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Context: Primary ovarian insufficiency (POI) encompasses a spectrum of premature menopause,
including both primary and secondary amenorrhea. For 75% to 90% of individuals with hyper-
gonadotropic hypogonadism presenting as POI, the molecular etiology is unknown. Common
etiologies include chromosomal abnormalities, environmental factors, and congenital disorders
affecting ovarian development and function, as well as syndromic and nonsyndromic single gene
disorders suggesting POI represents a complex trait.

Objective: To characterize the contribution of known disease genes to POl and identify molecular
etiologies and biological underpinnings of POI.
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Design, Setting, and Participants: We applied exome sequencing (ES) and family-based genomics to
42 affected female individuals from 36 unrelated Turkish families, including 31 with reported
parental consanguinity.

Results: This analysis identified likely damaging, potentially contributing variants and molecular
diagnoses in 16 families (44%), including 11 families with likely damaging variants in known genes
and five families with predicted deleterious variants in disease genes (/GSF10, MND1, MRPS22, and
SOHLHT1) not previously associated with POI. Of the 16 families, 2 (13%) had evidence for potentially
pathogenic variants at more than one locus. Absence of heterozygosity consistent with identity-
by-descent mediated recessive disease burden contributes to molecular diagnosis in 15 of 16
(94%) families. GeneMatcher allowed identification of additional families from diverse genetic
backgrounds.

Conclusions: ES analysis of a POl cohort further characterized locus heterogeneity, reaffirmed the
association of genes integral to meiotic recombination, demonstrated the likely contribution of
genes involved in hypothalamic development, and documented multilocus pathogenic variation
suggesting the potential for oligogenic inheritance contributing to the development of POL. (J Clin

Endocrinol Metab 104: 3049-3067, 2019)

ypergonadotropic hypogonadism (HH) is a de-

velopmental disorder characterized in females by
ovarian dysgenesis with a clinical presentation ranging
from delayed to arrested puberty associated with primary
or secondary amenorrhea, elevated gonadotropins, and
low sex steroid hormones. Additional clinical features of
HH include delayed bone age on bone scanning, possible
short stature, undetectable or hypoplastic ovaries on
pelvic ultrasound, and absent or delayed development of
secondary sex characteristics. Without proper diagnosis
and treatment, clinical sequelae such as infertility, short
stature, pubertal underdevelopment, osteoporosis, and
early onset menopause are possible, especially in those
with a more severe clinical phenotype (1, 2). Addition-
ally, molecular diagnoses in severe disease presentations,
as evidenced by ovarian failure, likely represent dramatic
perturbations of pathways underlying common ovarian
physiology.

Primary ovarian insufficiency (POI) is a general term
used to describe depletion or dysfunction of ovarian
follicles with cessation of menses before age 40, and HH
is one type of POL Although not characterized in younger
ages, the incidence of POI in women ages 18 to 25 is
~1:10,000 and the frequency increases with age (3).
Cytogenetic causes of POI, the most common being
Turner syndrome, have been well described (4). Female
carriers of premutation repeat expansions in FMR1, one
of the most common causes of inherited intellectual
disability, have a 16 % to 25% risk of developing POI (5).
More recently, pathogenic variants have been described
in a number of genes such as NOBOX, FIGLA, BMP15,
and GDF9 with pleiotropic syndromic phenotypes that
include POL. These disease gene studies reveal that 46,XX
POI is a genetically complex disease (6-13). Evidence
suggests that additional disease genes, and potential gene

by environmental effects remain to be elucidated. Up to
90% of nonsyndromic premature ovarian failure cases
are estimated to be idiopathic, with ~30% having an
affected first degree relative, supporting a potential un-
derlying genetic etiological basis (14). These observa-
tions in patients are further supported by animal model
studies that have uncovered a wealth of candidate disease
genes associated with ovarian dysgenesis (15-19). Recent
studies have continued to demonstrate human disease
genes in association with POI, such as SOHLH1 and
NUP107, in a small number of families, further illus-
trating the genetic heterogeneity of this condition (1, 2,
20-22).

In this study, we applied exome sequencing (ES) and
family-based genomics in a cohort of 36 unrelated
families with POI for whom clinical phenotyping and
molecular studies had not previously yielded a molecular
diagnosis. We identified variants in known genes, pro-
pose candidate genes in association with POI, and pro-
vide evidence for aggregation of multilocus pathogenic
variation driven by transmission genetics and identity-
by-descent.

Methods

Patients

The institutional review board at Baylor College of
Medicine approved this study. All study participants (family
members and patients) were evaluated and referred by one or
more pediatrician(s), endocrinologist(s), and clinical geneti-
cist(s), and provided informed consent (institutional review
board protocol number: H-29697) prior to enrollment in the
study.

