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Context: The etiology of primary ovarian insufficiency (POI) remains unknown in most cases.

Objective: We sought to identify the genes causing POI.

Design: The study was a familial genetic study.

Setting: The study was performed at two academic institutions.

Patients:We identified a consanguineous Yemeni family inwhich four daughters had POI. A brother
had azoospermia.

Intervention: DNA was subjected to whole genome sequencing. Shared regions of homozygosity
were identified using Truploidy and prioritized using the Variant Annotation, Analysis, and Search
Tool with control data from 387 healthy subjects. Imaging and quantification of protein localization
and mitochondrial function were examined in cell lines.

Main Outcome: Homozygous recessive gene variants shared by the four sisters.

Results: The sisters shared a homozygous stop gain mutation in exon 6 of PSMC3IP (c.489 C.G,
p.Tyr163Ter) and a missense variant in exon 1 of CLPP (c.100C.T, p.Pro34Ser). The affected brother
also carried the homozygous PSMC3IP mutation. Functional studies demonstrated mitochondrial
fragmentation in cells infected with the CLPP mutation. However, no abnormality was found in
mitochondrial targeting or respiration.

Conclusions: The PSMC3IPmutation provides additional evidence thatmutations inmeiotic homologous
recombination and DNA repair genes result in distinct female and male reproductive phenotypes, in-
cluding delayed puberty and primary amenorrhea caused by POI (XX gonadal dysgenesis) in females but
isolated azoospermia with normal pubertal development in males. The findings also suggest that the
N-terminalmissensemutation inCLPPdoes not cause substantialmitochondrial dysfunction or contribute
toovarian insufficiency inanoligogenicmanner. (J ClinEndocrinolMetab103: 555–563, 2018)

Primary ovarian insufficiency (POI) is characterized by
early ovarian follicle depletion, resulting in low es-

tradiol and elevated follicle-stimulating hormone (FSH)

levels in women aged,40 years (1). The known causes of
nonsyndromic POI are expanding, yet the etiology in
most clinical cases remains unknown.

ISSN Print 0021-972X ISSN Online 1945-7197
Printed in USA
Copyright © 2018 Endocrine Society
Received 5 September 2017. Accepted 7 December 2017.
First Published Online 12 December 2017

Abbreviations: FSH, follicle-stimulating hormone; GFP, green fluorescent protein; LOH,
loss of heterozygosity; mGFP, monomeric green fluorescent protein; Mut, mutant; OCR,
oxygen consumption rate; POI, primary ovarian insufficiency; SDS, sodium dodecyl sulfate;
TBST, Tris-buffered saline plus Tween 20; VAAST, Variant Annotation, Analysis, and
Search Tool; WT, wild-type.
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POI has a strong genetic component (2, 3). A close
relationship has been found between the age at meno-
pause in mothers and daughters (2). Twin studies have
estimated heritability at 53% to 71% (3, 4). Therefore,
many groups have taken a genetic approach to uncover
the missing etiologies in women with POI. A remarkable
number of new genes have been discovered in the past
2 years, facilitated by whole exome sequencing in con-
sanguineous families (5–10). Many of the mutations in
consanguineous families cause primary amenorrhea as-
sociated with POI (XX gonadal dysgenesis), suggesting
that they have a very deleterious effect on the underlying
germ cell pool. The mutations identified in consanguin-
eous families in the absence of other syndromic features
have been found in genes important for meiosis, ho-
mologous recombination, and DNA damage and repair
(5–7, 9, 10). Other syndromic disorders have also been
associated with primary amenorrhea and POI in con-
sanguineous families, including vanishing white matter
disease with POI (11) and Perrault syndrome with as-
sociated deafness (12–14).

In the absence of syndromic features, few examples are
available of genes affecting both male and female germ
cells. Some gene mutations cause failure of gonadal de-
velopment, including both germ cells and steroidogenesis
in males and females (15). Others affect germ cells in
males and females but steroidogenesis only in females
(5, 9, 16, 17). We report a consanguineous family from
Yemen in which four daughters had a diagnosis of
delayed puberty, primary amenorrhea, and ovarian in-
sufficiency with no associated syndromic features. The
oldest brother in the family was found to have azoo-
spermia and normal pubertal development. The subjects
shared a homozygous stop gain mutation in PSMC3IP, a
gene that affects male and female germ cell meiosis,
homologous pairing, and double strand break repair. The
mutation highlights the distinct differences in germ cell
development, steroidogenesis, and fertility between men
and women.

