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Perrault syndrome is a geneticallyheterogeneous recessivedisorder
characterized by ovarian dysgenesis and sensorineural hearing loss.
In a nonconsanguineous family with five affected siblings, linkage
analysis and genomic sequencing revealed the genetic basis of Per-
rault syndrome tobe compoundheterozygosity formutations in the
mitochondrial histidyl tRNA synthetase HARS2 at two highly con-
served amino acids, L200V and V368L. The nucleotide substitution
creating HARS2 p.L200V also created an alternate splice leading to
deletion of 12 codons from the HARS2 message. Affected family
members thus carried three mutant HARS2 transcripts. Aminoacy-
lation activity of HARS2 p.V368L and HARS2 p.L200V was reduced
and the deletion mutant was not stably expressed in mammalian
mitochondria. In yeast, lethality of deletion of the single essential
histydyl tRNA synthetaseHTS1was fully rescued bywild-type HTS1
and by HTS1 p.L198V (orthologous to HARS2 p.L200V), partially res-
cued by HTS1 p.V381L (orthologous to HARS2 p.V368L), and not
rescued by the deletionmutant. In Caenorhabditis elegans, reduced
expression by RNAi of the single essential histydyl tRNA synthetase
hars-1 severely compromised fertility. Together, these data suggest
that Perrault syndrome in this family was caused by reduction of
HARS2activity. These results implicate aberrationsofmitochondrial
translation in mammalian gonadal dysgenesis. More generally, the
relationship betweenHARS2 and Perrault syndrome illustrates how
causality may be demonstrated for extremely rare inherited muta-
tions in essential, highly conserved genes.

Perrault syndrome is a rare recessive disorder characterized by
ovarian dysgenesis in females and sensorineural hearing loss

in females and males (1). Affected females are karyotypically
46XX and infertile; affected males are 46XY and fertile (2). The
syndrome is clinically heterogeneous: Some families have only
sensorineural hearing loss and female ovarian dysgenesis,
whereas others have neurological manifestations, which can in-
clude ataxia, limited extraocular movements, nystagmus, oph-
thalmoplegia, lower limb weakness, mental retardation, sensory
polyneuropathy, hypotonia, or poor reflexes (3–5). In addition,
families have been reported with either short stature (6, 7) or
marfanoid features (8). The syndrome is also genetically het-
erogeneous. In one family, Perrault syndrome is caused by
mutations in HSD17B4, encoding 17β-hydroxysteroid dehy-
drogenase type 4 (9, 10). In 10 other families diagnosed with
Perrault syndrome, HSD17B4 sequences were wild type.
The goal of the present study was to identify and characterize

the genetic basis of Perrault syndrome in one of the first reported
kindreds (11) (Fig. 1A). In this nonconsanguineous family ofmixed
European ancestry, affected females II-1, II-7, and II-8 presented
with ovarian dysgenesis, with amenorrhea and streak gonads (i.e.,
nonfunctional gonads composed primarily of fibrous tissue). All
had 46XX karyotypes. These three females and two males in the
family had sensorineural hearing loss, which was progressive in all
five siblings, but varied in age of onset and severity (Fig. 1B). Af-
fected males were fertile, with healthy, hearing children. Both
parents had normal hearing. All persons in the family had normal

intelligence. Thorough clinical evaluation of the family was pro-
vided by Pallister and Opitz (11).

