct Dap3-EGFP did 

not appear detrimental to HeLa cells nor did it noticeably affect the morphology of the 

mitochondria in the transfected cells. DAP3 overexpression is not detrimental to HeLa 

Vector Control 

DAP3 Wt 

DAP3 C395Y 



218 
 

which concordant with the results of Xiao et al. (2015) but conflicts with the results of 

Mukamel and Kimchi (2004) who found overexpression of DAP3 caused apoptosis in cells. 

One possible reason given for the differing results around DAP3 overexpression was 

varying expression levels between the constructs used (Xiao et al. 2015). 
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Figure 7.7. DAP3 localises to 

mitochondria in HeLa cells. 

A) Confocal fluorescence microscopy 

of HeLa cells showing endogenous 

localisation of DAP3 (green). Cells 

were counterstained with Hoechst 

(nuclear marker, blue) to visualise 

the nuclei, TOM20 (mitochondrial 

marker, red) to visualise the 

mitochondria. B) Confocal 

fluorescence microscopy of HeLa 

cells showing localisation of Dap3-

EGFP (green). Cells were 

counterstained with Hoechst 

(nuclear marker, blue) to visualise 

the nuclei, TOM20 (mitochondrial 

marker, red) to visualise the 

mitochondria. The scale bar is 10µm. 
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Two Perrault syndrome genes, NOP14 and PRORP, have shown very specific but similar 

localisation in the organ of Corti, which was distinct from their localisation in HeLa cells 

(Chapter 5 and 6). We were interested to see if Dap3 had any unexpected localisation in 

the mouse organ of Corti. The organs of Corti from C57/BJ6 mice at postnatal day 3 (P3) – 

P30 were immunofluorescently stained to reveal the localisation of endogenous Dap3. 

The samples were also counterstained with a mitochondrial marker (TOM20, 

mitochondrial membrane protein), and DAPI (fluorescent stain for double-stranded DNA 

that highlights the cell nucleus). 

We saw little endogenous Dap3 localised to the mitochondria in the mouse organ of Corti 

at multiple ages (P3-P30). We did see high expression of DAP3 in certain cells which may 

be associated with cell damage or stress. At P3 (Fig. 7.8a) we saw high levels of Dap3 in 

individual cells, with not all cells showing this pattern of localisation. The Dap3 

localisation was seen in the body of the cell and the cells appeared to be damaged (Fig. 

7.8b) with misshapen nuclei. This localisation of Dap3 was seen also at P10 and after the 

onset of hearing (Ehret 1976) at P14 (Fig. 7.9). 
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Figure 7.8. Dap3 shows irregularly distributed localisation in the mouse organ of Corti, 

prior to the onset of hearing. 

Confocal fluorescence microscopy optical sections of the whole mount organ of Corti 

samples from C57/BJ6 mice at postnatal days 3, 10 (P3 and P10 respectively) showing 

localisation of Dap3 (green). All samples were counterstained with DAPI (nuclear DNA 

marker, blue) to visualize the nuclei of hair cells and rhodamine-phalloidin (F-actin, red) 

to visualise the cytoskeleton and auditory stereocilia. Panels A and B shows different focal 

planes within a sample to visualise both the stereocilia (A) cell bodies (B). The rows of 

outer hair cells (OHC) and inner hair cells (IHC) are indicated in panel A. The scale bar is 

20µm. 

 

 

 

A 

B 

C 

OHC 

IHC 
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Figure 7.9. Dap3 shows irregularly distributed localisation in the mouse organ of Corti 
after the onset of hearing.  

Confocal fluorescence microscopy optical sections of the whole mount organ of Corti 

samples from a C57/BJ6 mouse at postnatal days 14 (P14) showing localisation of Dap3 

(green). The sample was counterstained with DAPI (nuclear DNA marker, blue) to visualize 

the nuclei of hair cells and rhodamine-phalloidin (F-actin, red) to visualise the 

cytoskeleton and auditory stereocilia. Panel A shows a single optical section and B shows 

a 3D rendering of multiple optical sections from the sample from panel A. The scale bar is 

20µm. 
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To examine the overexpression of Dap3 in the organ of Corti we used a gene gun to 

transfect cells with Dap3-EGFP. Unlike with the endogenous protein we saw a similar 

localisation pattern in the transfected cells as the HeLa cells. In transfected and HeLa cells 

Dap3-EGFP co-localised with mitochondrial marker TOM20 with some diffuse staining in 

the cell body. We also saw that there were no signs of cellular damage in the transfected 

cells suggesting like in the HeLa cells that the overexpression of Dap3-EGFP alone is not 

enough to induce cell damage.  
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Figure 7.10. Dap3-EGFP 

localises to the mitochondria 

of hair cells and the 

overexpression of Dap3 does 

not cause cell damage. 

Confocal fluorescence 

microscopy optical section of 

the whole mount organ of 

Corti sample from a C57/BJ6 

mouse at P3 which was gene 

gun transfected with the 

plasmid Dap3-EGFP (green). 

The sample was 

counterstained with TOM20 

(mitochondrial marker, red) 

and phalloidin (cytoskeletal 

marker, pink). Panel A and B 

show different focal planes 

within a sample to visualise 

the cell body (A) and the 

stereocilia (B) The transfected 

cell is circled in B and is an 

outer hair cell. The scale bar is 

10µm. 
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7.5. Discussion 

Here we have identified a putative novel Perrault syndrome gene, DAP3, in a single 

affected individual. After filtering the exome data for rare variants, in line with the 

extremely low incidence of Perrault syndrome, we identified the variant DAP3 c.1184G>A 

p.(Cys395Tyr) as the most promising candidate gene for the cause of Perrault syndrome 

in this patient. This variant was subsequently found to be in trans to a 135Kb deletion 

encompassing the whole DAP3 gene. This is the first large whole gene deletion associated 

with Perrault syndrome. Previous variants have included frameshift variants and smaller 

deletions which have caused a similar the loss of protein product (Pierce et al. 

2013;Theunissen et al. 2016). It is possible large deletions in trans with other variants may 

explain some of the genetically unresolved cases of Perrault syndrome. Deletions are 

difficult to detect using next generation sequencing panels and whole exome sequencing 

unless specific data analysis techniques are applied. This case suggests it may be worth 

examining the whole exome data of genetically unresolved cases of Perrault syndrome for 

copy number variations.  

DAP3 was identified initially as a pro-apoptotic factor (Kissil et al. 1995) and has been 

reported to act as a mediator of apoptosis through the extrinsic Tumour Necrosis 

Pathways and Interferon pathways (Kissil et al. 1995;Miyazaki and Reed 2001;Miyazaki et 

al. 2004); and the intrinsic pathway (Xiao et al. 2015). The exact role of DAP3 in any of 

these pathways has not been resolved.  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).  

DAP3 has two roles additional to its function in apoptosis: as part of the mitochondrial 

ribosome (Cavdar Koc et al. 2001) and as a mediator of mitochondrial fission (Xiao et al. 

2015;Mukamel and Kimchi 2004). DAP3, also known as mitochondrial ribosomal protein 

small subunit 29 (MRPS29), is the GTPase subunit of the mitochondrial 28S small 

ribosomal subunit (Cavdar Koc et al. 2001). The exact role of DAP3 in the mitoribosome is 

unknown but it has been suggested that Dap3 is involved in tethering the ribosome to the 

mitochondrial inner matrix (O'Brien et al. 2005;Tang et al. 2009) and possibly interacts 

with mitochondrial translational initiation factor 3 (Haque et al. 2011). The knockdown of 
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DAP3 causes defects of mitochondrial translation in cells (Xiao et al. 2015) and reduces 

oxygen consumption (Kim et al. 2007). 