Materials and Methods

Clinical case report
The parents of the affected girls are first cousins fromYemen.

The proband (age 27 years) was identified in a pediatric practice
when she presented with the absence of thelarche, primary
amenorrhea, and POI (Fig. 1). She had streak gonads and an
elevated FSH level. Her karyotype was normal. Three sisters
(aged 24, 17, and 14 years) and the paternal aunt also had
absence of thelarche, primary amenorrhea, and POI, with el-
evated FSH levels. The youngest daughter, aged 6 years at the
time of our study, had not yet reached puberty. The oldest boy in
the family (aged 29 years) had undergone normal pubertal
development, had been married for 8 years without a preg-
nancy, and had a diagnosis of azoospermia. The other boys had

normal pubertal development andwere not married. The family
had no other medical problems and no hearing impairment.

Replication subjects with POI
DNA from 96 subjects with nonsyndromic POI diagnosed at

varying ages was studied for replication. These patients had a
normal karyotype and FMR1 repeat lengths and negative ad-
renal cortical antibody testing.

Control subjects
The control subjects consisted of 96 unrelated, unaffected,

whole genome–sequenced controls of European ancestry re-
cruited for health in old age through the Utah Genome Project.
In addition, whole genome sequences from 291 CEU (Utah
residents), FIN (Finnish in Finland), and GBR (British in En-
gland and Scotland) samples from the 1000 Genomes Project
were used as unaffected controls (18). The Saudi Human Ge-
nome Program was also queried for population-specific variant
frequency.

The Partners Human Research Committee and the in-
stitutional review board of the University of Utah approved the
study for all POI subjects. All subjects gave written informed
consent or assent with parental consent.

Genetic studies
DNA was extracted from whole blood using the QIAmp

DNA Blood Maxi Kit (Qiagen, Valencia, CA). Based on the
possibility that the disorder was X-linked, given the POI in the
paternal aunt, a high-resolution X chromosome oligonucleotide
microarray was performed on the proband (Pittsburgh Cyto-
genetics Laboratories, Pittsburgh, PA). In addition, whole ge-
nome libraries were prepared using the KAPA Hyper prep kit
and sequenced on the Illumina X Ten sequencing platform to a
depth of .55X by NantOmics (Culver City, CA) for family
members and controls. The 96 unrelated women with sporadic
POI underwent whole exome sequencing using the Illumina
HiSEquation 2000 by the High-Throughput Genomics and

Figure 1. Pedigree of a Yemeni family with homozygous mutations
in PSMC3IP and CLPP. The women affected with POI are indicated
by filled circles. Ages and genotypes confirmed with Sanger sequencing
are indicated for PSMC3IP and CLPP. CLPP genotype c.100C.T results
in p.Pro34Ser. PSMC3IP genotype c.489C.G results in a stop gain
mutation, p.Tyr163Ter.

556 Al-Agha et al PSMC3IP Mutations Cause POI and Azoospermia J Clin Endocrinol Metab, February 2018, 103(2):555–563

Downloaded from https://academic.oup.com/jcem/article-abstract/103/2/555/4731742
by University of Utah user
on 28 March 2018



Bioinformatics Analysis Core (Huntsman Cancer Center,
University of Utah, Salt Lake City, UT). DNA libraries were
prepared using the Agilent SureSelectXT Human All Exon +
UTR, version 5 (Agilent Technologies, Santa Clara, CA).