Results
Identification of the Gene Responsible for Perrault Syndrome. Ge-
nome-wide linkage analysis, under a model of fully penetrant re-
cessive inheritance, was undertaken for 11 members of the family.
Only one chromosomal region, between D5S2115 and D5S436
on chromosome 5q31, yielded a multipoint lod score >3.0. Fine
mapping of this region defined a linkage interval of 4.142 Mb
bounded by D5S479 and D5S2508 at chromosome 5:136,305,608–
140,447,387 (hg19) with lod score Z = 3.10 (Fig. S1). This region
harbors 58 genes, all of which were evaluated by Sanger sequenc-
ing of exons and flanking regulatory regions. Rare variants of
predicted functional effect that cosegregated with the Perrault
phenotype were found in only one gene, HARS2, which encodes
the mitochondrial histidyl tRNA synthetase. Affected individuals
carried a paternally inheritedmutation at chr5:140,075,395C>G in
HARS2 exon 6, corresponding to HARS2 c.598C > G (p.L200V),
and a maternally inherited mutation at chr5:140,076,926G > T in
HARS2 exon 10, corresponding toHARS2 c.1102G>T (p.V368L)
(Fig. 1 A and C).
To test whether these mutations were the only plausible can-

didates, the entire 4.142-Mb linkage region was tiled with over-
lapping cRNA oligonucleotide bait probes. Genomic DNA from
affected individual II-1 was hybridized to the baits and sequenced
to a median 150-fold coverage, with 97% of targeted bases having
>20-fold coverage. HARS2 was the only gene in this region with
two variants of predicted functional effect (Table 1). Neither
HARS2 c.598C>GnorHARS2 c.1102G>Twas present in any of
982 control individuals of Caucasian ancestry or in 960 individuals
genotyped in phase 3 of the 1,000 Genomes Project.
Analysis of HARS2 cDNA from patient-derived lymphoblast

cell lines revealed that the paternal mutant allele created an
alternative splice site, resulting in an in-frame deletion of the 12
remaining codons in exon 6 (p.Δ200–211) (Fig. 1D). The pro-
portion of transcripts encoding HARS2 p.Δ200–211, among
those encoding HARS2 p.L200V or p.Δ200–211, was signifi-
cantly lower in the father, I-1, compared with his affected chil-
dren, II-1, II-4, II-7, and II-8 (P = 0.009, Fig. 1E).
HARS2 encodes a histidyl tRNA synthetase (Fig. 2A) that is

predicted to function in mitochondria (12). Aminoacyl tRNA
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synthetases are highly conserved enzymes that catalyze the co-
valent linkage of specific amino acids to their cognate tRNAs
(13). Aminoacyl tRNA synthetase activity is required in both the
cytoplasm and mitochondria for translation of nuclear- and
mitochondrially encoded proteins, respectively. In mammals, for
most amino acids, these two activities are encoded by separate
genes, hence the cytoplasmic HARS and mitochondrial HARS2
histidyl tRNA synthetases. The residues mutated in HARS2
in Perrault syndrome are conserved from humans to yeast,
with HARS2 p.L200 also conserved in Thermus thermophilus,
and HARS2 p.V368 also conserved in Escherichia coli (Fig. 2B).
HARS2 p.V368 is located just C-terminal to the highly conserved
HisB region, which is specific to the histidine tRNA synthetases
and forms part of the histidine binding pocket (14). HARS2 p.
L200V and HARS2 p.V368L were predicted by the SIFT
(Sorting Intolerant from Tolerant) algorithm to be not tolerated
(P = 0.01 and P = 0.02, respectively) and by PolyPhen2 to be
damaging (HumDiv scores 0.988 and 0.998 and HumVar scores
0.970 and 0.996, respectively). In 10 other families with Perrault
syndrome, HARS2 sequences were wild type.

Mitochondrial Localization, Dimerization, and Enzyme Activity of
HARS2 and HARS2 Mutants. To determine whether HARS2 was
indeed localized to the mitochondria and whether the Perrault-

linked mutations affected protein expression or localization, we
expressed wild-type and mutant HARS2 and the cytoplasmic
histidyl tRNA synthetase HARS in mammalian cells. C-terminally
epitope-tagged proteins were transiently expressed in 293T cells.
HARS was highly expressed in the cytoplasm and virtually un-
detectable in mitochondria; most expression of both wild-type
and mutant HARS2 was in mitochondria (Fig. 2C). Wild-type
HARS2, HARS2 p.L200V, and HARS2 p.V368L were expressed
at similar levels, whereas very little HARS2 p.Δ200–211 was
detected, suggesting that the deletion mutant was unstable.
HARS2 functions in vivo as a homodimer (15). To determine