The exact role of DAP3 in mitochondrial fission is also unknown but it seems to modulate 

mitochondrial fission by altering the activation of the mitochondrial fission protein, 

dynamin related protein 1 (Drp1) (Xiao et al. 2015). Drp1 causes mitochondrial fission by 

forming spirals around the mitochondrial membrane and constricting until a membrane 

scission event occurs (Hoppins et al. 2007). The phosphorylation of Drp1 at Ser637 is an 

important modification that regulates its role in mitochondrial fission with de-

phosphorylation by calcineurin resulting in Drp1 recruitment to the mitochondria and 

activation of fission (Cereghetti et al. 2008), and phosphorylation by cyclic AMP-

dependant kinase (PKA) inactivating Drp1 (Chang and Blackstone 2007). Knockdown of 

DAP3 decreased Drp1 phosphorylation at Ser637 and resulted in an increase in cells with 

fragmented mitochondria. The fragmented mitochondria phenotype was rescued by the 

addition of a PKA activator suggesting DAP3 modulates mitochondrial fission via the PKA-

calcineurin pathway (Xiao et al. 2015).  

DAP3 has a vital and conserved role in mitochondrial function (Berger et al. 2000;Kim et 

al. 2007;Xiao et al. 2015).  When we overexpressed the human DAP3 gene in the 

BY4742_RSM23Δ strain it could not rescue mitochondrial function indicating that these 

yeast have permanently loss their mitochondria. It has been shown that knockout of 

RSM23 in yeast causes the loss of mitochondrial DNA (Berger et al. 2000) which would 

account for the permanent loss of mitochondria. The human gene had a dominant 

negative effect on cell growth which was exacerbated by the variant DAP3 p Cys395Tyr. 

Although this suggests the variant seen in the proband may be deleterious caution should 

be used in interpreting these results as these cells had no mitochondrial function and 

both the wild type and variant human genes were overexpressed.  

When we localised endogenous DAP3 in Hela cells we saw only mitochondrial localisation 

and not cytoplasmic localisation as had been previously reported (Miyazaki et al. 2002). 

There have been conflicting reports about the localisation of DAP3 (Berger et al. 2000), as 

the methods and the cell and tissue types used differed (Miyazaki et al. 2002). When we 

overexpressed Dap3-EGFP in HeLa cells we saw some cytoplasmic localisation which is 

likely because of overexpression. This cytoplasmic staining upon overexpression was seen 

previously in HeLa cells when we transfected them with the Nop14-TurboGFP construct. 
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The overexpression of Dap3-EGFP did not result in changes to mitochondrial morphology 

or any apparent cellular damage. Our results regarding the overexpression of DAP3 in 

cells are concordant with the work of (Xiao et al. 2015) but are contradictory to others 

who found that the overexpression of DAP3 caused fragmented mitochondria (Mukamel 

and Kimchi 2004). Varying levels of construct overexpression was suggested to account 

for the differences seen with DAP3 overexpression (Xiao et al. 2015). DAP3 

overexpression in vectors with different promotor strengths could help resolve this 

contradiction. There is no consensus on the localisation or results of overexpression of 

DAP3 but the knockdown or knockout of DAP3 is always reported as deleterious (Kim et 

al. 2007;Berger et al. 2000;Kissil et al. 1995). 

For previous Perrault candidate genes, PRORP and NOP14 we have seen distinct 

localisation patterns in the mouse organ of Corti which appear similar and may have 

some localisation to, or relationship with, the synapses and nerve fibres of the auditory 

hair cells (chapter 5 and 6). We do not see a similar pattern of endogenous Dap3 

localisation. Dap3 shows very little endogenous localisation to the mitochondria. Dap3 

does show high levels of diffuse cytoplasmic staining in an irregular pattern with not all 

cells having localisation. This localisation may be linked to cell damage and apoptosis 

which is concordant with the role of Dap3 as a pro-apoptotic factor (Kissil et al. 

1995;Miyazaki and Reed 2001). There is some increase in the number of cells with high 

Dap3 at P10 and P14 in comparison to P3. This increased number of cells with high Dap3 

could be explained by damage from hypoxia as mice over the age of P9 were euthanized 

using CO2 while mice aged P9 or below are resistant to the effects of CO2 and were 

euthanized using alternate methods.  

When organ of corti explants were transfected with Dap3-GFP we saw mitochondria 

localisation showing Dap3 can localise to the mitochondria in hair cells if expressed.  We 

could theorise that as overexpression of DAP3 did not induce cell damage the cytoplasmic 

localisation may be the result of release or production of DAP3 upon cellular damage 

rather than the expression DAP3 itself causing damage.  

The variant DAP3 c.1184G>A p.(Cys395Tyr) does not cause a defect of mitochondrial 

translation in the patient fibroblasts. The cells did not show reductions in either 

mitochondrial or nuclear encoded components of the OXPHOS pathway or any reduction 

in the level of DAP3. There was no growth defect in patient fibroblasts under stress 



228 
 

conditions which would have indicated an OXPHOS defect (Hofhaus et al. 1996). No loss 

in proteins of the mitochondrial ribosome was found. It appears the variant DAP3 

c.1184G>A p.(Cys395Tyr) it may affect a non-translational function of DAP3. The DAP3 

c.1184G>A p.(Cys395Tyr) variant therefore likely affects the pro-apoptotic or 

mitochondrial fission functions of DAP3. When mitochondrial translation was inhibited 

there was no effect on mitochondrial morphology (Xiao et al. 2015) suggesting that the 

function of DAP3 in the ribosome may be discrete from its function in modulating 

mitochondrial fission. The pro-apoptotic role of DAP3 may be performed by a cytosolic 

pool of DAP3 (Miyazaki et al. 2002). Our data did not provide evidence as to which 

function of Dap3 may be affected. It would be informative to examine the mitochondrial 

morphology of patient cells and to test patient cell responses to pro-apoptotic factors to 

further define the pathology in this case of Perrault syndrome. A reasonable theory to 

explore is that the variant DAP3 p.Cys395Tyr abolishes a prenylation site which is 

important for a function of DAP3 which is discrete from its mitochondrial ribosomal 

function. This prenylation linked function of Dap3 could explain why none of the DAP3 

isolated from the bovine ribosome was prenylated (Cavdar Koc et al. 2001). If the theory 

that the CAYL prenylation site which is important for a function of DAP3 which is discrete 

from its mitochondrial ribosomal function is correct the variant DAP3 p.Cys395Tyr could 

help us explore the non-translational roles of DAP3 in more detail. 

We have submitted this case to GeneMatcher, an online tool which connects individuals 

with interest in the same gene to solve unsolved exomes (Sobreira et al. 2015). As 

Perrault syndrome is so rare it is often difficult to find a second family for new genes. 

Using GeneMatcher (https://genematcher.org/) we can contact with both researchers 

and clinicians who have a patient with putative pathogenic variants in DAP3. Additional 

individuals with pathogenic variants in DAP3 may have a more severe phenotype as we 

have seen with variants in LARS2 and CLPP (Riley et al. 2016;Theunissen et al. 2016). 

The data we have generated suggests the molecular mechanisms of Perrault syndrome 

may differ between this case of Perrault syndrome and previously reported cases 

highlighting the importance of investigating the molecular mechanisms of Perrault 

syndrome. Our work demonstrates that while Perrault syndrome is a disease of 

mitochondrial dysfunction this is not limited to the dysfunction of mitochondrial 

translation as previously theorised. This potential difference in molecular mechanisms for 

https://genematcher.org/
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Perrault syndrome makes genetic diagnosis particularly important as this proband 

showed no clinical features which would differentiate her case from other cases of 

Perrault syndrome. If there are different molecular categories of Perrault syndrome then 

correct molecular diagnosis might aid clinical intervention or prognosis. 
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8.1. Realisation of Project Aims 

The aims of this project were to:  

 Undertake mapping and sequencing studies in families with Perrault syndrome for 

the identification of novel Perrault syndrome genes. 

 Undertake functional characterisation of variants in novel disease causing genes. 

 Further define the molecular cause of Perrault syndrome. 