Patients with elevated gonadotropin levels (FSH > 40 mIU/
mL) who presented with a POI phenotype, including primary/
secondary amenorrhea and small or invisible ovaries on im-
aging, were recruited for study by endocrinologists and/or
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clinical geneticists at Marmara University School of Medicine,
Istinye University, Bezmialem University, and Kanuni Sultan
Suleyman Training and Research Hospital in Istanbul, Turkey
and at Sami Ulus Children’s Hospital in Ankara, Turkey (23).
Patients with chromosomal abnormalities, except a patient with
a maternally inherited, presumably balanced translocation, were
excluded.

Genomic DNA was extracted from venous blood using
previously described methods (20). Samples from 27 families
underwent proband only ES, whereas samples from 10 families
underwent trio (proband + parents) or quad (proband +
unaffected sib + parents) ES study design.

Exome sequencing

ES was performed by the Baylor College of Medicine Human
Genome Sequencing Center through the Baylor Hopkins Center
for Mendelian Genomics (BHCMG) research initiative. Exome
capture was implemented using Nimblegen reagents and a
custom-designed capture platform, VCRome2.1, optimized for
experimental sequencing and rare variant sequence analysis. ES
postsequence processing of raw data was performed using
the Mercury pipeline, available via DNANexus (http:/
blog.dnanexus.com/2013-10-22-run-mercury-variant-calling-
pipleine/) (24). The ATLAS2 variant calling method and Se-
quence Alignment/Map were used to call variants, followed by a
customized Cassandra annotation pipeline, which is based on
Annotation of Genetic Variants. Raw sequencing data were
parsed for rare variants using bioinformatics algorithms set to
specific variant allele frequency controls. Insertions/deletions
(indels) had to pass through quality controls and were parsed
for minor allele frequency (MAF) <2% using the Thousand
Genomes Project (1000GP) database to be reported (25).
However, indels reported as variants in the Human Gene
Mutation Database only had to have a MAF <5% in 1000GP
to be retained (26). Single nucleotide variants also had to pass
quality controls and were parsed for rare variants in 1000GP,
National Heart Lung and Blood Institute GO Exome Se-
quencing Project (esp5400) African, and esp5400 European
databases for initial inclusion (27). If a single nucleotide variant
had already been reported as a disease-associated variant in
Human Gene Mutation Database, or had been defined as a
dbSNP clinical variant, parsing criteria were less stringent.

After quality control and parsing, variant analysis and
family-based genomics were performed within the BHCMG,
retaining variants with a minimum variant read count >4;
MAF =0.001 in the local BHCMG database, gnomAD,
esp5400, and 1000GP; Atherosclerosis Risk in Communities
MAF of =2.74 X 10™%; conservation score using phyloP greater
than 0; and variant type with synonymous and noncoding
variants given lower priority (28-31). Variants thought to
parsimoniously contribute to pathogenicity were orthogonally
validated and segregated within each family by dideoxy Sanger
sequencing of PCR amplicons (32).

Custom microarray

A custom 4 X 180k tiling-path oligonucleotide microarray
was designed to interrogate a 120-kb segment surrounding the
MND1 gene mapping to chromosome 4q31.3. The high res-
olution array consisted of 60-mer oligonucleotide probes that
were designed to span chr4:154,265,801 to 154,386,247
(National Center for Biotechnology Information build 37) using
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the Agilent SureDesign website (https://earray.chem.agilent.com/
suredesign). Probes had an average distribution of one in-
terrogating oligonucleotide probe per 135 bp within MND1 and
one probe per 520 bp for the regions flanking MND1. Coriell
Institute sex-matched controls were used (GM10851C-male;
GM15510-female) and comparative genomic hybridization
was carried out as described (33). Copy number variants (CNVs)
were identified after comparative genomic hybridization using
the normalized log2 ratio average of Cy5/Cy3. Agilent Feature
Extraction software was used to process scanned array images,
and Agilent Genomic Workbench (version 7.0.4.0) was used to
analyze extracted files. An average log2 ratio threshold of —1
was used to call heterozygous deletion, and an average log2 ratio
threshold of —4 was used to call homozygous deletion.

Breakpoint junction PCR assay

Inward facing primers flanking the deleted region of MND1
were designed based on apparent breakpoint junctions revealed
by chromosomal microarray analysis (23). Internal primers
were also generated to amplify exon 6 of MND1, which was
predicted to be deleted by HMZDelFinder (23, 34). Standard
PCR amplification and gel electrophoresis were used to confirm
zygosity of the deletion (23).

Identification of absence of heterozygosity regions

BafCalculator (35) (https://github.com/BCM-Lupskilab/BafC
alculator) was used to identify regions of absence of heterozy-
gosity (AOH) from exome variant data as follows: first ES data
were used to calculate B-allele frequency data by comparing the
ratio of variant to total reads; then, the Circular Binary Segmentation
algorithm (36) was used to delineate regions of AOH using calculated
B-allele frequency. Coefficient of consanguinity was calculated using
the GENESIS package hosted on Bioconductor (37).

Collaborative candidate match and modeling software

Candidate genes in which variants segregated with disease
were submitted to GeneMatcher, and genes for which suc-
cessful matches were identified were included for cohort-wide
lower-stringency reanalysis (38, 39). The cBioPortal Muta-
tion Mapper was used to map and visualize variant changes
within protein functional domains (40, 41). GeneMANIA
was used to interrogate gene and protein interaction networks
for genes proposed to be involved in an oligogenic inheritance
model (42).

