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Abstract 53 

Perrault syndrome is a rare autosomal recessive condition characterised by sensorineural hearing loss 54 

in both sexes and primary ovarian insufficiency in 46 XX, females. It is genetically heterogeneous 55 

with biallelic variants in six genes identified to date (HSD17B4, HARS2, LARS2, CLPP, C10orf2 and 56 

ERAL1). Most genes possessing variants associated with Perrault syndrome are involved in 57 

mitochondrial translation. We describe a consanguineous family with three affected individuals 58 

homozygous for a novel missense variant c.1454C>T; p.(Ala485Val) in KIAA0391, encoding 59 

proteinaceous RNase P (PRORP), the metallonuclease subunit of the mitochondrial RNase P 60 

complex, responsible for the 5’-end processing of mitochondrial precursor tRNAs. In RNase P 61 

activity assays, RNase P complexes containing the PRORP disease variant produced ~35-45% less 5’-62 

processed tRNA than wild type PRORP. Consistently, the accumulation of unprocessed polycistronic 63 

mitochondrial transcripts was observed in patient dermal fibroblasts, leading to an observable loss of 64 

steady-state levels of mitochondrial oxidative phosphorylation components. Expression of wild type 65 

KIAA0391 in patient fibroblasts rescued tRNA processing. Immunohistochemistry analyses of the 66 

auditory sensory epithelium from postnatal and adult mouse inner ear showed a high level of PRORP 67 

in the efferent synapses and nerve fibres of hair cells, indicating a possible mechanism for the 68 

sensorineural hearing loss observed in affected individuals. We have identified a variant in an 69 

additional gene associated with Perrault syndrome. With the identification of this disease-causing 70 

variant in KIAA0391, reduced function of each of the three subunits of mitochondrial RNase P have 71 

now been associated with distinct clinical presentations. 72 

 73 

Author Summary 74 

Perrault syndrome is a rare genetic condition which results in hearing loss in both sexes and ovarian 75 

dysfunction in females. Perrault syndrome may also cause neurological symptoms in some patients. 76 

Here, we present the features and genetic basis of the condition in three sisters affected by Perrault 77 
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syndrome. The sisters did not have pathogenic variants in any of the genes previously associated with 78 

Perrault syndrome. We identified a change in the gene KIAA0391, encoding PRORP, a subunit of the 79 

mitochondrial RNase P complex. Mitochondrial RNase P is a key enzyme in RNA processing in 80 

mitochondria. Impaired RNA processing reduces protein production in mitochondria, which we 81 

observed in patient cells along with high levels of unprocessed RNA. When we expressed wild type 82 

PRORP in patient cells, the RNA processing improved. We also investigated PRORP localisation in 83 

the mouse inner ear and found high levels in the synapses and nerve fibers that transmit sound. It may 84 

be that disruption of RNA processing in the mitochondria of these cells causes hearing loss in this 85 

family. 86 

 87 

Introduction 88 

Perrault syndrome (MIM 233400) is a rare autosomal recessive condition characterised by bilateral 89 

sensorineural hearing loss (SNHL) affecting both sexes and primary ovarian insufficiency (POI) in 90 

46, XX karyotype females (1). Additional clinical features may be present in some affected 91 

individuals, most commonly neurological dysfunction, including: ataxia, hereditary sensory motor 92 

neuropathy, nystagmus and mild to moderate intellectual disability (2, 3). Perrault syndrome is 93 

challenging to diagnose in males or prepubescent females as both groups are likely to present with 94 

non-syndromic SNHL (4). Perrault syndrome is genetically heterogeneous, as causative biallelic 95 

variants in six genes have been identified to date: HSD17B4 (MIM 233400) (5), HARS2 (MIM 96 

614926) (6), LARS2 (MIM 615300) (7), CLPP (MIM 614129) (8), C10orf2 (MIM 616138) (9) and 97 

ERAL1 (MIM 607435) (10). These six genes do not account for all cases of Perrault syndrome, 98 

suggesting that additional genes remain to be identified (11, 12). Variants in HSD17B4 are associated 99 

with both D-bifunctional protein deficiency, a peroxisomal disorder (13, 14), and Perrault syndrome 100 

(5). The other five genes associated with Perrault syndrome are nuclear-encoded mitochondrial 101 

proteins and share a common pathology of disrupted mitochondrial protein translation. 102 
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We report a novel cause of Perrault syndrome, which shares the common pathology of disrupted 103 

mitochondrial translation. Affected individuals in a large consanguineous family are homozygous for 104 

a missense variant in KIAA0391 (MIM 609947), encoding Proteinaceous RNase P (PRORP, also 105 

known as mitochondrial RNase P protein 3 (MRPP3)), one of the three subunits of the mitochondrial 106 

RNase P (mtRNase P) complex. In humans, mtRNase P comprises TRMT10C-SDR5C1-PRORP (also 107 

called MRPP1-MRPP2-MRPP3, respectively), and is responsible for cleaving the 5’ end of 108 

mitochondrial tRNAs from long polycistronic precursor transcripts (15, 16). We demonstrate that the 109 