Variants from all case and control samples were called
according to the UGP 1.3.0 variant calling pipeline (available
at: http://weatherby.genetics.utah.edu/UGP/wiki/index.php/
UGP_Variant_Pipeline_1.3.0). In brief, reads were aligned
to GRCh37, decoy sequence, and phiX using bwa (version
0.7.10). Duplicates were marked using samblaster (version
0.1.22). The resulting bam files were polished using GATK
(version 3.3-0) IndelRealigner and BaseRecalibrator. Vari-
ants were called using GATK HaplotypeCaller, limiting to
regions targeted in the Agilent SureSelectXT Clinical Re-
search Exome kit (Agilent Technologies). Genotyping was
performed using GATK GenotypeGVCFs on the variant calls
plus the controls. Variant calls were recalibrated with GATK
VariantRecalibrator.

Genomic analysis
Data were analyzed using Opal 4.15 (Fabric Genomics, Inc.,

Oakland, CA) in a four-person Variant Annotation, Analysis,
and Search Tool (VAAST) cohort analysis that included the
affected sisters (available at: https://app.omicia.com/). VAAST
does not consider the genetic relatedness between individuals
but was the preferred choice for our family because pedigree
VAAST does not model consanguinity (19, 20). Although the P
values on a cohort analysis with related individuals would not
be valid and thus not considered, the scoring and filtering
functions provided a valuable form of analysis for an otherwise
challenging data set. Candidate variants were filtered with Opal
(Fabric Genomics, Inc.) to exclude noncoding and synonymous
variants and variants with a reported allele frequency of.1% in
three publicly available databases: the 1000 Genomes Project
(18); the ExAC database, which includes whole exome se-
quencing from . 60,000 subjects without severe pediatric
disease (21); and the Exome Variant Server, which includes
whole exome sequencing from subjects with cardiovascular or
cerebrovascular disease, hypertension, or hyperlipidemia and
unaffected controls (22). In addition, nonpathogenic variants
found in other families (n = 2) with a known mutation in a
different gene and variants in genes known to demonstrate an
excess of false-positive results were filtered. Variants were
prioritized using the Omicia score, which ranks variants
according to expected protein effects using SIFT (available at:
http://sift.jcvi.org/), Mutation Taster (available at: http://www.
mutationtaster.org/), PolyPhen (available at: http://genetics.
bwh.harvard.edu/pph2), and PhyloP (23–25). The Phenotype
Driven Variant Ontological Reranking tool (26) was used to
rerank the prioritized genes using premature ovarian failure and
POI as the human phenotype ontology seed terms (27).

The sequenced members of the family were further
searched for loss of heterozygosity (LOH) regions with a
software tool called “Truploidy,” developed by the Utah
Genome Project. Truploidy uses population variant frequency
data from resources such as ExAC (21) to derive an expected
rate of heterozygosity for sliding windows across the genome.
This information is then combined in a Bayesian model to
derive a posterior probability for three situations: the region
in the window (1) is “normal” (e.g., fits the population ex-
pectation of heterozygosity) (2); exhibits “LOH”; or (3) is
“deleted.”

Plasmid preparation
Human CLPP cDNA in a lentiviral targeting vector with a

monomeric green fluorescent protein (mGFP) tag (pLenti-C-
mGFP; no. PS100071; Origene, Rockville,MD) was purchased.
The point mutation c.100C.T was introduced using the
oligonucleotides 50-CGCAGCGGCCGTCGCAGCGGACA-30

and 50-TGTCCGCTGCGACGGCCGCTGCG-30 in the Quik-
Change II XL Site-Directed Mutagenesis Kit (Agilent Tech-
nologies). Lentiviral plasmids were propagated in Stbl3
chemically competent Escherichia coli (Life Technologies,
Carlsbad, CA) under chloramphenicol selection and verified by
DNA sequencing.

Lentiviral transduction
All lentiviral transductions were performed with pseu-

dotyped third-generation lentiviral supernatants generated
by cotransfection of HEK293T cells with vectors pMD2.G
(Addgene no. 12259; Addgene, Cambridge, MA), pMDLG/
pRRE (Addgene no. 12251), pRSV-Rev (Addgene no. 12253),
and pLenti-C-mGFP harboringCLPP using Lipofectamine 2000
(Invitrogen).

PA-1 cell model
PA-1 cells (American Type Culture Collection, Manassas,

VA) were used for the experiments. The expression pattern in
these cells is similar to that of embryonic stem cells and has been
validated previously (28).