Over the course of this project three putative novel Perrault syndrome genes were 

identified, PRORP, NOP14 and DAP3. We characterised these variants which led to some 

surprising results. We showed that patients with a variant in PRORP had an accumulation 

of unprocessed mitochondrial RNA and a reduction in the function of PRORP by ~40%. A 

loss of mitochondrial DNA encoded OXPHOS subunits highlighted a defect of 

mitochondrial translation in these patients. This pattern of OXPHOS deficiency had also 

been seen in Perrault syndrome patients with variants in ERAL (Chatzispyrou et al. 2017) 

suggesting that these cases of Perrault syndrome share a common pathology of defective 

mitochondrial translation. We found that NOP14 may have a role in mitochondria. NOP14 

is characterised as a nucleolar protein but we found that NOP14 knockout yeast lose their 

mitochondria. Nop14 also has a distinctive non-nucleolar localisation in the mouse organ 

of corti. We found no OXPHOS defect in DAP3 patient cells showing the pathology of 

Perrault syndrome in this case is not a defect of mitochondrial translation. This lack of 

OXPHOS defect is surprising given the role of DAP3 in the mitochondrial ribosome. We 

have further defined the molecular pathology of Perrault syndrome by identifying a 

second gene, PRORP,  which causes Perrault syndrome due to dysfunction of 

mitochondrial translation.  Contrary to previous data we found that there may be 

additional causative molecular mechanisms, therefore, more work is needed to fully 

understand the pathology of Perrault syndrome. 

8.2. Improving Perrault syndrome diagnosis 

Part of the aim of this project was to provide data which may improve Perrault syndrome 

diagnosis. The identification of three novel Perrault syndrome genes will help improve 

diagnostic rates. Next generation sequencing is becoming more prevalent as a diagnostic 

test and including Perrault syndrome genes on hearing loss panels will improve the 
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diagnosis rate of males and pre-pubescent females who present with apparent non-

syndromic hearing loss. The identification of new Perrault syndrome genes will also 

improve the diagnostic rate of individuals who undergo whole exome sequencing, as we 

have seen for the patients with neurological phenotypes who have Perrault syndrome 

due to variants in CLPP (Ahmed et al. 2015;Demain et al. 2017b;Theunissen et al. 2016). 

The identification of the large deletion in the case of Perrault syndrome caused by 

variants in DAP3 also highlights the usefulness of copy number variation analysis on 

genetically unresolved cases of Perrault syndrome and may improve genetic diagnosis. 

Looking at variants in known Perrault syndrome genes is important for genotype-

phenotype links and because Perrault syndrome is so rare reporting new variants may 

help genetic diagnosis either via the exact variants seen in other affected individuals or 

highlighting Perrault syndrome hotspot regions as we see in CLPP. We made some 

genotype-phenotype links in Perrault syndrome which could help improve diagnosis. We 

provided evidence for a link between the variant LARS2 c.1565C>A p.(Thr522Asn) and low 

frequency sensorineural hearing loss. In patients with the variant LARS2 c.1565C>A 

p.(Thr522Asn), either homozygous or in trans with an additional LARS2 variant, we saw a 

distinctive pattern of hearing loss which was more severe at lower frequencies and 

progressed to a flat type loss over time. LARS2 is the only gene to be associated with 

autosomal recessive low frequency sensorineural hearing loss to date and it is the only 

LARS2 variant c.1565C>A p.(Thr522Asn) which produces the low frequency loss (Demain 

et al. 2017b). The mechanisms behind this unusual pattern of hearing loss are not 

understood although it likely affects the organ of Corti from the apex, where the lowest 

frequency sounds are heard, progressing towards the base (Stakhovskaya et al. 2007). 

Low frequency hearing loss could be a useful indicator of Perrault syndrome in an 

individual with apparent non-syndromic hearing loss and an inheritance pattern 

consistent with autosomal recessive inheritance.     

We provided in depth clinical assessment of our families and found that marfanoid 

proportions are a non-specific feature of Perrault syndrome (Zerkaoui et al. 2017). A 

milder form of the marfanoid proportion phenotype is arachnodactyly or high arched 

palate. These features have been seen in both known genes and in genetically unresolved 

cases of Perrault syndrome. Therefore, marfanoid habitus and associated dysmorphic 
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features are likely non-specific features of Perrault syndrome. Reporting new cases of 

Perrault syndrome is important to further clarify the phenotypic spectrum. 

Perrault syndrome has a large clinical heterogeneity which has not been explained. 

Variation in other mitochondrial proteins such as those involved in mitochondrial 

proteostasis could account for some of this heterogeneity (Jenkinson et al. 2013). I 

suggest that variants in mitochondrial DNA may influence the phenotype. Variants in 

mitochondrial rRNA and tRNA could be especially applicable in cases of Perrault 

syndrome due to variants in PRORP, LARS2 and HARS2 as the mitochondrial RNA directly 

interacts with the affected protein in these instances. The heteroplasmy of mitochondrial 

DNA for variants could account for some of the intra-familial clinical variation. 

8.3. The molecular mechanisms of Perrault syndrome 

In chapters 4, 5 and 6 we investigated the molecular mechanisms of variants in three 

novel Perrault syndrome genes; PRORP, NOP14 and DAP3.  

We identified variants in PRORP in a single family with Perrault syndrome . Fibroblasts 

from an affected patient showed a defect of mitochondrial translation. We demonstrated 

an accumulation of unprocessed mitochondrial RNA but no apparent reduction in mature 

RNA transcripts. The underlying mechanism of the defect of mitochondrial translation in 

the PRORP case is currently unknown, but data from both PRORP conditional knockout 

mice and from patients with defects in SDR5C1 suggest that the Perrault syndrome 

phenotype in this family may be due to dysfunction of mitochondria ribosomal 

biogenesis. Knockout of PRORP is embryonic lethal but cardiac and skeletal muscle 

specific PRORP conditional knockout mice have been produced (Rackham et al. 2016). 

These mice die at 11 weeks from cardiomyopathy. The conditional knockout mice showed 

a significant reduction in the synthesis of mitochondrial encoded proteins with the 

nuclear encoded proteins unaffected. The reduction in mitochondrial encoded proteins 

was accompanied by a significant reduction in mitochondrial respiration (Rackham et al. 

2016). The mice showed an accumulation of unprocessed mitochondrial RNA transcripts 

but, in contrast to patients with defects in subunits of mtRNAse P, the mice showed no 

mature transcripts (Rackham et al. 2016). This is likely due to the more deleterious 

knockout in mice in comparison to the patients with variants in TRMT10C, SDR5C1 or 
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PRORP. Rackham et al. (2016) showed that ribosomal formation was severely impaired in 

the conditional knockout mice with some ribosomal subunits attempting to form around 

the unprocessed transcripts. There appears to be no phenotypic overlap between the 

conditional knockout mice and the family reported here. The PRORP knockout in these 

mice was tissue specific to skeletal and cardiac muscle and, as such, it is unlikely they 

would display a hearing or fertility phenotype. In light of the cardiac phenotype in the 

conditional knockout mice our patients were tested for heart defects using 

echocardiogram, the results of which were normal. The knockout of PRORP in the 

conditional knockout mice was a more severe defect than the missense variant in the 

family reported here. We might expect the mice would show a phenotype in all knockout 

tissues where our milder affected family would only show a phenotype in the tissue most 

sensitive to defects in mitochondrial translation. The conditional knockout mouse, for 

reasons discussed above, does not recapitulate the phenotype seen in the Perrault 

syndrome family reported here. Many of the molecular defects were similar to those seen 

in this family and as such the conditional knockout mice may provide insights into the 

molecular mechanisms behind the pathology of defects in PRORP in humans. 