KIAA0391 disease-associated variant impairs mtRNase P activity, resulting in the accumulation of 110 

unprocessed polycistronic mitochondrial transcripts and leading to a loss of steady-state levels of 111 

mitochondrial oxidative phosphorylation (OXPHOS) components. Expression of wild type KIAA0391 112 

in patient fibroblasts rescued tRNA processing. Finally, immunohistochemistry analyses of mouse 113 

auditory sensory epithelium showed prominent levels of PRORP in the efferent synapses and nerve 114 

fibres of the auditory hair cells, highlighting a plausible pathology for the sensorineural hearing loss 115 

observed in affected individuals. 116 

 117 

Results 118 

Clinical report 119 

A consanguineous Palestinian family of three affected female siblings, two unaffected female 120 

siblings, two unaffected male siblings and their unaffected parents were ascertained (Fig. 1A). All 121 

three affected sisters showed absent middle ear acoustic reflex, despite normal tympanometry, when 122 

tested in infancy and subsequent audiology examinations in each revealed profound bilateral SNHL 123 

(>90 decibels hearing level at all frequencies) (Fig. 1B). The three affected sisters each presented in 124 

their late teenage years with primary amenorrhea. Abdominal ultrasound noted the absence of ovaries 125 

in all three affected individuals. Hormonal profiles indicated hypergonadotropic hypogonadism (Fig. 126 

1C) with otherwise normal endocrine and biochemical tests and a 46, XX karyotype. The sisters were 127 

prescribed estrogen to induce puberty and are currently treated with hormone replacement therapy. 128 
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Each affected sibling has mild intellectual disability, which is not progressive. The sisters were taught 129 

in remedial classes but participate in the full activities of daily living, and one sister has paid 130 

employment. Echocardiography for each of the affected sisters was normal. All other physical and 131 

neurological examinations were normal and the three sisters each have normal height. 132 

 133 

Exome sequencing and variant confirmation 134 

Autozygosity mapping, performed on six siblings, as previously described (17), identified three 135 

homozygous regions >2Mb shared between the affected individuals, but not with the unaffected 136 

individuals (chromosome 14: 34195478-37228220; chromosome 18: 10090808-12264512; and 137 

chromosome 22: 21317876-23416005. Genome build: Hg19.) (18). Whole exome sequencing was 138 

performed on one affected individual (II-3). After sequence variants in the autozygous regions were 139 

filtered to remove variants seen more than once in >800 previously sequenced exomes, three variants 140 

remained. Two variants with a minor allele frequency of greater than 1%  in the Exome Variant 141 

Server (19) and dbSNP frequency (20) respectively were excluded, as they were too common to result 142 

in a rare inherited disorder. One variant was novel, KIAA0391 c.1454C>T; p.(Ala485Val) (Genbank: 143 

NM_014672.3).  144 
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 145 

Figure 1. The variant KIAA0391 c.1454 C>T causes sensorineural hearing loss and primary ovarian 146 

insufficiency in a large consanguineous family. 147 

A) The pedigree for the consanguineous Palestinian family with a variant in KIAA0391. The pedigree 148 

includes genotypes for the variant KIAA0391 c.1454 C>T. Filled symbols indicate affected 149 

individuals. B) Audiogram of affected individual II-4. The hearing level of the left ear is represented 150 

by the blue crosses and the right ear by red circles. All three affected sisters show a similar 151 

audiometric configuration, with profound hearing loss across all tested frequencies. The hearing 152 

threshold level of a normal adult is 0-20 dB (21). C) Hormone profiles for the three affected sisters, 153 

indicative of hypergonadotropic hypogonadism. Patients with hypergonadotropic hypogonadism have 154 

levels of follicle stimulating hormone, luteinising hormone and estrogen in the postmenopausal range 155 

(22).  D) Sanger sequencing traces for an affected and unaffected member of the family and one 156 

control sample at position KIAA0391 c.1454, highlighted in yellow (NM_014672.3). 157 

 158 

KIAA0391 encodes the endonuclease subunit of the mtRNase P complex, PRORP, which catalyses 159 

Mg
2+

-dependent phosphodiester-bond cleavage of 5’ extensions of mitochondrial tRNAs (15). 160 

Residue Ala485 is highly conserved in PRORP from multiple species (Supplemental Fig. S1). The 161 

p.Ala485Val variant is predicted to be deleterious by in silico pathogenicity tools, including SIFT 162 

(23), PolyPhen2 (24) and MutationTaster (25), and was absent in 100 ethnically matched controls, in 163 
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the ExAC server (26), dbSNP (20) or EVS (19) – comprising a minimum of 70,000 individuals. Of 164 

note, homozygous loss of function variants in KIAA0391 are absent from publically available 165 

databases noted above and a cohort of >3,200 British Pakistani individuals (27). Segregation of the 166 

homozygous variant with the Perrault syndrome phenotype was confirmed via Sanger sequencing 167 

(Fig. 1A and 1D). Sequence analysis of KIAA0391 in five unrelated individuals with Perrault 168 

syndrome (11), without a disease-causing variant in the known Perrault syndrome genes, did not 169 

identify putative pathogenic variants in a second family. 170 

 171 

Patient cells contain normal levels of mtRNase P but display decreased levels of oxidative 172 

phosphorylation (OXPHOS) components containing mitochondria-encoded proteins 173 

We investigated the steady-state levels of TRMT10C, SDR5C1 and PRORP in patient fibroblasts by 174 