PA-1 cells were grown in supplemented Dulbecco’s modified
Eagle medium. Cells were plated at 3.5 3 104 cells per well on a
six-well plate and infected with lentivirus containing CLPP wild-
type (WT) or CLPP mutant (Mut) plasmid after reaching 80%
confluence. Stable cell lines were generated by selection for GFP
expression in an Avalon Cell Sorter (Propel Laboratories, Fort
Collins,CO) at the FlowCytometryCoreof theUniversity ofUtah.

Cell imaging
Cells were plated in six-well imaging chambers at a density of

1 3 106 and grown to 35% confluence. The cells were then
treated with 25 nM Mitotracker Red CMXRos (Life Tech-
nologies) and 16.2 mM Hoechst 33342 (Thermo Fisher Sci-
entific) and incubated for 10 minutes, followed by a 10-minute
wash with media without dyes before imaging, as described
previously (29). The cells were imaged on the Axio Observer Z1
imaging system (Carl Zeiss) equipped with 103, 403, and
1003 objectives (oil immersion). Digital fluorescence and dif-
ferential interference contrast images were acquired using a
monochrome digital camera (AxioCamMRm; Carl Zeiss). The
final images were adjusted and assembled using Adobe Pho-
toshop CS5. Brightness and contrast were adjusted using only
the linear operation on the entire image.

Mitochondria isolation
Themitochondrial fraction of PA-1 cells was isolated using a

Mitochondria Isolation Kit for Cultured Cells (Thermo Fisher
Scientific, Rockford, IL). Isolated mitochondria were lysed
with radioimmunoprecipitation assay buffer (150 mM sodium
chloride, 1%NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 50 mM Tris; pH 8.0) containing 1%
protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific) for 30 minutes at 4°C. Lysates were centrifuged
at 12,000 rpm for 20 minutes at 4°C to isolate soluble
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mitochondrial proteins from pellets. The Bio-Rad DC protein
assay (Hercules, CA) was used to quantify the mitochondrial
protein concentrations.

Western blot
After boiling in Laemmli buffer (Bio-Rad) for 5 minutes,

16 mg of protein from each lysate was separated in 20% SDS-
polyacrylamide gel electrophoresis gel for 5 hours at 125 V in
Tris-glycine buffer (25 mMTris-HCl, 192 mM glycine, 3.5 mM
SDS; pH 8.3), and transferred to nitrocellulose membranes at
30 V overnight in transfer buffer (25 mM Tris base, 190 mM
glycine, 1.7 mM SDS, 20% ethanol). Membranes were blocked
in 5% nonfat dry milk in Tris-buffered saline plus Tween 20
(TBST; 20 mMTris base, 137 mMNaCl, 0.05%Tween 20; pH
7.6) for 1 hour at room temperature and incubatedwith primary
antibodies diluted in 5% nonfat dry milk in TBST overnight at
4°C. The experiment was repeated twice for confirmation using
4 to 16mg protein from each lysate separated on a 7.5%or 20%
SDS-polyacrylamide gel electrophoresis gel for 70 to 110
minutes at 100 to 150 V. The primary antibodies and dilutions
used were as follows: mouse anti-mGFP 1:500 (Origene) and
rabbit anti-heat shock protein (HSP)60 1:10,000 (Abcam,
Cambridge, MA). Membranes were washed with TBST, in-
cubated with horseradish peroxidase–conjugated secondary
antibodies (Thermo Fisher Scientific) in 2% nonfat dry milk in
TBST for 1 hour at room temperature, and washed again with
TBST. Band density on X-ray film was quantified using a
GelDoc-It Imager and VisionWorks LS software (UVP, Upland,
CA) and normalized according to HSP60 content.