whether the mutations affected the ability of HARS2 proteins to
dimerize, Myc- and FLAG-tagged wild-type and mutant HARS2
proteins were coexpressed in pairs and immunoprecipitated with
an anti-Myc antibody (Fig. 2D). HARS2 p.V368L dimerizes
more efficiently than does wild-type HARS2 or HARS2 p.
L220V. In contrast, HARS2 p.Δ200–211 is poorly expressed with
no dimerization detected.
To determine whether the HARS2 mutations affected enzyme

activity, we assayed the activity of purified recombinant wild-type
and mutant HARS2 using the pyrophosphate exchange assay,
which measures the first step of the aminoacylation reaction (Fig.
2E). Compared with wild-type HARS2, both HARS2 p.L200V
and HARS2 p.V368L had decreased activity, with HARS2
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Fig. 1. Identification of mutations in HARS2 in a family with Perrault syndrome. (A) A nonconsanguineous family of French, Irish, and Scottish ancestry, with
Perrault syndrome in 5 of 11 siblings. Affected siblings are compound heterozygotes for mutations in HARS2. (B) Progressive hearing loss in the affected
individuals, measured by pure tone audiometry as described by Pallister and Opitz (11). (C) Paternal allele chr5:140,075,395C > G, corresponding to HARS2
c.598C > G, and maternal allele chr5:140,076,926, corresponding to HARS2 c.1102G > T. (D) Sequence from cDNA from lymphoblasts of II-1, indicating that
HARS2 c.598C > G yields two transcripts, encoding HARS2 p.L200V and HARS2 p.Δ200–211. (E) The paternal allele HARS2 c.598C > G encodes HARS2 p.Δ200–
211 and HARS2 p.L200V. The proportion of HARS2 c.598C > G transcripts encoding HARS2 p.Δ200–211 is significantly lower for the unaffected father I-1 than
for his affected children II-1, II-4, II-7, and II-8 (P = 0.009). Transcripts were derived from lymphoblast cDNA. P value for the comparison is based on the Z score
for significance of a difference between independent proportions.

Table 1. Rare variants in the 5q31 linked region in individual II-1 with Perrault syndrome

SBP Indel Total

Rare variants in linked region 104 40 144
Nonsense, missense, frameshift, or splice variants 6 0 6
Genes with ≥2 nonsense, missense, frameshift, or splice variants 1 0 1

SBP, single base pair variants; Indel, insertion and deletion variants.
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p.V368L more severely affected. HARS2 p.Δ200–211 was poorly
expressed in bacteria and could not be purified.

Analysis of HARS2 Structure. Crystal structures of prokaryotic
homologs of vertebrate histidyl tRNA synthetases, in complex
with histidyl-adenosine monophosphate (HAM), allowed us to
examine the putative structural roles of HARS2 p.L200 and
HARS2 p.V368 and to predict consequences of mutations at
these sites. Sequences of these regions are conserved among
prokaryotic and eukaryotic species (Fig. 2B). The amino acid
analogous to HARS2 p.L200 in the T. thermophilus enzyme is
involved in packing interactions with two other strongly con-
served hydrophobic amino acids, analogous to HARS2 p.L203
and HARS2 p.I390 (Fig. 2B). The amino acid analogous to
HARS2 p.I390 is on an α-helix involved in ATP binding that is
conserved in all class II tRNA synthetases (15). HARS2 p.R389,
the residue adjacent to p.I390, is absolutely conserved and is
involved in coordinating the γ-phosphate and positioning the
adenine ring of the HAM (16, 17) (Fig. 3A). Substitution of the
side chain of HARS2 p.L200 with a shorter valine side chain may
destabilize or adjust this packing interaction, allowing movement
of the helix containing p.I390 and p.R389, thereby altering
binding in the active site. HARS2 p.V368 is located at the end of
the highly conserved HisB motif, which is involved in the rec-
ognition of histidine (14). Its side chain is also engaged in
packing interactions with two other hydrophobic amino acids,
analogous to p.A137 and p.A141. These three amino acids are
completely conserved in eukaryotes and strongly conserved as
methyl-containing hydrophobic residues in prokaryotes (Fig. 2B).
HARS2 p.A137 and p.A141 are located on two neighboring
turns of an α-helix that begins with the invariant residue p.T133,
which makes contact with the histidyl end of the HAM (Fig. 3B).
Substitution of HARS2 p.V368 with the longer leucine side chain
could cause an adjustment in the packing interaction leading to
movement of the helix and p.T133 away from the histidine in the
binding pocket. This adjustment could lead to reduction in the
binding affinity for the activated histidine.