Western blot analysis and found no decrease in the levels of the mtRNase P subunits compared to 175 

controls (Fig. 2A), suggesting that the p.(Ala485Val) variant does not markedly influence the stability 176 

of PRORP or the other mtRNase P subunits. We detected decreased steady-state levels of subunits of 177 

respiratory chain complex I (NDUFB8) and complex IV (COXI and COXII) subunits in patient 178 

fibroblasts compared to controls – both complexes containing mitochondrial DNA-encoded subunits - 179 

with no change of other OXPHOS components observed, most notably complex II, which is entirely 180 

nuclear-encoded(Fig. 2B). These results indicate a generalised defect of mitochondrial translation in 181 

the patient fibroblasts. 182 
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 183 

Figure 2. Patient fibroblasts show no reduction in subunits of mtRNase P, but show reduced levels of 184 

mitochondrial DNA encoded OXPHOS subunits.  185 

A) Western blot analysis of mtRNAse P subunits TRMT10C, SDR5C1 and PRORP in fibroblasts 186 

from a healthy control (C); an individual with the R106C pathogenic substitution in SDR5C1 (28) and 187 

individual II-4 with the p.Ala485Val variant in PRORP (P). Steady state levels of both TRMT10C and 188 

SDR5C1 are known to be reduced in patients with HDS10 disease due to the known pathogenic 189 

variant in SDR5C1, R106C (28). B) Western blot analysis of proteins of the five oxidative 190 

phosphorylation complexes. Included are two control samples (C) and a patient sample (P), II-4. 191 

VDAC1 serves as a mitochondrial loading control.  192 

 193 

Patient cells display disrupted mitochondrial RNA processing 194 

The levels of unprocessed mitochondrial transcripts in fibroblasts from individual II-4 were assessed 195 

by Northern blot analysis. An MT-ND1 probe detected an RNA transcript of approximately 2.5 kb in 196 

the patient sample not observed in the controls suggesting impaired 5’-end processing of tRNA
Leu(UUR) 197 

(Fig. 3). A larger RNA species appeared on a longer exposure for the MT-ND1 probe indicating that 198 

tRNA
Val

 processing is also decreased. An MT-ND2 probe detected a large RNA transcript in the 199 
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patient sample at approximately 4 kb indicating impaired 5’-end processing of tRNA
Ile

, tRNA
Met

 and 200 

tRNA
Trp

. A longer exposure revealed multiple bands, indicating the accumulation of transcripts due to 201 

the impaired 5’-end processing at multiple tRNA sites. An MT-CO2 probe showed a transcript of 202 

approximately 1.7 kb not detected in the controls suggesting impaired processing of tRNA
Lys

. 203 

Multiple bands in a longer exposure using the MT-CO2 probe indicated decreased processing across 204 

multiple tRNA sites. An MT-ND6 probe detected a transcript at approximately 2.3 kb in the patient 205 

sample, which can be explained by impaired 5’ processing of tRNA
Glu

. Taken together, the 206 

accumulation of various large unprocessed mitochondrial RNA transcripts across multiple tRNA sites 207 

indicates a generalised insufficiency of mitochondrial tRNA processing. 208 

 209 

Figure 3. Impaired mitochondrial RNA processing is detected in patient fibroblasts. 210 

A) Northern blot assessment of RNA extracted from patient (P) fibroblasts (II-4) and two control (C) 211 

samples using strand specific probes designed to complement four different mitochondrial gene 212 

transcripts; MT-ND1, MT-ND2, MT-CO2 and MT-ND6. A long and short exposure of the blots is 213 
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shown. B) Schematic representations of mitochondrial genome regions, the probes (dark blue) and 214 

expected fragment sizes in bp (orange) are shown to the right of each blot. 215 

 216 

The PRORP p.Ala485Val disease variant displays decreased mtRNase P activity 217 

The disease-associated variant p.Ala485Val is situated in the metallonuclease domain of PRORP, 218 

close to four conserved aspartate residues implicated in metal ion binding (Fig. 4A and 4B) (29). 219 

Replacing the conserved alanine at residue 485 with the bulkier valine could distort the active site and 220 

impair catalysis by interfering with proper coordination of the metal ions, thereby reducing the 221 

endonucleolytic activity of PRORP. To determine whether the p.Ala485Val variant alters the catalytic 222 

activity of PRORP, we compared the enzymatic activity of the disease-associated isoform and the 223 

wild type protein in the RNase P complex. 224 

 225 

 226 

Figure 4. The residue Ala485 is situated in the metallonuclease domain of PRORP close to conserved 227 

residues. 228 

A) The protein structure of human PRORP; the enlarged region is part of the metallonuclease domain. 229 

Residue Ala485 is situated in the centre of the active site close to the conserved aspartate residues that 230 

coordinate catalytic magnesium ions. B) A bar diagram of the domains of human PRORP (30). The 231 
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location of the variant residue Ala485 is noted on the diagram. Mitochondrial targeting sequence, 232 

MTS; pentatricopeptide repeat domain, PPR.  233 

 234 

The three wild type proteins of the mtRNase P complex TRMT10C, SDR5C1 and PRORP as well as 235 

the PRORP p.Ala485Val variant protein were individually produced by recombinant expression in 236 

E.coli and purified. During the assessment of the recombinant protein PRORP p.Ala485Val we noted 237 

that it had a higher melting temperature than wild type PRORP (Supplemental Fig. S2) suggesting 238 

reduced flexibility of the variant PRORP. Recombinant mtRNase P was reconstituted in vitro and 5’ 239 

end processing assays were performed with radiolabelled precursor tRNA (pre-tRNA) (Fig. 5 and 240 

Supplemental Fig. S3). Assays were performed with three mitochondrial tRNA substrates. Variants in 241 