The accumulation of unprocessed mitochondrial RNA transcripts rather than a deficit in 

mature RNA may be the pathogenic mechanism in patients with defects in SDR5C1 

(Deutschmann et al. 2014). Patients with Perrault syndrome caused by ERAL1 variants 

have reduced mitoribosome formation affecting mitochondrial translation (Chatzispyrou 

et al. 2017). PRORP conditional knockout mice also have severely reduced mitoribosome 

formation and it was reported in these mice that mitoribosomes had attempted to form 

around the unprocessed transcripts in the absence of the fully processed ribosomal RNA 

(Rackham et al. 2016). It may be that unprocessed mitochondrial RNA transcripts are 

interfering with mitoribosome formation in patients with defects in subunits of mtRNase 

P, although there is no evidence at this time as to the pathogenic mechanisms in humans. 

The theory that dysfunction of the mitochondrial ribosome causes Perrault syndrome 

would also correlate well with the characterised role of CLPP in mitochondrial ribosomal 

biogenesis (Dennerlein et al. 2010) and I would suggest that a number of cases of Perrault 

syndrome may be caused by mitochondrial ribosome dysfunction. It would be informative 
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to investigate mitoribosome assembly and function in cases where variants in PRORP and 

CLPP cause Perrault syndrome. 

NOP14 functions in the processing of 18S rRNA and the biogenesis of the 40S ribosomal 

subunit (Liu and Thiele 2001). The known function NOP14 does not fit in the Perrault 

syndrome pathway of mitochondrial translation, nor do the patients with NOP14 variants 

present with typical ribosomopathy phenotypes which often include bone marrow, 

craniofacial or skeletal  defects (Narla and Ebert 2010). We show that haploinsufficiency 

of NOP14 in yeast causes the slow loss of mitochondrial function. We have presented 

data which suggests a second function for NOP14, which is currently uncharacterised but 

likely mitochondrial or involved in mito-nuclear communication. This possible second 

function for NOP14 indicates that the pathology of Perrault syndrome may be more 

similar to the other cases of Perrault syndrome than initially thought and is likely to 

involve mitochondrial dysfunction. 

DAP3 is the GTPase subunit of the mitochondrial ribosome (Cavdar Koc et al. 2001) and, 

as such, functions in the Perrault syndrome pathway of mitochondrial translation. Unlike 

previous Perrault syndrome cases there were no defects in the OXPHOS pathway in 

patient cells under either normal or stress conditions. We had previously expected that 

cases of Perrault syndrome due to variants in novel genes would show the same defect of 

mitochondrial translation as seen in the cases due to variants in PRORP or ERAL1 

(Chatzispyrou et al. 2017). The pathological mechanism of the DAP3 c.1184G>A 

p.(Cys395Tyr) variant remain unclear, although it is likely related to the role of DAP3 as a 

pro-apoptotic factor or regulator of mitochondrial fission (Cavdar Koc et al. 2001;Xiao et 

al. 2015). Interestingly, the function affected by the DAP3 variant Cys395Tyr seems 

discrete from the mitochondrial ribosomal function of DAP3 meaning this variant may be 

informative in studying the role of DAP3 in either apoptosis or mitochondrial fission. We 

predicted that the variant Cys395Tyr could abolish a post-translational modification site 

and affect the interaction of DAP3 with either a lipid membrane or a binding partner. The 

residue Cys395 is not modified in the bovine mitochondrial ribosome under normal 

conditions (Cavdar Koc et al. 2001), but it may be modified either in non-ribosomal DAP3 

or in other conditions. It could be informative to assess the whole cellular pool of DAP3 in 

patient and control cells to detect post-translational modification at residue 395. It could 
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be variants in other regions of DAP3 cause Perrault syndrome through mitochondrial 

ribosome dysfunction.  

Defects of the mitochondrial translation pathway are known to be associated with 

hearing loss (Xing et al. 2007). The exact pathological mechanisms behind this tissue 

specific phenotype are not well understood. Our immunohistochemistry data suggests 

some proteins involved in mitochondrial translation have specific localisation in the organ 

of Corti. We found that PRORP in particular associated with the synapses and nerve fibres 

of the organ of Corti after the onset of hearing. The work of Nishio et al. (2017) found 

that some of the genes associated with Perrault syndrome are highly expressed in the 

spiral ganglion which connects auditory input to the central auditory system in the brain. 

We suggest that the neurons in the spiral ganglion and brainstem may have an increased 

level of mitochondrial translation, perhaps making them vulnerable to disruption of this 

pathway during sustained sound stimulations after the onset of hearing. This could go 

some way to explaining the tissue specific phenotype of hearing loss in cases of Perrault 

syndrome. Defects of mitochondrial translation are often associated with primary ovarian 

insufficiency (Demain et al. 2017a) and there may be a similar mechanism at work here. 

Our data highlights that mitochondria are not homogenous organelles and have specific 

cell, tissue and developmental patterns of protein expression and localisation which 

should be taken into account when considering the often tissue specific pathology of 

mitochondrial disorders. 

8.5 Future work 

The three novel putative Perrault syndrome genes reported here were all identified in 

single families. Despite screening five additional families with genetically unresolved 

Perrault syndrome we did not find an additional affected family for any case. Perrault 

syndrome is an incredibly rare condition with few affected individuals worldwide. A 

second Perrault syndrome family with variants in HARS2 was not identified until five years 

after the initial report and was reported by a different group (Pierce et al. 2011;Lerat et 

al. 2016). It, therefore, may be some time before the second family is identified in these 

cases.  
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To ascertain a second family for each novel Perrault syndrome gene we have submitted 

these variants to GeneMatcher (https://genematcher.org/). GeneMatcher is an online 

tool which connects individuals with interest in the same gene to resolve the genetic basis 

of human genetic disease. In this way we hope to find additional families with pathogenic 

variants in PRORP, NOP14 and DAP3 to complete the evidence of pathogenicity for these 

genes.    

In these cases of Perrault syndrome genes with a single affected family, recapitulating the 

phenotype in mice using the CRISPR genome editing technology (Cong et al. 2013) would 

bridge the evidence gap which is left without a second family. These mouse models would 

also provide more data on the molecular causes of the pathology at a tissue level which 

we have seen may be important as Perrault syndrome genes have tissue and cell specific 

expression patterns in the organ of Corti. As most of the genes involved in Perrault 

syndrome are essential for life, creating the exact putative pathogenic variants is 

important as knockout mice are unavailable or non-viable in most cases. Tissue specific 

knockout mice have been produced for PRORP (Rackham et al. 2016). These models are 

often not particularly informative about Perrault syndrome as the ear and ovaries are not 

usually affected and the knockout phenotype will likely be more severe than the Perrault 

syndrome phenotype where the defect is generally mild. CRISPR mice (Cong et al. 2013) 

would be particularly useful cases where a variant has a specific phenotype associated 

with it such as in the LARS2 variant associated with low frequency SNHL. CRISPR 

technology (Cong et al. 2013) could also prove useful in creating a variant cell line in the 

cases where patient cells are not available. 

Where patient fibroblast cells are available assessment of the mitochondrial OXPHOS 

complexes should be performed. If there are cases of Perrault syndrome with a different 

molecular pathology than a defect of mitochondrial translation then this would help 

stratify them quickly. In the cases where there is a defect of mitochondrial translation I 

would suggest assessing mitochondrial ribosomal biogenesis and function as this a may 

be a common dysfunction in some cases of Perrault syndrome.  

The genetic and molecular assessment of each case of Perrault syndrome is important in 

facilitating new gene discovery and elucidating genotype-phenotype links, both of which 

https://genematcher.org/
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improve the diagnosis rate of Perrault syndrome. Improving the diagnosis rate of Perrault 

syndrome will increase the clinical data available about the syndrome and may help to 

address some of the unanswered questions surrounding the syndrome including the sex-

biased aspects. 

8.6. Conclusion 

In the past few years the knowledge of Perrault has greatly improved. In the age of 

diagnosis via next generation sequencing it is even more important to identify Perrault 

syndrome genes. We have seen this demonstrated through next generation sequencing 

of CLPP diagnosed cases of Perrault syndrome.(Ahmed et al. 2015;Demain et al. 