Analysis of HTS1 Mutations in Yeast. We investigated the effects of
the HARS2 mutations in vivo by evaluating the analogous

mutations in yeast (Fig. 4). Saccharomyces cerevisiae has a single
essential hisitdyl tRNA synthetase gene, HTS1, that provides
both mitochondrial and cytoplasmic activity (18). We de-
termined the ability of HTS1 mutations analogous to the HARS2
mutations to complement the lethality of the yeast HTS1 de-
letion strain (hts1Δ). Growth of cells expressing Hts1 p.L198V
(analogous to HARS2 p.L200V) was similar to the growth of
cells expressing wild-type Hts1 (Fig. 4A), indicating that Hts1 p.
L198V was able to completely rescue the lethality of the hts1Δ
strain. In contrast, growth was only partially rescued by Hts1 p.
V381L (analogous to HARS2 p.V368L). Hts1 p.Δ198–207 and
the empty vector were unable to rescue growth. Similar results
were observed when cells from the rescued colonies were grown
in liquid media, with wild-type Hts1 and Hts1 p.L198V rescuing
growth and Hts1 p.V381L providing partial rescue (Fig. 4B).
Consistent with the results of the HARS2 enzyme assay, these
results suggest that the Hts1 p.V381L (HARS2 p.V368L) mu-
tation is the more severe of the two missense mutations, whereas
Hts1 p.L198V (HARS2 p.L200V) may provide wild-type or near
wild-type activity in vivo. In contrast, the failure of HTS1
p.Δ198–207 to rescue hts1Δ and the poor expression of HARS2
p.Δ200–211 in mammalian cells and bacteria suggest that this
mutant is unlikely to provide any activity in vivo.