HSD17B10 (encoding SDR5C1) causing HSD10 disease (MIM 300438) were reported to affect the 242 

accumulation of unprocessed transcripts from the heavy strand, but not those from the light strand 243 

(28). We therefore selected the heavy strand-encoded pre-tRNA
Ile

 and the light strand-encoded 244 

tRNA
Tyr

. Additionally, Pre-tRNA
His-Ser(AGY)-Leu(CUN)

 was selected, because variants in HARS2 and 245 

LARS2, which encode mitochondrial histidyl and leucyl aminoacyl synthetases, respectively, cause 246 

Perrault syndrome (6, 7).  247 

Since mtRNase P is an endonuclease, two fragments result from the cleavage of pre-tRNA
Tyr

 and pre-248 

tRNA
Ile

: the removed 5’-leader and the 5’-mature tRNA (Fig. 5A and 5C; Supplemental Fig. S3A). 249 

From the pre-tRNA transcript containing three tRNAs, the combination of two mtRNase P sites 250 

produces five possible fragments (31) (Fig. 5B, 5D and 5E). The variant mtRNase P complex 251 

generated markedly less processed tRNA than the wild type complex across all time points and 252 

reactions. Quantitative phosphorimaging revealed a diminution of cleavage products by ~35-45% 253 

(p<0.01) depending on the pre-tRNA substrate used (Fig. 5F, 5G, 5H, and Supplemental Fig. S3B). 254 

There was no significant difference in the reduction of 5’-end processing by PRORP p.Ala485Val-255 

containing mtRNase P between the different pre-tRNA substrates analysed (p>0.05), consistent with 256 

the accumulation of both heavy and light-strand transcripts seen in patient fibroblasts (Fig. 3).  257 
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 258 

Figure 5. In vitro mtRNase processing assays show the variant p.Ala485Val PRORP produces 259 

significantly less 5’ end processed tRNA than wild type PRORP. 260 

A) Mitochondrial pre-tRNA
Tyr

 was subjected to cleavage by reconstituted recombinant mtRNase P 261 

containing either wild type or p.Ala485Val PRORP. Aliquots were removed from the reactions and 262 

stopped at the time points indicated, and resolved by urea-PAGE. B) Mitochondrial pre-tRNA
His-263 

Ser(AGY)-Leu(CUN)
 was subjected to cleavage by reconstituted recombinant mtRNase P containing either 264 

wild type or p.Ala485Val  PRORP. Processing as in (A) with an additional time point added at 5 265 

minutes. See (E) for fragment labelling. C) A simplified drawing of pre-tRNA; the arrow indicates the 266 

site of mtRNase P processing. D) A drawing of pre-tRNA
His-Ser(AGY)-Leu(CUN)

, (31). The arrows indicate 267 

the sites of mtRNase P processing. E) The fragments produced from pre-tRNA
His-Ser(AGY)Leu-(CUN)

 by 268 

mtRNase P processing listed in order of descending size; the 5’-end fragment not included. F) 269 

Quantitative analysis of pre-tRNA
Tyr 

processing experiment shown in (A). There was significant 270 

difference between the p.Ala485Val and wild type mtRNaseP over three replicate experiments (n = 9 271 

paired wild type and equivalent variant time points across 3 replicate experiments, P<0.01). G) 272 

Quantitative analysis of pre-tRNA
His-Ser(AGY)-Leu(CUN) 

processing experiment shown in (B), only the 273 

fragments HSL3’and 5’HS are shown. The HSL3’ fragment at 30 minutes shows reduction compared 274 

to the fragment at 20 minutes likely because of further processing to produce the HS fragment. There 275 

was significant difference between the p.Ala485Val and the wild type mt RNaseP (HSL3’; n = 12 276 

paired time points across 3 replicate experiments, P< 0.01 and 5’HS; n = 12 paired time points across 277 

3 replicate experiments, P< 0.01). H) The average tRNA processing of the four major fragments from 278 
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the three substrates as compared to the wild type processing. Wild type is set to 100%. Data presented 279 

as the mean of 3 replicate experiments (all time points included) +/- SEM. 280 

 281 

tRNA processing in patient cells can be rescued by expression of wild type KIAA0391 282 

Rescue experiments were used to connect the accumulation of unprocessed RNA transcripts seen in 283 

the patient cells to the variant PRORP p.(Ala485Val). Patient fibroblasts were transfected with a 284 

plasmid containing the wild type KIAA0391 sequence. Unprocessed RNA transcripts were quantified 285 

by qPCR across processing sites (Fig. 6A). In untransfected patient cells there was a greater than 6-286 

fold increase in both pre-tRNA
Leu

 and pre-tRNA
Val

 transcripts in comparison to controls. When the 287 

patient cells were transfected with wild type PRORP, this increase was reduced to about 3-fold for 288 

pre-tRNA
Leu

,
 
and pre-tRNA

Val
 levels came back close to the control. Transfection efficiency, which is 289 

70% maximum, could account for tRNA processing not achieving wild type levels in transfected 290 

patient cells. 291 

 292 

PRORP is present in hair cell synapses and neurons of the mouse organ of Corti 293 