2017b;Theunissen et al. 2016). Alongside achieving the project aims in identifying and 

characterising three novel Perrault syndrome genes we have also identified a possible 

mechanism behind defects of mitochondrial translation and hearing loss and identified 

that NOP14 has a vital role in mitochondrial function. I also anticipate that the variant in 

DAP3 will provide insight into the function of DAP3 in apoptosis or mitochondrial fission. 

Although Perrault syndrome is a rare disease we have also shown here that investigating 

Perrault syndrome has applications beyond the immediate diagnosis of patients in both 

identifying the pathogenic mechanisms behind mitochondrial related hearing loss and 

infertility and in providing insight into the function of proteins like NOP14 and DAP3. 
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Appendix I. Primer details for Sanger Sequencing 

 

Primer name  Sequence 5' to 3' Annealing temperature °C 

C10orf2 exon 1 FWD GCTGAGGTGGTACTGACGAG 

60 C10orf2 exon 1 REV GTCAGGGCTTTAAAACTGGGG 

CLPP exon 4 FWD CCTCCCCAGGTTTAGGAGAT 

60 CLPP exon 4 REV GCCCAGTCAGTCCTTCTGTC 

DAP3 exon 13 FWD TCTTATTGTCACGCATTCACAG  

60 DAP3 exon 13 REV AGTAGCTTGTTGGGGTGAGG 

HSD17B4 exon 1 FWD TAGATGAACGCAAGGTGTCG 

60 HSD17B4 exon 1 REV TAACAATCGATGCCCACAGA 

HSD17B4 exon 5 FWD TGTGAGAATTGTTAAAACTTTTGATG 

60 HSD17B4 exon 5 REV TCCATAAAATTGCCACCTCA 

KIAA0391 exon 7 FWD ACACTGTCCTCTGCCTCTTC 

60 KIAA0391 exon 7 REV TCTAGGACCTGGCTAGTTCC 

LARS2 exon 14 FWD GATTACAAGCGTGAGCCACC 

60 LARS2 exon 14 REV CTTCTCCCCTTTAATCTGCAC 

LARS2 exon 4 FWD GTATACATGCAGAGTTCCCAG 

60 LARS2 exon 4 REV GTCCATCTTCAAAGCTGTCC 

NOP14 exon 8 FWD CAGCCACTGTACACCTTCCA 

  NOP14 exon 8 REV AAAGGGAGGTGAAAGGTA 

Supplemental Table SI.1. Primers for the confirmation of variants. 
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Plasmid Name Primer Name Sequence 5' to 3' 

Nop14-EGFP MB222.NOP14.F1 GGCGAAAACTAACCCAAACC 

Nop14-EGFP MB223.NOP14.F2 GGAGCTCATTGCAAAGTCAA 

Nop14-EGFP MB224.NOP14.F3 TAAAGACGATAGGCGCTTGC 

Nop14-EGFP MB225.NOP14.F4 AGCAACTTTTGGTGGTGGAA 

Nop14-EGFP MB226.NOP14.F5 GGCATCCAGTTGTGACTCCT 

Nop14-EGFP MB227.NOP14.F6 TTGAGCCTGATGAAGCACTG 

Nop14-EGFP MB228.NOP14.F7 GAAAGCGTAAAGTAAAACAGCTTTT 

Nop14-EGFP MB229.NOP14.R1 CACCAAAGTGGGAAGCAGTC 

Nop14-EGFP MB230.NOP14.R2 CGAAGTCTTTCAGCCTCCAG 

Nop14-EGFP MB231.NOP14.R3 CCACCACCAAAAGTTGCTCT 

Nop14-EGFP MB232.NOP14.R4 GCATCTGGCTCATACACAGC 

Nop14-EGFP MB233.NOP14.R5 GCAGTGCCTGATACATGAGC 

Nop14-EGFP MB234.NOP14.R6 CTGCATCCCTTTCCATGATT 

Nop14-EGFP MB235.NOP14.R7 CTCCGCGCCCCAGTC 

Dap3-EGFP MB209.DAP3.F1 ATGCTGACAGGAATAACAA 

Dap3-EGFP MB210.DAP3.R1 CGCTGTTTGTTGTGAGTGGA 

Dap3-EGFP MB211.DAP3.F2 CTAACCCGAGTGAGGAATGC 

Dap3-EGFP MB212.DAP3.R2 TTACAGCGAGGCACAGAGC 

Dap3-EGFP MB213.DAP3.R3 CAACTTCTGGACCCTGGAGA 

pSF-STE5-MouseNop14 CYC1 GCGTGAATGTAAGCGTGAC 

pSF-STE5-MouseNop14 STE5-NOP14_NOP14-1  TATTCCTGGAGTACGTGTGC 

pSF-STE5-MouseNop14 STE5-NOP14_NOP14-2 GAGCCATGAGACTCAGAAGA 

pSF-STE5-MouseNop14 STE5-NOP14_NOP14-3 TATGGCCAGTCCTGGCGA 

pET28-b(+)PRORP_p.Ala485Val   T7 Terminal GCTAGTTATTGCTCAGCGG 

pre- tRNA transcript histidine-

serine(AGY)-leucine(CUN)  

M13 (-21) Forward TGTAAAACGACGGCCAGT 

p426GPD-DAP3 RSM23_F  CAAGTATTCATCACGCTAAGTG 

p426GPD-DAP3 RSM23_B  TAATCATACATCGGTGGTCCAG  

p426GPD-DAP3C395Y RSM23_F  CAAGTATTCATCACGCTAAGTG 

p426GPD-DAP3C395Y RSM23_B  TAATCATACATCGGTGGTCCAG  

 Supplemental Table SI.2. Primers for the confirmation inserts in vectors. 
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Primer name Sequence 5' to 3' 

RSM23_F  CAAGTATTCATCACGCTAAGTG 

RSM23_B  TAATCATACATCGGTGGTCCAG 

Kan_B  CTGCAGCGAGGAGCCGTAAT 

Kan_C  TGATTTTGATGACGAGCGTAAT 

Supplemental Table SI.2. Primers for the confirmation of deletion of RSM23. 
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Appendix II. Construct maps 

Maps for EGFP-tagged Construct 

 

 

Supplemental Figure SII.1. Construct  Map for Dap3-EGFP 
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Supplemental Figure SII.2. Construct Map for NOP14-EGFP 
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Maps for Yeast Expression Constructs 

 

 

Supplemental Figure SII.3. Construct Map for pSF-STE5-MouseNop14 
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Supplemental Figure SII.4. Construct Map for p426GPD-DAP3 

 

 

Supplemental Figure SII.5. Construct Map for p426GPD-DAP3 C395Y 
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Maps for tRNA template Construct  

 

 

Supplemental Figure SII.5. Construct Map for pBlueScript II SK (+) pre- tRNA transcript 
histidine-serine(AGY)-leucine(CUN) 
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Appendix III. Supplemental data for chapter 3, Expanding the genotypic 

spectrum of Perrault syndrome  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 1. Family Pedigrees for families P6-P8 and audiograms for the probands from 

family P6 and family P8. 

In the pedigrees filled icons indicate affected individuals. The hearing level of the left ear is 

represented by the crosses and the right ear by circles. The arrows indicate no response to stimuli 

Audiograms were created using the AudGen online tool (version 0.71) (http://audsim.com/audgen/). 

http://audsim.com/audgen/


 

Supplementary Figure 2. Structural prediction of missense mutations in this study.  