Effects of Down-Regulation of hars-1 on Fertility in C. elegans.
To investigate the impact of reduced histidyl tRNA synthetase
activity on a multicellular organism, we exposed wild-type
Caenorhabditis elegans to hars-1 RNA interference (RNAi) by
feeding (Fig. 5).Hars-1 is the single histidyl tRNA synthetase gene
of C. elegans. Embryos from wild-type animals were laid onto
bacteria expressing double-stranded RNA and the progeny were
exposed to RNAi throughout development. Expression of hars-1
was reduced by at least 50% in L4 larvae exposed to hars-1 RNAi
relative to larvae exposed to control RNAi (Fig. S2). Reduced
hars-1 expression caused severe gonadal defects including
smaller, narrower gonads and the absence of oocytes or fertilized
eggs in the majority of animals (Fig. S3). When oocytes or fer-
tilized eggs were present, they were often misshapen. Consistent
with these morphological defects, hars-1 RNAi-treated animals
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Fig. 2. Effects of the mutations on the HARS2
protein. (A) Schematic of the HARS2 protein.
(B) Protein sequence alignment of HARS2
orthologs. Mutated amino acids are in red and
indicated by arrows; other amino acids critical
to the protein structures of Fig. 3 are in bold-
face type and marked with asterisks. (C)
Analysis by Western blot (WB) of cytoplasmic
(C) and mitochondrial (M) extracts of 293T cells
transfected with HARS and HARS2 constructs
demonstrates that HARS localizes to cytoplasm
and HARS2 localizes to mitochondria. HARS2
p.Δ200–211 is poorly expressed relative to
HARS2 wild type, HARS2 p.L200V, and HARS2
p.V368L. β-Actin and VDAC are cytoplasmic
and mitochondrial controls, respectively, for
fractionation and loading. (D) Immunopreci-
pitates (IP) from mitochondrial extracts of
293T cells transfected with pairs of constructs.
Coimmunoprecipitation between Myc- and
FLAG-tagged HARS2 p.V368L (lane 3) is stron-
ger than between Myc- and FLAG-tagged
HARS2 or HARS2 p.L200V (lanes 1 and 2), in-
dicating that HARS2 p.V368L homodimerizes
more efficiently than does HARS2 or HARS2 p.
L200V. Coimmunoprecipitation between
HARS2 p.V368L and either HARS2 or HARS2 p.L200V (lanes 6 and 8) is stronger than between HARS2 and HARS2 p.L200V (lane 5), indicating that dimerization
is increased even when only one monomer in the dimer harbors the p.V368L mutation. HARS2 p.Δ200–211 was expressed at very low levels; no dimerization
with this mutant protein was detected (lanes 4, 7, 9, and 10). (E) Measurement of the enzymatic activity, using the pyrophosphate exchange assay, of purified
wild-type HARS2 (wt), HARS2 p.L200V, and HARS2 p.V368L indicates that activities of both mutant proteins are reduced relative to wild-type protein, with
HARS2 p.V368L more severely affected. Results illustrate a representative experiment, performed in triplicate; error bars indicate SD.
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were almost completely sterile relative to control RNAi-treated
animals (Fig. 5).
Deficient numbers of functional germ cells could be due to

reduced production of germ cells, loss of germ cells due to cell
death, or both. To investigate this mechanism, we compared the
response of wild-type animals and ced-4(n1162) mutant animals,
which have a defect in apoptosis, to hars-1 RNAi. When wild-
type and ced-4(n1162) animals were treated with control RNAi,
ced-4(n1162) animals had a smaller brood size, as expected (19).
Treatment with hars-1 RNAi decreased brood size in both wild-
type and ced-4(n1162) mutants, but less severely in ced-4(n1162)
mutants (Fig. 5). These results indicate that hars-1 activity is
required in C. elegans for fertility and proper germ cell de-
velopment and that the loss of fertility caused by hars-1 RNAi is
partially mediated by apoptosis.
We also investigated the consequences of complete loss of

hars-1 using the hars-1(tm4074) null allele. Homozygous hars-1
(tm4074) animals arrested development as L2 larvae, as de-
termined by overall body size and by extent of gonad de-
velopment (Fig. S3 and Table S1). The L2 stage is before
substantial germ-line expansion. The arrested larvae remained
active and apparently healthy for at least several days. In addi-
tion, the pseudocoelae of mutant animals contained a large
number of granules (Fig. S3) that did not stain with oil red O or
Nile red so were unlikely to contain fat or to be lysosomal in
origin (20, 21).

Discussion
Aminoacyl-tRNA synthetases are highly conserved proteins that
play essential and nonredundant roles in cytoplasmic and mito-
chondrial protein translation. In mammals, the cytoplasmic and
mitochondrial aminoacyl-tRNA synthetases for each amino acid
except glycine and lysine are encoded by separate genes. Null
mutations in cytoplasmic or bifunctional (i.e., cytoplasmic and
mitochondrial) aminoacyl-tRNA synthetases are lethal, both in
yeast (22) and in mouse (23). Null mutations in the corre-
sponding mitochondrial enzymes have more variable pheno-
types. Those in yeast are unable to grow on glycerol (a non-
fermentable carbon source) and have unstable mitochondrial
DNA (24). C. elegans with a probable null mutation in mito-
chondrial lars-2 grow to late larval stage and are sterile and long-
lived (25), suggesting a critical role for mitochondria in the de-
velopment of the germ line. In humans, homoplasmic loss-of-
function mutation of the mt-tRNAVal gene is lethal (26). Dele-