To understand why the variant in PRORP, p.Ala485Val, could be associated with hearing loss in the 294 

affected family, we undertook localisation studies of PRORP in the mouse organ of Corti. The organs 295 

of Corti from C57/BJ6 mice at postnatal (P) day 4 (P4), P16 and P24, were immunofluorescently 296 

stained to reveal the localisation of endogenous PRORP. The samples were also counterstained with a 297 

presynaptic membrane marker SNAP25 (synaptosome-associated protein 25), and DAPI, a 298 

fluorescent stain for double-stranded DNA that highlights the cell nucleus.  299 

In mice, the onset of hearing occurs at approximately P12-P14 (32). At P4, the organ of Corti is not 300 

fully mature and low levels of SNAP25 protein are detected at presynaptic hair cell membranes 301 

(Figure 6b) (33). At P4, diffuse PRORP staining at low levels is observed. Shortly after the onset of 302 

hearing at P16, the outer hair cell (OHC) efferent synapses and the inner hair cell (IHC) nerve fibres 303 

are highlighted by SNAP25. At P16 PRORP signal is detected around the base of inner hair cells 304 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted July 25, 2017. ; https://doi.org/10.1101/168252doi: bioRxiv preprint 

https://doi.org/10.1101/168252
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 
 

where afferent and efferent synapses are situated. At the same time, we observed low levels of 305 

PRORP in the hair cell bodies and in the efferent synapses of OHCs. By P24, PRORP 306 

immunoreactivity is increased at the efferent synapses of OHCs and around the base of inner hair 307 

cells. PRORP partially co-localises with SNAP25 staining around IHCs (see P16 images), suggesting 308 

that PRORP could be present not only in the mitochondria of efferent synapses but possibly afferent 309 

synapses and nerve fibres around the IHCs. Low levels of PRORP signal is present in OHC bodies at 310 

P24 alongside the more intense signal seen at the OHC synapses and IHC base.  At P24, the 311 

mitochondrial marker Tom20 labels mitochondria mainly within hair cell bodies and does not show 312 

increased signal in mitochondria within the supporting cells or efferent synaptic buttons 313 

(Supplementary Fig. S4), arguing for structurally different mitochondria with different protein 314 

compositions present in different cell types (34, 35). It is likely that the high levels of PRORP found 315 

in the subset of mitochondria associated with the synapses and neurons of the organ of Corti hair cells 316 

reflect those cells’ increased demand for genes involved in mitochondrial tRNA processing and 317 

translation.  318 

 319 
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 320 

Figure 6. Expression of wild type KIAA0391 encoding PRORP rescues tRNA processing and 321 

localisation in the mouse organ of Corti shows high levels of PRORP in the synapses and nerve fibres 322 

of hair cells. 323 

A) Mitochondrial precursor transcripts containing tRNA
Val

 and tRNA
Leu 

were quantified in control 324 

and patient fibroblasts using real time PCR. The patient samples are presented as a relative fold 325 

increase of the relevant controls. The precursor transcripts in patient samples were measured in non-326 

transfected cells, cells transfected with the empty vector and in cells transfected with the vector 327 

containing the wild type KIAA0391 sequence. For the control samples non-transfected fibroblasts 328 

were quantified. Fibroblast cell cultures of three different healthy donors served as controls. (mean ±  329 

SEM). Untransfected patient cells showed a greater than 5 fold increase in both pre-tRNA
Leu

 and pre-330 

tRNA
Val

 transcripts compared to controls. Transfection of patient cells with wild type KIAA0391 331 

reduced precursor transcripts by ~75% for pre-tRNA
Leu 

and ~ 65% pre-tRNA
Val

, rescuing tRNA 332 

processing. B) Confocal fluorescence microscopy optical sections of the whole mount organ of Corti 333 

samples from C57/BJ6 mice at postnatal days 4, 16 and 24 (P4,P16 and P24, correspondingly) 334 

showing localization of PRORP protein (green). Samples were counterstained with DAPI (nuclear 335 

DNA marker, blue) to visualize the nuclei of hair cells and SNAP25 (presynaptic membrane marker, 336 

red) to visualize efferent synapses at the base of OHCs and nerve fibres and synaptic buttons at the 337 

base and around IHCs. In the panels for P4 and P16 the dashed white line outlines the area of the 338 

outer hair cells (OHC) at the nuclear level and the dotted white line outlines the area around the inner 339 

hair cell nuclei (IHC). The white arrows point to one of the OHC efferent presynaptic buttons. The 340 

two panels at P24 represent two optical sections through the same organ of Corti sample at different 341 

focal plains to visualize OHC synaptic area (top) and IHC synaptic area (bottom). The scale bar is 342 

20µm. C) An illustration of the innervation of inner hair cells and outer hair cells. Arrows in the nerve 343 
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fibres indicate the direction of transmission. The area of SNAP25 staining is shown in red. D) An 344 

illustration of the arrangement of hair cells in the organ of Corti in the same orientation as shown in 345 

Panel B. E) An enlarged view of the area inside the white box in Panel B showing the co-localisation 346 

of SNAP25 (red) and PRORP (green) with the OHC nuclei shown in blue. 347 

 348 

Discussion 349 

In this report we provide evidence that Perrault syndrome is caused by a novel homozygous variant in 350 

KIAA0391, a gene not previously implicated in this disorder. KIAA0391 is the nuclear gene encoding 351 

PRORP, the catalytic subunit of the mtRNase P complex (15). In vitro tRNA processing assays 352 

supported the in silico predictions that the amino acid substitution in PRORP p.Ala485Val, the 353 

expected result of the nucleotide alteration c.1454C>T, would be damaging by impairing the 354 

processing of mitochondrial tRNAs. The absence of variants in KIAA0391 in other known cases of 355 