(A) Structure of human HSD17B4 dehydrogenase domain. The two subunits of a dimer are coloured 

cyan and yellow. The two sites of mutations (Gly16, Val82) are shown as red spheres. NAD is shown 

as sticks. (B) Structure of T. thermophilus LeuRS, coloured according to functional domains. The two 

sites of mutations are shown as red spheres. The leucine-adenylate homologue is shown as sticks. (C) 

Structure of human CLPP, shown as two heptameric rings (cyan, yellow). The site of mutation 

Cys144 is shown as red spheres in seventeen copies of the homo-oligomer. 
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COCH 

COL11A2 

COL4A6 

CRYM 

DFNA5 

DFNB31 

DFNB59 

DIABLO 
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DIAPH3 

EDN3 

EDNRB 

ESPN 

ESRRB 

EYA1 

EYA4 

GIPC3 

GJB2 

GJB3 

GJB6 

GPR98 

GPSM2 

GRHL2 

GRXCR1 

HARS 

HARS2 

HGF 

HSD17B4 

ILDR1 

KARS 

KCNJ10 

KCNQ4 

KIT 

LARS2 

LHFPL5 

LOXHD1 

LRTOMT 

MARVELD2 

MIR96 

MITF 

MSRB3 

MYH14 

MYH9 

MYO15A 

MYO3A 



MYO6 

MYO7A 

OSBPL2 

OTOA 

OTOF 

OTOG 

P2RX2 

PAX3 

PCDH15 

PDZD7 

PNPT1 

POU3F4 

POU4F3 

PRPS1 

PTPRQ 

RDX 

RPGR 

SERPINB6 

SIX1  

SIX5 

SLC17A8 

SLC26A4 

SLC26A5 

SLC4A11 

SMPX 

SNAI2 

SOX10 

STRC 

TECTA 

TJP2 

TMC1 

TMIE 

TMPRSS3 

TPRN 

TRIOBP 

USH1C 

USH1G 

USH2A 

WFS1 

 

Table S1. List of hearing loss genes assessed in families P5–P7 



Patient Gene Variant Transcript Zygosity ExAC Allele Frequency EVS Minor Allele Frequency dbSNP Reference 

P5 II-1 

CLPP  c.368-8G>A NM_006012 Heterozygous 0.0111 0.6468 rs143053584 

DFNB31  c.1040A>T p.(Lys347Met) NM_001173425 Heterozygous Not Present Not Present Not Present 

GPR98  c.9447+6G>A NM_032119 Heterozygous 0.0009 0.0510 rs201481219 

MYO15A c.341_342insC p.(Arg115ProfsTer113) NM_016239 Heterozygous 0.00001 Not Present rs536413670 

SLC26A4  c.1790T>C p.Leu(597)Ser NM_000441 Heterozygous 0.8256 0.6305 rs55638457 

TJP2  c.143C>T p.(Thr48Ile) NM_001170416 Heterozygous Not Present Not Present Not Present 

P6 II-1 

CDH23 c.509G>A p.(Gly170Asp) NM_022124 Heterozygous 0.00002 Not Present rs776354402     

CDH23 c.5737G>A p.(Val1913Ile) NM_022124 Heterozygous 0.0008 Not Present rs368828743 

DFNB31 c.668G>A p.(Arg223His) NM_001173425 Heterozygous 0.0067 0.0923 rs146273185 

GJB2 c.341A>G p.(Glu114Gly) NM_004004 Heterozygous 0.0146 0.0615 rs2274083 

GPSM2 c.1559_1561delCAA p.(Thr523Del) NM_013296 Heterozygous 0.0015 Not Present rs199964596  

OTOA c.1381A>C p.(Thr461Pro) NM_170664 Heterozygous Not Present Not Present rs464696 

OTOA c.1387G>T p.(Glu463Ter) NM_170664 Heterozygous Not Present Not Present rs200988634 

OTOA c.92-11C>A - NM_144672 Homozygous 0.0120 0.0385 rs117553471 

OTOG c.2026T>C p.Ser676Pro NM_001292063 Heterozygous Not Present Not Present rs564978061 

OTOG c.3674G>A p.(Arg1225His) NM_001292063 Heterozygous 0.0048 Not Present rs116947228 

P8 II-1 

BDP1  c.4786G>A p.(Glu1596Lys) NM_018429 Heterozygous 0.000009 Not Present rs750411430 

CDH23  c.1525C>A p.(Pro509Thr) NM_052836 Heterozygous 0.0042 0.4808 rs41281304 

DIAPH3  c.1733C>T p.(Pro578Leu) NM_001258369 Heterozygous 0.0037 0.0495 rs76366906 

GPR98  c.5525-7C>T - NM_032119 Heterozygous 0.0053 0.4962 rs141528121 

GPSM2  c.57-10A>G - NM_013296 Heterozygous 0.0001 0.0231 rs184863735 

OTOF  c.4403T>C p.(Val1468Ala) NM_001287489 Heterozygous Not Present Not Present rs186311765 

SLC26A5  c.609A>G p.(Ile203Met) NM_198999 Heterozygous 0.000008 Not Present rs771114775 

SLC4A11  c.2147+7A>G NM_001174090 Heterozygous Not Present Not Present rs753806855 

SLC4A11  c.2147+11T>G NM_001174090 Heterozygous Not Present Not Present rs766259194  

SLC4A11  c.2147+15T>G NM_001174090 Heterozygous Not Present Not Present rs750269299  

USH2A  c.7130A>G p.(Asn2377Ser) NM_206933 Heterozygous 0.0038 0.3769 rs111033394 

 

Table S2. List of variants in known hearing loss genes present in P5 II-1, P6 II-1 and P7 II-1. Variants previously seen in-house more than five times, and variants present on 

ExAC  ( http://exac.broadinstitute.org), EVS ( http://evs.gs.washington.edu/EVS/) or dbSNP (http://www.ncbi.nlm.nih.gov/SNP/) with a frequency greater than 1% 

were removed. Minor allele frequencies are included where applicable 
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Appendix IV. Supplemental material for chapter 5, A homozygous variant in 

mitochondrial RNase P subunit PRORP is associated with Perrault 

syndrome characterized by hearing loss and primary ovarian insufficiency 
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Supplemental Data 

 

A 

 

B 

 

Supplemental Figure SIV.1 – Conservation of PRORP p.Ala485 

A) The conservation of PRORP between H. sapiens and A. thaliana. The residue p.Ala485 

(in humans) is indicated by the black arrow. B) The conservation of PRORP across multiple 

species. Residue Ala485 is shown in the red box. Numbering relates to the human protein 

(Genbank: NP_055487.2). 
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Supplemental Figure SIV.2 – The thermal stability of wild type PRORP and PRORP 
Ala485Val 

The thermal stability of wildtype PRORP and PRORP p.A485V were compared using 

differential scanning fluorimetry (DSF). Both proteins were applied in the standard buffer 

used for DSF (graph A) and in a buffer identified to yield the most thermostable PRORP 

protein (graph B). The variant PRORP p.Ala485Val was more thermostable than the wild 

type PRORP under both conditions.  𝑛 = 3 − 4. *= P<0.05. 
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A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure SIV.3 – In vitro mtRNase P processing assays with wild type and 
Ala485Val PRORP using pre-tRNAIle 

Continued next page. 
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B)  

 

Supplemental Figure SIV.4. – In vitro mtRNase P processing assays with wild type and 

Ala485Val PRORP using pre-tRNAIle 

A) Mitochondrial pre-tRNAIle was subjected to cleavage by recombinant reconstituted 

mtRNase P containing either wild type or p.Ala485Val PRORP. Aliquots were removed 

from the reactions and stopped at the time points indicated, and resolved by urea-PAGE. 

B) Quantitative analysis of the 5’ processed pre-tRNAILE bands from the single pre-tRNAIle 

processing experiment shown in (A). There was significant difference between the 

p.Ala485Val and wild type mtRNase P over three replicate experiments (N= 9 paired time 

points across 3 replicate experiments, evaluated using the Wilcoxon paired test, P<0.01).  
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Supplemental Figure SIV.5 – The localisation of mitochondria in the mouse organ of Corti using Tom 20 antibody. 