Fig. 3. Structures of homologs of HARS2 at the mutant sites. Ribbon dia-
grams are shown of histidyl tRNA synthetases from (A) T. thermophilus (PDB
1ADY) and (B) E. coli (PDB 1KMM), each in complex with histidyl-adenylate
monophosphate (HAM), which is represented by light gray sticks with ele-
ment coloring in red (oxygen), blue (nitrogen), and orange (phosphorus).
Substitution at either L200 or V368 could result in movement of conserved
HAM contact residues. Numbers listed in A and B indicate analogous residues
in human/prokaryote proteins. (A) Region surrounding residue L151, anal-
ogous to HARS2 p.L200. L200/L151 (magenta) contacts L203/L154 and I390/
V312 (pink). The helix containing I390/V312 and the conserved R389/R311
residue is shown in dark gray, with R389/R311, which contacts HAM, shown
in dark gray sticks with element coloring as above. For clarity, residues 151–
160 have been removed from the view. (B) Region surrounding residue
V292, analogous to HARS2 p.V368. V368/V292 (magenta) contacts A137/V89
and A141/I93 (pink) on adjacent turns of the α-helix containing the invariant
T133/T85 (dark gray sticks with element coloring), which contacts the HAM.
For clarity, residues 293–304 have been removed from the view.
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terious mtDNA mutations are rarely homoplasmic, suggesting
a threshold of activity that is necessary for life (27).
Mutations in mammalian cytoplasmic and bifunctional ami-

noacyl-tRNA synthetases share phenotypic and genotypic fea-
tures. Dominantly inherited missense mutations in tRNA
synthetases for alanine (AARS), glycine (GARS), lysine (KARS),
and tyrosine (YARS) cause Charcot–Marie–Tooth (CMT) dis-
ease, a group of peripheral neuropathies characterized by pro-
gressive degeneration of motor and sensory neurons (28–31).
Although most CMT-associated mutations result in reduced
enzyme activity, this is not always the case, suggesting that the
CMT phenotype is not always caused by loss of function (32). In
support of this, mice heterozygous for a Gars null mutation have
reduced Gars activity but no neurodegeneration, whereas the
complex spontaneous mutation Gars p.P278YK causes a domi-
nant peripheral neuropathy phenotype similar to human CMT
(23). This observation suggests that the CMT-like phenotype
depends on the presence of the mutant protein. The similarity of
the phenotype in the AARS, GARS, and YARS cases and the
absence of phenotypes characteristic of mitochondrial dysfunc-
tion suggest that for individuals with mutations in the two bi-
functional enzymes GARS and KARS, the CMT phenotype is
primarily due to a defect in cytoplasmic activity.
In contrast to the phenotypes associated with cytoplasmic and