Metabolic profiling
p-Lenti-CLPP-mGFP WT- and Mut-infected PA-1 cells

were seeded at 6 3 104 cells per well in a Seahorse XF-96 cell
culture microplate (Agilent Technologies) and grown at 37°C

in a humidified 5% carbon dioxide incubator for 2 hours.
The cellular oxygen consumption rate (OCR) was measured
using a Seahorse XFe96 Analyzer (Agilent Technologies)
at baseline and after oligomycin, carbonyl cyanide P-
trifluoromethoxyphenylhydrazone, and rotenone/antimycin
A injections at the Metabolic Phenotyping Core at the Uni-
versity of Utah. The data were analyzed using Wave 2.3
software (Agilent Technologies). After the assay, the cells were
washed with ice-cold phosphate-buffered saline, lysed in
20 mL/well of radioimmunoprecipitation assay buffer for
30 minutes at 4°C, and total protein was measured using the
DC protein assay (Bio-Rad). The experiment was repeated
three times.

Results

A high-resolution X chromosome oligonucleotide micro-
array was performed on the proband. No alterations
in DNA copy number .5 kb were detected, and no
clinically relevant X chromosome copy number variants
were identified.

Truploidy identified regions with LOH in the family
consistent with consanguinity. Truploidy output dem-
onstrated minimal regions of intersection of LOH for the
proband and affected sisters using a window size of 1
megabase (Bonferroni P , 0.05; Fig. 2).

Analysis using the VAAST algorithm identified nine
homozygous recessive gene variants shared by the four
affected sisters (Table 1). Only five of the nine homo-
zygous recessive variants were found in regions of ho-
mozygosity (chromosomes 17 and 19). Two homozygous

Figure 2. Minimal regions of intersection of LOH for all four probands using a window size of 1 megabase were identified on chromosomes 6,
10, 17, 19, 21, and X (black bars), as determined using Truploidy (P , 0.05). Candidate gene locations (red) with variants shared by four affected
sisters and found in LOH regions are indicated.
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variants were located in previously identified genes
causing POI,PSMC3IP (chr17q21.2) andCLPP (chr19p13.3;
Fig. 2) (12–14, 30).

The Phenotype Driven Variant Ontological Reranking
tool, which ranks variants based on a phenotype and
gene ontology algorithm, prioritized both the stop
gain mutation (c.489 C.G, p.Tyr163Ter) in exon 6
of PSMC3IP and the missense variant (c.100C.T,
p.Pro34Ser) in exon 1 of CLPP as the top two candidates
(26). The PSMC3IP variant (c.489 C.G) was not identi-
fied; however, 4 homozygous and 93 heterozygous CLPP
variants (c.100C.T)were found in 2369 Saudi exomes.No
variants were found in PSMC3IP in the replication cohort
of 96 women with sporadic POI. One subject carried a
heterozygous variant in CLPP (c.343A.T, p.Ile115Phe).

Previous studies demonstrated a reduced ovarian
size and absence of germ cells in the mouse PSMC3IP
knockout model (31). However, the missense variant in
CLPP has not been previously described, and additional
functional analyses were performed.

The CLPP missense mutation was located in the N-
terminal extension of the protein, which is a targeting
peptide that directs CLPP into the mitochondria (32). We,
therefore, hypothesized that the missense mutation would
result in failure to enter the mitochondria. Fluorescence
microscopy of PA-1 cells infected with pLenti-CLPP-
mGFP WT and Mut demonstrated colocalization of
both CLPP WT and Mut in the mitochondria (Fig. 3). A
subset of CLPP Mut-infected cells with apparent frag-
mentation of the mitochondria was found (Fig. 3C, 3D,
3G, 3H, 3K, and 3L).We could confirm themitochondrial
presence of CLPP WT and Mut protein in the mito-
chondrial fraction with Western blotting (Fig. 4). No

difference was found in the quantity of CLPP-GFP WT or
Mut (1.096 0.61 vs 0.936 0.40 CLPP-GFP/HSP60). We
could also exclude the possibility of a delay or lack of
processing of the precursor into the mature protein, be-
cause we did not detect a higher band, which would have
indicated accumulation of the uncleaved precursor (Fig. 4).