The organ of Corti from C57/BJ6 adult mice at postnatal day 24 (P24) was immunofluorescently stained using mouse monoclonal Tom20 

antibody (mitochondrial marker, green) to visualize mitochondria, SNAP25 (presynaptic membrane marker, red) to visualise efferent 

synaptic buttons and some nerve fibres and. DAPI (nuclear double stranded DNA marker, blue) to visualize hair cell nuclei, The two panels 

represent optical sections at the OHC and IHC synaptic area of the same organ of Corti sample. The outer hair cell (OHC) synaptic area is 

shown in the top panels (the arrow points to one of the OHC efferent synaptic button) and the inner hair cell (IHC) synaptic area is shown in 

the bottom panels. The scale bar is 20µm. 
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Appendix V. Supplemental material for chapter 7, Variants in mitochondrial 

ribosomal protein DAP3 are causative of Perrault syndrome without a 

defect of mitochondrial translation 
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Variant Transcript 
Consequen
ce EXaC dBSNP 

Zygosi
ty SIFT Polyphen2 EVS_TMAF 

Inhouse 
Count (Het) 

Inhouse 
Count (Hom) 

DAP3 c.1061G>A 
p.(Cys354Tyr) ENST00000535183 missense N N hom 

SIFT=deleterio
us(0) 

PolyPhen=probably
_damaging(0.946) N 0/586 0/586 

GPAT2 c.-6-13A>G - ENST00000439254 
splice_regi
on:intron 0.0024/78  rs2579509 hom - - N 1/586 0/586 

SYN2 c.251A>G 
p.(His84Arg) ENST00000432424 missense N rs71624922 hom 

SIFT=deleterio
us(0) 

PolyPhen=unknown(
0) N 0/586 0/586 

NADK c.725A>G 
p.(Lys242Arg) ENST00000344463 missense N N het 

SIFT=tolerated
(0.52) PolyPhen=benign(0) N 0/586 0/586 

NADK c.724A>G 
p.(Lys242Glu) ENST00000344463 missense 8.56E-05 N het 

SIFT=tolerated
(1) PolyPhen=benign(0) N 0/586 0/586 

NADK c.716C>G 
p.(Ala239Gly) ENST00000344463 missense N N het 

SIFT=tolerated
(0.54) PolyPhen=benign(0) N 0/586 0/586 

MAP4 c.322A>G 
p.(Ile108Val) ENST00000441748 missense 0.000626 rs35736893 het 

SIFT=tolerated
(0.06) 

PolyPhen=probably
_damaging(0.995) C=0.1538 0/586 0/586 

MAP4 c.1895G>A 
p.(Arg632Gln) ENST00000383736 missense N N het 

SIFT=tolerated
(0.11) 

PolyPhen=probably
_damaging(0.998) T=0.0077 0/586 0/586 

PRR23A c.743A>C 
p.(His248Pro) ENST00000383163 missense N N het 

SIFT=tolerated
(0.14) 

PolyPhen=unknown(
0) N 1/586 0/586 

PRR23A c.737A>C 
p.(His246Pro) ENST00000383163 missense N N het 

SIFT=tolerated
(0.27) 

PolyPhen=unknown(
0) N 0/586 0/586 

GRID2IP c.2263A>C 
p.(Ser755Arg) ENST00000457091 missense N N het 

SIFT=deleterio
us(0) 

PolyPhen=benign(0.
121) N 0/586 0/586 

GRID2IP c.2261T>C 
p.(Leu754Pro) ENST00000457091 missense N N het 

SIFT=tolerated
(0.12) 

PolyPhen=probably
_damaging(0.982) N 0/586 0/586 

PABPC1 c.833C>A 
p.(Phe278Leu) ENST00000519100 missense N N het 

SIFT=tolerated
(0.07) 

PolyPhen=benign(0.
002) N 0/586 0/586 

PABPC1 c.829A>T 
p.(Tyr277Phe) ENST00000519100 missense 0.005886 rs146200489 het 

SIFT=tolerated
(0.16) 

PolyPhen=benign(0.
014) N 1/586 0/586 

ADAMTSL1 c.1177G>A 
p.(Gly393Arg) ENST00000276935 missense 5.93E-05 rs199787607 het 

SIFT=deleterio
us(0) 

PolyPhen=probably
_damaging(0.992) A=0.0154 0/586 0/586 

ADAMTSL1 c.2770G>A 
p.(Val924Ile) ENST00000380548 missense 0.0003736 rs199730614 het 

SIFT=tolerated
(0.17) 

PolyPhen=benign(0.
013) A=0.103 0/586 0/586 

LDB3 c.1318T>C 
p.(Ser440Pro) ENST00000361373 missense N N het 

SIFT=deleterio
us(0.02) 

PolyPhen=probably
_damaging(0.957) N 1/586 0/586 

Supplemental Table SV.1. Filtered Variants from Exome data 

Continued next page. 
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Variant Transcript Consequence EXaC 
dBSN
P 

Zygosi
ty SIFT Polyphen2 

EVS_TM
AF 

Inhouse Count 
(Het) 

Inhouse Count 
(Hom) 

LDB3 c.1324G>C 
p.(Ala442Pro) 

ENST00000361
373 missense N N het 

SIFT=deleterious(0
.03) 

PolyPhen=possibly_damaging(
0.898) N 0/586 0/586 

EP400 c.92A>C p.(His31Pro) 
ENST00000542
457 missense N N het 

SIFT=deleterious(0
) 

PolyPhen=possibly_damaging(
0.615) N 0/586 0/586 

EP400 c.98A>C p.(Asn33Thr) 
ENST00000542
457 missense N N het 

SIFT=deleterious(0
) 

PolyPhen=possibly_damaging(
0.442) N 1/586 0/586 

EP400 c.109T>C p.(Ser37Pro) 
ENST00000542
457 missense N N het 

SIFT=deleterious(0
) 

PolyPhen=probably_damaging(
0.998) N 0/586 0/586 

PTPN21 c.1967C>T 
p.(Thr656Ile) 

ENST00000556
564 missense N N het 

SIFT=deleterious(0
.01) PolyPhen=benign(0.349) N 0/586 0/586 

PTPN21 c.1706A>C 
p.(Tyr569Ser) 

ENST00000556
564 missense   N het 

SIFT=deleterious(0
) 

PolyPhen=probably_damaging(
0.999) N 0/586 0/586 

RTL1 c.3836G>C 
p.(Arg1279Pro) 

ENST00000534
062 missense N N het 

SIFT=deleterious(0
.02) PolyPhen=benign(0.143) N 0/586 0/586 

RTL1 c.3827A>C 
p.(His1276Pro) 

ENST00000534
062 missense N N het 

SIFT=tolerated(0.2
1) PolyPhen=benign(0.006) N 0/586 0/586 

MYO5A c.2950C>T 
p.(Arg984Trp) 

ENST00000553
916 missense 

1.66E-
05 N het 

SIFT=deleterious(0
) PolyPhen=benign(0.363) 

A=0.008
4 0/586 0/586 

MYO5A c.187C>T 
p.(Arg63Ter) 

ENST00000553
916 stop_gained N N het - - N 0/586 0/586 

CACNA1H c.70-10G>C - 
ENST00000562
079 

splice_region:int
ron N N het - - 

A=0.008
5 1/586 0/586 

CACNA1H c.70-6A>C - 
ENST00000562
079 

splice_region:int
ron N N het - - N 0/586 0/586 

NUDT16L1 c.592C>G 
p.(Arg198Gly) 

ENST00000405
142 missense N N het 

SIFT=tolerated(0.3
5) PolyPhen=unknown(0) N 0/586 0/586 

NUDT16L1 c.598T>G 
p.(Trp200Gly) 

ENST00000405
142 missense N N het 

SIFT=deleterious(0
) PolyPhen=unknown(0) N 0/586 0/586 

Supplemental Table SV.1. Filtered Variants from Exome data 

Continued next page. 
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Variant Transcript Consequence EXaC dBSNP 
Zygosi
ty SIFT Polyphen2 