Perrault syndrome suggests that variants in KIAA0391 are not a common cause of this heterogeneous 356 

condition. However, our discovery provides further important insights into the pathogenesis of 357 

hearing loss and ovarian insufficiency. The functional work reported here indicates the mitochondrial 358 

respiratory chain deficiency seen in this family can be attributed to a variant in KIAA0391. An 359 

independent family would provide additional data linking variants in KIAA0391 with Perrault 360 

syndrome as would recapitulation of the Perrault syndrome phenotype in an animal model of the 361 

p.Ala485Val substitution in PRORP.  362 

The mtRNase P complex is composed of three proteins, TRMT10C-SDR5C1-PRORP, each encoded 363 

by the nuclear genome and post-translationally imported into the mitochondria matrix via an N-364 

terminal mitochondrial targeting sequence (15, 16). Mitochondrial tRNAs are processed at the 5’ end 365 

by mtRNase P (15) and at the 3’ end by mtRNase Z, encoded by ELAC2 (36, 37). This tRNA 366 

processing excises most of the RNA species from the polycistronic mitochondrial precursor 367 

transcripts according to the tRNA punctuation model (38, 39). 368 

We observed normal levels of PRORP in patient fibroblasts (Fig. 2A), which contrasts with the 369 

reduction of the other two subunits of mtRNase P, SDR5C1 (28, 40) and TRMT10C (41) in patients 370 

with inherited deficiencies of those proteins. Accumulation of multiple unprocessed transcripts in 371 
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patient fibroblasts indicated a generalised defect in mitochondrial tRNA processing (Fig. 3), leading 372 

to a mild but observable downstream effect on mitochondrial protein synthesis as evidenced by 373 

decreased steady-state levels of complex I and complex IV subunits (Fig. 2B). A similar, but more 374 

pronounced, OXPHOS defect was also observed in patients with pathogenic variants in TRMT10C 375 

(41) and HSD17B10 (encoding SDR5C1) (42). OXPHOS deficiency has also been associated with 376 

Perrault syndrome in patients with variants in ERAL1 (10). The pattern of OXPHOS deficiency in 377 

patients with Perrault syndrome due to ERAL1 variants is similar to that seen in our patient, 378 

suggesting that they may share a common pathogenesis.   379 

Biallelic variants, which are predicted to result in complete loss of function, have not been identified 380 

in any of the three subunits of the mtRNase P complex. All three mtRNase P complex genes are 381 

among the core set of genes essential for the survival of cells in tissue culture (43, 44). There are no 382 

knockout mouse models for trmt10c and the homozygous knockout of hsd17b10 results in an early 383 

embryonic lethal phenotype (45). Knockout of 1110008L16Rik (KIAA0391 homolog) is embryonic 384 

lethal, but cardiac and skeletal muscle specific 1110008L16Rik conditional knockout mice have been 385 

produced (46). These mice die at 11 weeks due to cardiomyopathy. The conditional knockout mice 386 

showed a significant reduction in the synthesis of mitochondrial encoded proteins with no alteration in 387 

nuclear encoded proteins. The reduction in mitochondrial-encoded proteins was accompanied by a 388 

significant reduction in mitochondrial respiration (46). The mice also showed an accumulation of 389 

unprocessed mitochondrial RNA transcripts, but in contrast to patients with defects in subunits of 390 

mtRNase P, the mice had no mature transcripts (46). The lack of mature mitochondrial transcripts 391 

may be the result of the complete loss of PRORP protein function in mice in comparison to patients 392 

with predicted hypomorphic variants in TRMT10C, HSD17B10 or KIAA0391. 393 

Despite the similarities in defective mitochondrial tRNA processing, variants in the three subunits of 394 

mtRNase P result in markedly differing clinical phenotypes. Pathogenic variants in TRMT10C cause a 395 

lethal, childhood multisystem disorder characterised by muscular hypotonia, SNHL and metabolic 396 

acidosis (41). Pathogenic variants in HSD17B10, encoding SDR5C1 (protein also known as HSD10, 397 

HADH2, MRPP2 or ABAD), cause HSD10 disease, which manifests as a severe, infantile-onset 398 
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neurodegenerative condition with cardiomyopathy (40, 47).  The clinical presentation of Perrault 399 

syndrome is less severe than of individuals with TRMT10C (41) and SDR5C1-associated diseases 400 

(40). The tissue specific phenotype of Perrault syndrome (SNHL and POI) in comparison to the more 401 

systemic presentations of TRMT10C- and SDR5C1-associated phenotypes may be accounted for by 402 

the differing function of the proteins.  TRMT10C and SDR5C1 are also  important for methylation at  403 

position 9 of mitochondrial tRNAs, which stabilises the tertiary L-shaped structure of some tRNAs 404 

(16),whereas PRORP is required for the nuclease function of mtRNase P only (15, 16). It is possible 405 

that more deleterious variants in KIAA0391 would result in further reduction in PRORP activity and a 406 

more severe multisystem disorder, similar to that seen in individuals with LARS2 variants (48). 407 

Conversely, hypomorphic alleles in KIAA0391 could result in milder degrees of SNHL or POI only. 408 