Based on the abnormal appearance of a subset of the
mitochondria in CLPP Mut, mitochondrial function was
analyzed using Seahorse XFe96 (Agilent Technology). PA-
1 cells infectedwithCLPPMut demonstrated no difference
in the OCR compared with CLPP WT at baseline (44.96

15.0 vs 66.1 6 21.7 pmol/min; P = 0.2) or after carbonyl
cyanide P-trifluoromethoxyphenylhydrazone administra-
tion, which destroys the mitochondrial membrane po-
tential causing increased flux through the electron
transport chain (49.8 6 16.5 vs 74.5 6 25.9 pmol/min;
P = 0.2). Also, no difference was found in OCR after
blockade of adenosine triphosphate synthase with oli-
gomycin (26.6 6 3.7 vs 31.4 6 10.9 pmol/min; P = 0.5)
or complex I with rotenone (20.3 6 2.5 vs 20.3 6
6.7 pmol/min; P = 1.0).

Discussion

We identified deleterious mutations in two previously
identified genes causing POI in consanguineous families,
PSMC3IP and CLPP. A mutation in PSMC3IP was
previously identified in a consanguineous family with
primary amenorrhea and POI (30). In addition, recent
functional studies have demonstrated that PSMC3IP
with a C-terminal deletion, similar to that found in
our family, fails to associate with the proteins required
for homologous recombination (Fig. 5) (33). A male

Table 1. Candidate Coding Gene Variants Shared by Four SistersWith POI Determined Using VAAST Analysis

Gene
Symbol Chromosome

Starting
Base Pair rsID

Base Pair
Change

Protein
Change Consequence

1000 Genomes/
ExAC Frequencya

Omicia
Variant
Scoreb

VAAST
Rankc

VAAST
Gene
Scored

VAAST
Variant
Scoree

VAAST
P Valuef

PSMC3IP 17 40725377 c.489C.G p.Tyr163Ter STOP NA/NA 0.786 1 113.902 113.9 1.00E-06
AGAP3 7 150783917 rs775200524 c.89T.G p.Leu30Arg MISSENSE NA/NA 0.074 3 106.948 106.95 1.00E-06
EFCAB13 17 45455258 rs200149627 c.1499C.T p.Thr500Ile MISSENSE NA/0.00001 0.167 18 103.183 103.18 1.00E-06
CLPP 19 6361685 rs776759641 c.100C.T p.Pro34Ser MISSENSE NA/0.00035 0.059 22 102.846 102.85 1.00E-06
TAF4 20 60640461 rs113875178 c.406T.G p.Ser136Ala MISSENSE NA/NA 0.053 33 99.8928 99.89 1.00E-06
UBXN6 19 4446621 rs141014666 c.796G.A p.Val266Met MISSENSE 0.0004/0.0023 0.325 53 91.3331 91.33 1.00E-04
FDXR 17 72859001 rs35769464 c.1543A.G p.Thr515Ala MISSENSE 0.0022/0.0048 0.07 90 76.9754 76.98 1.00E-04
FOXD4L5 9 70177212 c.772T.C p.Cys258Arg MISSENSE NA/NA 0.043 147 62.1436 62.14 1.00E-04
GTF2IRD2B 7 74542147 rs201207883 c.631G.A p.Gly211Ser MISSENSE NA/NA 0.202 214 49.2687 49.27 1.00E-04

Abbreviations: NA, not available (the variant was not identified in these databases); rsID, reference SNP (single nucleotide polymorphism) cluster
identification.
aMinor allele frequency in 1000 Genomes (18) or the ExAC Database (21).
bThe Omicia Variant Score is a proprietary score that assesses whether a variant is likely to be deleterious according to SIFT, PolyPhen,MutationTaster, and
PhyloP variant scoring algorithms; scores .0.5 are likely to be damaging base pair changes, with greater confidence for values closer to 1.
cThe VAAST rank is assigned using the VAAST Gene and Variant scores and the P value.
dVAAST Gene Score is the sum of the variant scores for every variant in the gene.
eThe VAAST Variant Score scores each individual variant in a gene based on the nature of the amino acid change induced and the relative enrichment of
the frequency in cases vs controls.
fThe probability of observing the gene score by random chance.
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homozygote in the family also demonstrated azoosper-
mia, a fertility defect that had not been previously de-
scribed. Mutations in CLPP have been described in
consanguineous families with hearing loss and primary
amenorrhea from ovarian insufficiency (12, 14). How-
ever, although the CLPP mutation appeared to cause
some mitochondrial fragmentation, no evidence was
found for a mitochondrial respiratory defect or pro-
cessing abnormality. Taken together, strong evidence
exists that the homozygous stop gain mutation in
PSMC3IP is a causal mutation in the family.