bifunctional aminoacyl-tRNA synthetases, phenotypes caused by
mutations in the corresponding mitochondrial enzymes are clini-
cally more variable. We have seen that mutations inHARS2 leading
to loss of enzyme activity cause progressive sensorineural hearing
loss and ovarian dysgenesis. Mutations in the mitochondrial tRNA
synthetases for aspartic acid (DARS2), arginine (RARS2), tyrosine
(YARS2), and serine (SARS2) have been implicated, respectively, in
the following syndromes: leukoencephalopathy with brainstem and
spinal cord involvement and lactate elevation (LBSL); pontocer-
ebellar hypoplasia type 6 (PCH6); myopathy, lactic acidosis, and
sideroblastic anemia (MLASA); and hyperuricemia, pulmonary
hypertension, renal failure in infancy, and alkylosis (HUPRA) (33–
36). LBSL and PCH6 involve specific progressive central nervous
system dysfunction, whereas the primary symptoms of MLASA are
progressive exercise intolerance and sideroblastic anemia. HUPRA
is a multisystemic disorder involving progressive renal failure. All of
these conditions are recessively inherited and are likely due to re-
duced synthetase activity. Despite their different clinical pre-
sentations, the primary cellular defect resulting from these
mutations is probably the same. Skeletal muscle biopsies from
patients with RARS2, YARS2, and SARS2 mutations show an
overall decrease in the activity of respiratory chain complexes,
particularly for those complexes containing mitochondrially enco-
ded subunits (33, 35, 36). For YARS2 this defect was shown to result
from a general decrease in mitochondrial translation. We speculate
that the Perrault syndrome-associated HARS2 mutations also lead
to a general decrease in mitochondrial translation and respiratory
chain defects in affected tissues.
Disruption of mitochondrial translation has previously been

implicated in progressive sensorineural hearing loss. Mutations in
mitochondrial rRNA and tRNA genes, including mt-tRNAHis,
have been associated with both syndromic and nonsyndromic
hearing loss (27, 37, 38). Mutations in mitochondrial tRNA genes
would be predicted to lead to phenotypes similar to those caused
by mutations in mitochondrial aminoacyl-tRNA synthetases. In
addition to their role in cellular energy production, mitochondria
are major producers of reactive oxygen species and play a key role
in the initiation of apoptosis. It has been hypothesized that dis-
ruptions in oxidative phosphorylation resulting from decreased
mitochondrial translation could lead to increased production of
reactive oxygen species and the initiation of apoptosis (38). Be-
cause the inner ear is very sensitive to these processes, a slight
increase in apoptosis could lead to cochlear degeneration (39, 40).
Disruption of mitochondrial translation has not previously

been implicated in mammalian gonadal dysgenesis. However,
mitochondria-dependent apoptosis is a critical part of gonadal
development. Oocyte numbers reach their maximum at midg-
estation, have decreased by approximately two-thirds at birth,

and continue to decrease throughout postnatal life (41, 42). It has
been suggested that this extensive apoptosis provides a mechanism
for removing cells carrying mtDNA mutations (43) and could also
remove cells with poor mitochondrial function as a result of
mutations in the nuclear genome or other defects. Thus, there is
a critical balance between oocyte proliferation and apoptosis.
Disruption of either process could lead to inadequate numbers or
complete loss of oocytes. In addition, adequate mitochondrial
function is thought to be an important determinant of the de-
velopmental competence of human oocytes (44). Loss of activity
of C. elegans hars-1 or lars-2, or of other genes critical for mito-
chondrial function (25, 45, 46), leads to sterility and/or early larval
arrest, indicating that a critical role for mitochondria in fertility
and early development has been conserved throughout evolution.
The mitochondrial aminoacyl-tRNA synthetases are involved

in essential and ubiquitous cellular processes, but the phenotypes
caused by mutant alleles vary in tissue specificity and in clinical
presentation. This variety may suggest differences among cell
types in the resilience of mitochondrial translation given re-
duction in specific tRNA synthetase activities. Cell types may
differ due to higher requirements for respiratory chain complex
activity in some tissues, such as skeletal muscle, or to greater
sensitivity to mitochondrial dysfunction in other tissues, such as
the inner ear and developing ovary. In addition, interaction be-
tween a specific mutation and the cellular environment could
result in the reduction of enzyme activity to below a critical
threshold in particular cells. For example, variability in baseline
levels of gene expression or variability in tissue-specific enhancers,
splicing factors, or chaperones could affect levels of active tRNA
synthetase enzymes in different tissues, making certain tissues
more vulnerable to reduced activity. Disorders resulting from
mutations in DARS2, RARS2, and HARS2 all involve splicing
mutations. Variation in the amount of alternative splicing may
modify the overall amount of enzyme activity. In the family har-
boring the HARS2 mutations, the ratio of HARS2 p.L200V to
HARS2 p.Δ200–211 transcripts is higher in the lymphoblasts of
unaffected individual I-1 than in those of his affected children.
Because HARS2 p.L200V is stable with nearly wild-type activity
and HARS2 p.Δ200–211 is unstable, the level of HARS2 activity
is likely to be higher in the cells of I-1. Splicing variability, whether
due to cis effects, interacting proteins, or stochastic influences,
could result in activity falling below a critical threshold in specific
cells while adequate activity is maintained in other cells.
With the vast amounts of DNA sequence data now available