EVS_TM
AF 

Inhouse Count 
(Het) 

Inhouse Count 
(Hom) 

CDC27 c.1864T>A 
p.(Cys622Ser) 

ENST0000052
7547 missense N 

rs785252
24 het 

SIFT=tolerated(0.
46) PolyPhen=benign(0.024) N 1/586 0/586 

CDC27 c.*363+2T>G - 
ENST0000057
0818 

splice_donor:NMD_tra
nscript N N het - - N 0/586 0/586 

CDC27 c.*363+1G>T - 
ENST0000057
0818 

splice_donor:NMD_tra
nscript N N het - - N 0/586 0/586 

COIL c.198G>C 
p.(Leu66Phe) 

ENST0000024
0316 missense N N het 

SIFT=deleterious(
0) 

PolyPhen=probably_damagin
g(0.996) N 0/586 0/586 

COIL c.185A>G 
p.(Glu62Gly) 

ENST0000024
0316 missense N N het 

SIFT=deleterious(
0.01) 

PolyPhen=possibly_damagin
g(0.689) N 0/586 0/586 

TSHZ1 c.334A>C 
p.(Thr112Pro) 

ENST0000056
0918 missense N N het - - N 0/586 0/586 

TSHZ1 c.340A>C 
p.(Thr114Pro) 

ENST0000056
0918 missense N N het - - N 0/586 0/586 

MYO9B c.5258-13A>C - 
ENST0000039
7274 splice_region:intron N N het - - N 0/586 0/586 

MYO9B c.5258-9A>C - 
ENST0000039
7274 splice_region:intron N N het - - N 0/586 0/586 

ANO8 c.1797G>C 
p.(Glu599Asp) 

ENST0000015
9087 missense 

0.00079
72 

rs113297
737 het 

SIFT=tolerated(0.
2) PolyPhen=unknown(0) 

G=0.145
5 0/586 0/586 

ANO8 c.217+13G>C - 
ENST0000015
9087 splice_region:intron N N het - - N 0/586 0/586 

SCAF1 c.646G>C 
p.(Ala216Pro) 

ENST0000036
0565 missense N N het - PolyPhen=unknown(0) N 0/586 0/586 

SCAF1 c.655G>C 
p.(Ala219Pro) 

ENST0000036
0565 missense N N het - PolyPhen=unknown(0) N 0/586 0/586 

IL4I1 c.773+15T>G - 
ENST0000039
1826 splice_region:intron 

0.00879
4 

rs621262
84 het - - N 0/586 0/586 

IL4I1 c.773+14C>G - 
ENST0000039
1826 splice_region:intron N N het - - N 0/586 0/586 

IL4I1 c.773+9C>G - 
ENST0000039
1826 splice_region:intron N N het - - N 0/586 0/586 

Supplemental Table SV.1. Filtered Variants from Exome data. Continued next page. 
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Variant Transcript Consequence EXaC dBSNP 
Zygosit
y SIFT Polyphen2 

EVS_TM
AF 

Inhouse Count 
(Het) 

Inhouse Count 
(Hom) 

KIR2DL1 c.229C>A 
p.(His77Asn) 

ENST000002916
33 missense 

1.698E-
05 

rs1411166
05 het SIFT=deleterious(0) 

PolyPhen=benign(0.1
35) N 0/586 0/586 

KIR2DL1 c.230A>T 
p.(His77Leu) 

ENST000002916
33 missense 

1.698E-
05 

rs1501908
37 het SIFT=deleterious(0) 

PolyPhen=benign(0.0
18) 

G=0.015
7 0/586 0/586 

KIR2DL1 c.895+11C>T - 
ENST000002916
33 

splice_region:int
ron N N het - - N 1/586 0/586 

SH3BP1 c.60-11A>C - 
ENST000004424
65 

splice_region:int
ron N N het - - N 0/586 0/586 

SH3BP1 c.60-9T>C - 
ENST000004424
65 

splice_region:int
ron N N het - - N 1/586 0/586 

SH3BP1 c.1852A>C 
p.(Thr618Pro) 

ENST000003574
36 missense N N het 

SIFT=tolerated(0.1
6) 

PolyPhen=unknown(
0) N 0/586 0/586 

PANX2 c.1486G>C 
p.(Ala496Pro) 

ENST000003958
42 missense N N het 

SIFT=tolerated(0.2
5) PolyPhen=benign(0) N 0/586 0/586 

PANX2 c.1498G>C 
p.(Ala500Pro) 

ENST000003958
42 missense N N het SIFT=tolerated(0.3) PolyPhen=benign(0) N 0/586 0/586 

PANX2 c.1510G>C 
p.(Ala504Pro) 

ENST000003958
42 missense N N het 

SIFT=deleterious(0.
03) 

PolyPhen=benign(0.0
66) N 0/586 0/586 

Supplemental Table SV.1. Filtered Variants from Exome data     

The variants from exome data of the patient with Perrault syndrome due to variants in DAP3. Filtered as detailed in section 7.4.2.
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List of variable genes excluded from exome data of the patient with Perrault syndrome 

due to variants in DAP3 

The following variants were excluded as candidate Perrault syndrome genes in Chapter 7 

as they are either genes known to be highly variable or they had more than 5 rare 

variants in the exome data; 

ENSG00000198502;HLA-DRB5 

ENSG00000196126;HLA-DRB1 

ENSG00000196735;HLA-DQA1 

ENSG00000186715;MST1P9 

ENSG00000227124;ZNF717 

ENSG00000204525;HLA-C 

ENSG00000234745;HLA-B 

ENSG00000174450;GOLGA6L2 

ENSG00000256642;LINC00273 

ENSG00000134504;KCTD1 
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Sequence for DAP3 deletion fusion product 

TAGAATGATATTTTGGGAAAAAGCACTCCTTTTCCTAAGGACTGCGACTCGGTGAACAGAAAGGA

GGCTATGCGGTGTGGCCAGCCAACTCAAGGAGGACGAAGCAACCTTTGCCTCTAAACTGCCTGG

AACTAAATGTCGATTTTTCTGACCCCTCCCAGGGAGTGCTGAGTAGTGATGGTGTCTGGAGGGTC

AAATCCATTCCCAATGGCAAAGGTGAGACTTCTCCAGATACTGATGGATGGGGGCTTGGGTAGA

GCAGAAACATGGAGAAAGGTACATTTCCTCTGCTTGTCTTCAGGTTCCTCACCACTCCCCACCGCT

ACAACTCCAAAACCACTTATCCCTACAGAGGCCAGCATCAGGGTCTGGTCAGACTTCCTCAGAGT

CCATCTCCATCCCCGGAGCATCTGTATGATTCAGAAGTACAACCACGATGGGTATGGGGACCCCA

GAGGCTTTGAGGCAAGAAACATGGGTCCCCACCAATGCAGGATGAGGCTCTTGAGGCCATCTTC

CCTGCCCTTCCCCAGGACAAGAGGCTGAGGAGTTGAGGGAAGAGATGTAAGTCTTGGATCGTGT

TTACTTGTGGCAGGGAAGCAGGTCGGCTGGAGGCTTTTGGCCAAGGGGAAAGTGTCCTAAAGGA

ACCCAAGTACCAGGAAGAGCTGGAGGACAGGCTGCATTTCTACGTGGAGGAATGTGACTACTTG

CAGGTAGTGGCGTGGCAATGTGCACTCCAGGGTGGAAGCTCTTCTCATCCTGCTAACTATCTTTC

GTCACTCAC 

The underlined sequence of 478 bp, identical in both copies of the segmental duplication, 

is where recombination occurred. The highlighted bases are the last unique bases at the 

distal and proximal segmental duplication respectively. 
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Appendix VI: Copyright agreements 

A copyright agreement was not required for Chapter 4. 

Copyright agreement for figure 2.1. 
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Copyright agreement for Chapter 3 

 