The expression pattern and deletion models of
PSMC3IP in yeast, mice, and humans suggest that both
male and female reproductive phenotypes should result
from mutations in the gene. In mice, PSMC3IP is highly
expressed in the testis, specifically in the nucleus of

spermatocytes, which are the forms undergoing meiosis
(34). It is less highly expressed in the ovary (34). How-
ever, ovarian expression will depend on the presence of
oocytes and the stage of oocyte development, which were
not specified in their study (34). PSMC3IP encodes a
protein that is a critical coactivator of DMC1 and
RAD51, which are proteins responsible for homologous
recombination and double strand break repair in meiosis
(30, 33, 35). In yeast andmice,mutation or deletion of the
PSMC3IP homolog hop2 results in failure of synapto-
nemal complex formation. In addition, chromosome
synapses form between nonhomologous partners, and
single strand tails form but fail to repair after double
strand breaks occur (31, 36). The hop2 mutation then
triggers a checkpoint during the pachytene stage, which
prevents entry into meiosis I (37). Furthermore, in mouse
models in which checkpoint proteins are triggered, the
germ cells undergo apoptosis (37).

Mouse deletions in males demonstrate a block at the
primary spermatocyte stage, which indicates a block at
meiosis I (31). However, the Sertoli cells and spermato-
gonia are present, as are the Leydig cells. Therefore,
testosterone production and pubertal development are
normal. Consistent with the presence of the spermato-
gonia and normal Leydig cell function, the brother in our
family had normal puberty with isolated azoospermia
caused by the homozygous stop gainPSMC3IPmutation.

Figure 3. (A) pLenti-CLPP-mGFP with WT CLPP and (B–D) pLenti-CLPP-mGFP with Mut (c.100C.T) CLPP (green) infected cells; (E) WT CLPP-GFP
and (F–H) Mut CLPP-GFP infected cells labeled with mitotracker (red) and (I) WT CLPP-GFP and (J–L) Mut CLPP-GFP merged and stained with
Hoechst DNA stain (blue). CLPP localized in mitochondria in both CLPP WT and CLPP Mut. CLPP Mut were found with both normal appearing
(B, F, J) and fragmented appearing (C, D, G, H, K, L) mitochondria.

Figure 4. Western blot demonstrating CLPP-GFP Mut (p.Pro34Ser)
and WT localization and size in the mitochondrial fraction. A
representative Western blot of the CLPP-GFP and HSP60 protein
bands in mitochondria shown.
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In contrast, when the checkpoint is triggered in female
mice, oocytes undergo apoptosis (31), presumably before
puberty in our family. Because follicle formation requires
the presence of an oocyte, the absence of oocytes results in
the absence of follicular granulosa and theca cells and
steroidogenesis. Thus, the women in the present family
had an absence of pubertal development.

Deletion of the PSMC3IPC-terminus from amino acid
143 and beyond abolishes interaction with single strand
DNA and RAD51 and DMC1, and deletion from amino
acid 190 abolishes interaction with RAD51 and DMC1
(33). The stop gain mutation in the family we have de-
scribed deletes the C-terminal portion of the protein
starting at amino acid 163, which would also abolish
interaction with single strand DNA and RAD51 and
DMC1 (Fig. 5). An in-frame deletion mutation was
previously identified in PSMC3IP in a consanguineous
family with primary amenorrhea (30). That mutation
resulted in the loss of a highly conservedGlu201 in exon 8
of the protein, which was also demonstrated to abolish
interaction with RAD51 and DMC1 (30, 33). Therefore,
the PSMC3IP mutation disrupts homologous recombi-
nation and DNA repair, a defect similar to that found in
most consanguineous families with nonsyndromic POI
described to date (5–7, 9, 10).