for genomic analysis, a major challenge to both research and
medicine is to determine which of a patient’s many genetic
changes cause the critical phenotype. If a gene is mutant in only
one family, statistical methods are not useful: Causality must be
evaluated biologically. In the case of Perrault syndrome and
HARS2, conservation analysis, transcript analysis, activity assays
of expressed proteins, and functional studies in yeast and C.
elegans were combined to demonstrate that missense mutations
in HARS2 are responsible for this family’s disorder. The hall-
marks of Perrault syndrome are progressive sensorineural hear-
ing loss and ovarian dysgenesis, but the disorder is both clinically
and genetically heterogeneous. It is possible that some cases of
apparently nonsyndromic sensorineural hearing loss may be
unrecognized Perrault syndrome, if only males and prepubertal
females are evaluated. We have identified mutations in HARS2
and HSD17B4 (10) as causes of Perrault syndrome in two fam-
ilies. However, mutations in these genes do not explain Perrault
syndrome in nine other families, indicating that other critical
genes remain to be identified.

Methods
Detailed methods are provided in SI Methods.

Subjects and Gene Identification. The family was referred by the diagnosing
physician (J.M.O.). Control subjects were 982 individuals of self-described
Caucasian ancestry without deafness or ovarian dysgenesis. Linkage analysis
and sequencing of genes in the critical region were carried out as described
in SI Methods and Table S2.
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Analysis of Alternate Transcripts. Proportions of transcripts encoding the
L200V and Δ200–211 mutant forms of HARS2 were determined by ampli-
fying and sequencing individual clones.

cDNA Cloning and Mutagenesis. Human HARS and HARS2 cDNA and yeast
HTS1 genomic constructs were generated by PCR, cloning, and site-
directed mutagenesis.

Transfection, Cell Fractionation, and Western Blotting. 293T cells were trans-
fected with epitope-tagged HARS and HARS2 constructs, followed by iso-
lation of cytoplasmic and mitochondrial fractions. Proteins were analyzed by
immunoprecipitation and/or Western blotting.

Purification of Recombinant HARS2 Proteins. Wild-type and mutant HARS2
were expressed in bacteria and proteins were purified by affinity
chromatography.

Pyrophosphate Exchange Assay. Pyrophosphate exchange assays were per-
formed by a modification of published procedures.

Yeast HTS1 Deletion Mutant and Complementation Assay. The ORF of HTS1was
deleted by PCR-mediated gene replacement. The haploid hts1Δ strain was
isolated after transformation with pRS316-HTS1. The hts1Δ strain containing
pRS316-HTS1 was transformed with wild-type or mutant HTS1. Comple-
mentation was tested on media containing 5-FOA, to select against pRS316-
HTS1, and assessed by growth on plates or in liquid media.

C. elegans Strains and RNAi by Feeding.Wild-type N2 Bristol and ced-4(n1162)
strains were obtained from the Caenorhabditis Genetic Center. hars-1
(tm4074) was received from S. Mitani (Tokyo Women’s Medical University,
Tokyo). C. elegans were maintained using standard methods and RNAi by
feeding was performed essentially as described. F2 progeny of individual F1
animals were counted.
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