Immunohistochemistry of the mouse organ of Corti revealed the localisation of PRORP in hair cells 409 

with higher levels associated with the efferent synapses of the outer hair cells and nerve fibres of the 410 

inner hair cells. This particular pattern of PRORP localisation becomes apparent after the onset of 411 

hearing and involves only mitochondria of some cell types. It seems likely that a subpopulation of 412 

mitochondria associated with neurons in the organ of Corti are enriched for PRORP and may require a 413 

higher level of mitochondrial translation, after hearing onset.  414 

Recently, the expression levels of hearing loss genes were examined in different areas of the mouse 415 

cochlea. Four of the six genes associated with Perrault syndrome were examined, and it was found 416 

that they showed higher expression levels in the spiral ganglion neurons than in other parts of the 417 

cochlea, including the organ of Corti (49). This pattern of expression correlates with our 418 

immunohistochemistry results, as the cell bodies of the nerve fibres with efferent synapses that 419 

terminate at the base of OHC and IHC are in the brainstem, and IHC afferent synapses and their nerve 420 

fibres originate from the spiral ganglion neurons. Dysfunction of PRORP causing disruption of the 421 

hair cell efferent or afferent signalling, in conjunction with malfunctioning mitochondria of hair cell 422 

bodies, could be the pathological mechanism behind the hearing loss in the family reported here. The 423 

gene expression patterns from other Perrault syndrome genes suggest that they may share a similar 424 

pathology of neuronal origin with the case presented here (49). Our results together with the results 425 
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from Nishio et al (49) suggest that the neurons in the spiral ganglion and brainstem may have an 426 

increased level of mitochondrial translation, perhaps making them vulnerable to disruption of this 427 

pathway during sustained sound stimulations after the onset of hearing. 428 

Pathogenic variants resulting in distinct clinical phenotypes have now been identified in all the genes 429 

encoding subunits of mtRNase P. It is currently unclear why pathogenic variants in the different 430 

subunits of mtRNase P cause distinct clinical phenotypes. Investigation into this could provide 431 

insights into differences in the pathogenic mechanisms. 432 

Most genes previously associated with Perrault syndrome (HARS2, LARS2, C10orf2, CLPP and 433 

ERAL1) encode proteins implicated in mitochondrial protein translation (6-10). Our finding that 434 

biallelic variants in KIAA0391, encoding PRORP, result in impaired mitochondrial tRNA processing 435 

expands the spectrum of genes that can cause Perrault syndrome and provides additional evidence that 436 

Perrault syndrome is caused by impaired mitochondrial translation. Further, this discovery lends 437 

additional support to the hypothesis that genes involved in mitochondrial translation are candidates for 438 

genetically unresolved cases of Perrault syndrome.  439 

 440 

Materials and Methods 441 

Ethical approval 442 

All patients provided written informed consent in accordance with local regulations. Ethical approval 443 

for this study was granted by the National Health Service Ethics Committee (16/WA/0017) and 444 

University of Manchester. The NIH Animal Use Committee approved protocol 1263-15 to T.B.F. for 445 

mice.  446 

Autozygosity mapping and whole exome sequencing 447 

Autozygosity mapping was performed on six members of the family (II-1, II-2, II-3, II- 4, II-6 and II-448 

7) using the Affymetrix Genome-wide SNP6.0 arrays as previously described (17). Whole exome 449 
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sequencing was performed on DNA extracted from lymphocytes from individual II-3. The Agilent 450 

SureSelect Human All Exon V5 Panel was used for library preparation and sequencing was performed 451 

on the HiSeq 2500 (Illumina) as previously described (50). The variant KIAA0391 c.1454C>T; 452 

p.(Ala485Val) has been submitted to the relevant LOVD database (http://www.lovd.nl/3.0/home). 453 

Confirmation of variants 454 

Variants were confirmed in the family via Sanger sequencing using the ABI big Dye v3.1 455 

(ThermoFisher) sequencing technology. Primer sequences are available on request. 456 

Assessment of protein and RNA levels in patient fibroblasts 457 

Western blot analyses for the mtRNase P subunits were performed as previously described (28) using 458 

cell lysates from dermal fibroblasts (II-4). 30 mg of protein was separated on a 10% SDS-459 

polyacrylamide gel and transferred to a polyvinylidene difluoride membrane (GE Healthcare). 460 

Membranes were blocked and subsequently incubated with the primary antibodies (28) and detected 461 

with HRP-conjugated secondary antibodies (Dako). The blots were developed using the ECL Western 462 

Blotting Analysis Detection system (GE Healthcare).  463 

Western blots for the respiratory chain complexes (n=3) were performed using fibroblast cell lysates 464 

(II-4). Cell lysates were incubated with sample dissociation buffer, separated by 12% SDS–PAGE and 465 

immobilized by wet transfer on to PVDF membrane (Immobilon-P, Millipore Corporation). Proteins 466 

of interest were bound by overnight incubation at 4
o
C with primary antibodies followed by HRP-467 

conjugated secondary antibodies (Dako Cytomation) and visualized using ECL-prime (GE 468 

Healthcare) and BioRad ChemiDoc MP with Image Lab software. Antibody details are available in 469 

the Supplemental Materials.  470 

Northern blot analysis was performed as previously described (28). The NorthernMax kit from 471 