In addition to the stop gain mutation in PSMC3IP,
a homozygous missense mutation was identified in
CLPP. Homozygous recessive mutations in CLPP, a
mitochondrial protease, also cause POI and progressive
sensorineural hearing loss in males and females (Perrault
syndrome) (12–14). The clinical findings in Perrault
syndrome conferred bymutations inCLPP are broad and
heterogeneous, with POI occurring from puberty to the
third decade (12, 14). Therefore, the identification of a
mutation in CLPP in the present family could be hy-
pothesized to support an additional phenotype: POI in
the absence of hearing loss.

The homozygousCLPP variant in the family described
is located in the N-terminal mitochondrial targeting

peptide, which is situated before the adenosine
triphosphate-dependent Clp protease proteolytic subunit
and is important for localization to the mitochondria
(32, 38). Therefore, we hypothesized that the variant
would disrupt mitochondrial localization. However,
mitochondrial localization was normal in amount, as
demonstrated by fluorescence microscopy and Western
blotting. Nevertheless, some of the mitochondria in the
cells infected with Mut CLPP had a fragmented ap-
pearance, which was not demonstrated in the WT. After
CLPP enters the mitochondria, processing and removal
of the targeting peptide by intramitochondrial prote-
ases occurs quickly, within 4 hours of incubation (32).
However, the size of the CLPP WT and CLPP Mut was
not different, suggesting that the variant does not affect
removal of the targeting peptide. Furthermore, no de-
crease was found in mitochondrial OCR in cells infected
with the CLPPMut. Previous studies in which CLPPwas
completely deleted in mice have demonstrated abnormal
mitochondrial morphology but only a minimal mito-
chondrial respiratory defect (13, 39). Taken together, the
data suggest that the missense variant p.Pro34Ser does
not result in mitochondrial dysfunction.

In the absence of demonstrable mitochondrial dys-
function, it is unlikely that the CLPP variant plays a role
in the ovarian insufficiency. Furthermore, the homozy-
gous variant does not appear to affect male fertility, as
the father was a homozygote. Finally, the missense var-
iant was homozygous in four subjects in the Saudi Hu-
man Genome Program (allele frequency 0.021) and in
one subject (allele frequency 0.00015) in the Genome
Aggregation Database (gnomAD), the updated ExAC
database, which includes whole genome sequences (21),
making it less likely to be pathogenic.

In our cohort of 96 subjects with sporadic POI, we did
not identify additional mutations in PSMC3IP. Also, no
mutations were identified in a small Swedish cohort of
50 subjects (40). Although one additional subject with
sporadic POI at age 30 years carried a heterozygous

Figure 5. Model of PSMC3IP protein domains and functions, with corresponding human amino acid position noted below. C-terminal deletions
modeled previously at amino acid 143 and 190 indicated in italics (33). Deletion at amino acid 143 removes the single strand DNA binding site,
and the deletions at 143 and 190 remove the RAD51 and DMC1 interaction sites. The location of the stop gain mutation in the family described
at amino acid 163 is underlined and would also remove the single strand DNA and RAD51/DMC1 interaction sites. The previously identified
frameshift mutation at amino acid 201 is also underlined and impairs the RAD51 and DMC1 interaction sites (30, 33).
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variant in CLPP (c.343A.T, p.Ile115Phe), all reported
cases were homozygotes. However, it is possible that
heterozygous mutations could be responsible for POI
presenting at a later age.

In conclusion, the present study has expanded
the human phenotype of mutations in PSMC3IP from
primary amenorrhea and POI to male infertility and
azoospermia with normal pubertal development. Our
findings also suggest that the N-terminal missense mu-
tation in CLPP does not cause substantial mitochondrial
dysfunction or contribute to ovarian dysfunction in an
oligogenic manner. These data support the increasing
body of data demonstrating that homozygous mutations
affecting genes involved in homologous recombination
and DNA repair cause POI through XX gonadal dys-
genesis in females and infertility through isolated azoo-
spermia in males. Thus, including infertile males with
normal pubertal development in familial studies of POI
might expand the power to detect new mutations.
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