Ambion was used. 2–5 µg of total RNA, from fibroblasts (II-4), was separated on a 1% denaturing 472 

agarose gel. RNA was then transferred to nylon membrane (Hybond-N + Amersham, GE Healthcare) 473 

by capillary transfer, UV cross-linked and subjected to hybridization with biotinylated probes. Signals 474 

were detected using the BrightStar BioDetect kit (Ambion). A biotinylated RNA size marker 475 
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(BrightStar RNA Millenium Marker, Ambion) was used to determine the size of RNA species. Probe 476 

sequences as previously described (28). 477 

Preparation of the PRORP p.Ala485Val sequence for bacterial expression 478 

The plasmid pET28-b(+) containing the coding sequence for PRORP (15) was mutagenized as 479 

previously described (51) with the synthetic oligonucleotide PRORP_p.Ala485Val (see Supplemental 480 

data for oligonucleotide sequence). The potential mutagenized plasmids were extracted using the 481 

GenElute HP Plasmid miniprep Kit (Sigma Aldrich) and the variant was confirmed by DNA 482 

sequencing. 483 

Recombinant expression and purification of TRMT10C, SDR5C1 and PRORP (wt and 484 

p.Ala485Val) 485 

The templates for recombinant expression of TRMT10C, SDR5C1 and PRORP were as detailed in 486 

(15) and above. Expression was induced in E.coli Rosetta2 DE3 (Novagen) using Overnight Express 487 

medium (Novagen). Affinity chromatography of the His-tagged proteins was performed as previously 488 

described (15). Their purity was assessed by SDS-PAGE. Aliquots of purified proteins were dialysed 489 

overnight at 4°C in 20 mM Tris-Cl pH 7.4, 100 mM NaCl, 15% glycerol, then flash frozen and stored 490 

at -80°C. 491 

Preparation of mitochondrial pre-tRNA transcripts 492 

The templates for pre-tRNA
Tyr

 and pre-tRNA
Ile

 were as described in (15). The template for the pre-493 

tRNA
His-Ser(AGY)-Leu(CUN)

 was as described in the Supplemental data. Run off in vitro transcription to 494 

produce body labelled pre-tRNA substrate was performed as previously described (52). 495 

Pre-tRNA processing assays 496 

Pre-tRNA processing assays were performed as previously described (15, 53). The TRMT10C, 497 

SDR5C1 and PRORP proteins were mixed in a 2:4:1 molar ratio as described (15). 6% (w/v) 498 

acrylamide 8M urea gels were used to resolve substrate and cleavage products. Dried gels were 499 
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exposed to X-ray film at -80°C or exposed to a phosphorimaging screen to detect assay precursors, 500 

intermediates and products. See Supplemental Materials for further details. 501 

Real-time PCR 502 

Real-time PCR and analysis was performed as previously described (28). Total RNA was isolated 503 

from patient and control dermal fibroblasts and treated with DNase. Reverse transcription was 504 

performed using tRNA specific primers containing an adaptor sequence for subsequent real-time 505 

PCR. Primers sequences are as previously described (28). Real time PCR was performed using 506 

standard conditions (60°C elongation, 40 cycles) and relative expression of precursor transcripts in 507 

patient fibroblasts was calculated using the ct value for the appropriate transcript from three different 508 

healthy controls. Ubiquitin B expression served as the reference for both patient samples and controls.  509 

Rescue experiments 510 

The coding sequence of wild type KIAA0391 was cloned in an expression vector as described 511 

previously (28). The coding sequence was verified by Sanger sequencing. Patient dermal fibroblasts 512 

(2.0 x 10
5
) were seeded in 25 cm

2
 flasks and cultivated in 4 ml MEM medium. The next day cells 513 

were transfected using 3µg plasmid DNA (PRORP-vector and empty vector as transfection control) 514 

and 7.5 µl Turbofect transfection reagent and cultured for additional 48 hours. The cells were then 515 

harvested and precursor tRNAs were quantified by real-time PCR as described previously (28). 516 

Localisation of PRORP in the mouse organ of Corti 517 

The NIH Animal Use Committee approved protocol 1263-15 to T.B.F. for mice. C57/BJ6 mice at 518 

ages P4, P16 and P24 were euthanised, the cochlear capsule was removed and fixed with 4% 519 

paraformaldehyde in PBS for 2 hours. The samples were microdissected and the organ of Corti was 520 

permeabilised with 1% Triton X-100 in PBS for 30 min followed by three 10 min washes with 1X 521 

PBS. Nonspecific binding sites were blocked with 5% normal goat serum and 2% BSA in PBS for 1 h 522 

at room temperature. Samples were incubated for 2 h with rabbit polyclonal PRORP antibody 523 

(MRPP3, Proteintech - Catalog number: 20959-1-AP) at 1µg/ml and mouse monoclonal SNAP25 524 
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antibody (Santa Cruz, sc-136267) at 1µg/ml followed by several rinses with PBS. Samples were 525 

incubated with goat anti-rabbit IgG Alexa Fluor 488 conjugated secondary antibody and goat anti-526 

mouse Alexa Fluor 568 conjugated secondary antibody (Molecular Probes) for 30 min. Samples were 527 

washed several times with PBS and were mounted with ProLongGold Antifade staining reagent with 528 

DAPI (Molecular Probes) and examined using LSM780 confocal microscope (Zeiss Inc) equipped 529 

with 63X, 1.4 N.A. objective.  530 

Statistical analysis 531 

The Wilcoxon paired test (N=<20) was used with a significance value of 0.05 to test for differences 532 

between the wild type and p.Ala485Val pairs for each pre-tRNA substrate. 533 

To test for differences in the percentage reduction in the tRNA output of the p.Ala485Val variant 534 

between substrates the data was determined to be normally distributed using the Shapiro-Wilk test. 535 

One-way ANOVA with a significance value of 0.05 was used to test for differences. 536 
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