Screening for previously reported candidate genes

We screened all 42 exomes for rare variants in POI can-
didate genes identified by previous animal model and human
cohort studies (23). Parsing for rare variants was performed as
described above. Combined Annotation Dependent Depletion
score was not used as a strict cut-off for pathogenic variants
but was considered as a suggestive feature when considering
which variants likely contributed to pathogenicity (43).
Likewise, loss-of-function intolerance was not used as a strict
parameter for variant/gene consideration, so that gain-of-
function could also be considered. All Mendelian modes of
inheritance were explored for the family-based genomics
analysis: autosomal dominant (AD), autosomal recessive
(AR), and X-linked (XL). Variants were also analyzed by
putative mode of trait inheritance. Biallelic variants, consid-
ered potentially responsible when exploring Mendelian
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expectations for an AR disease trait segregation pattern, were
parsed using lower stringency in terms of allelic frequency,
from =0.001 to =0.005 in the BHCMG, 1000GP, esp5400,
and gnomAD databases. Potentially causative alleles were
subsequently examined for homozygous frequency in pop-
ulations. These additional analysis steps were performed to
include variants that may have a higher heterozygous allele
frequency, but a low or absent homozygous allele frequency in
population databases. Genes with variant hits were analyzed
across BHCMG cohorts to identify additional cases, and CNV
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analysis was performed using XHMM (44) and HMZDel-
Finder (34) ES-based CNV callers. Additionally, the anony-
mized Baylor Genetics clinical sequencing database was queried
for CNV encompassing reported candidates.

Results

We performed ES on 42 affected females with POI from
36 families (Fig. 1) (23). This analysis identified a mo-
lecular diagnosis or potential molecu-

HOU 1852 HOU 2573 HOU 2574 HOU 2575 lar diagnosis in 16 families (44%),
including 11 families for whom a likely
é é ‘ ‘ |j é ‘ damaging variant in a known gene was
SAB BAB 7 BAB 7 BAB 75aB i.dentified anq five fa.rnilie.s for whorn. a
4619 4620 6976 6979 6982 likely damaging variant in a potential
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mozygous predicted deleterious vari-
ants in SOHLH1 (Online Mendelian
7 8as 78a8 7 8as “'BaB Inheritance in Man [OMIM] 617690)
6996 7008
HOU 2610 HOU 2611 HOU 2612 and MRPS22 (OMIM 618117) were
reported as disease gene discoveries
‘ (ﬁ é ‘ Eé ‘ (ﬁ lJ_-, in this POI cohort (20, 45). Of the 16
X BAB 7BAB 7 BAB families in which evidence for a molec-
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HOU 2613 HOU 2614 HOU 2615 HOU 2770 . . .
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Dﬁ [ 9 Dﬁ Dﬁ [ 9 known disease gene.
78AB ” ” ” i i
7662 7565 5004 oh 5% Variants in known genes
Rare likely damaging variants in eight
HOU 2776 HOU 2799 HOU 2808 HOU 2957 . . .
known disease genes associated with POI
were found as a monogenic cause of POI
” |j |J__| " |J__| ﬁ" h" in 10 families (Table 1). In all but three
idad o 0%t oo8  of these genes, TG (OMIM 274700),
HOU 2958 HOU 2959 HOU 3286 HOU 3331 GALT (OMIM 230400), and one of
three MCM?9 variants (OMIM 6161835),
‘ ‘ (5 ‘ (5 Ab ‘ 6 the identified variants were distinct
ZBAB BAB 7 BAB ZBAB BAB 2 8AB compared with those previously reported
8074 8368 8076 9040 9041 1N (46). For 9/10 (90%) of these families,
HOU 3409 HOU 3410 HOU 3411 HOU 3412 X i .
DTO homozygous predicted pathogenic vari-
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HOU 3589 HOU 3711 HOU 3712 Hou 3713 known nonsyndromic disease association
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9677 10068 10071 10074 10075

ovarian dysgenesis (PSMC3IP, OMIM

Figure 1. Pedigrees for all families studied by ES. Filled shapes represent affected individuals.
Family ID is written above each pedigree. Filled in arrows designate the proband. Patient ID
is written underneath probands in each family.

614324), and preimplantation embry-
onic lethality (PADI6, OMIM 617234;
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Figure 2. Pedigrees and segregation of identified variants for families in which candidate and previously described variants were found in
known disease genes. Filled shapes represent affected individuals. Family ID is written above each pedigree. Name of the genes and respective
variants (red) are written below the pedigrees. Filled in arrows designate the proband; unfilled arrows designate males with the same genotype
without the sex-limited POI phenotype. AOH maps for probands are shown below the relevant pedigrees. Vertical red line delineates the gene of
interest, and regions shaded gray represent regions of AOH. Size of AOH region encompassing identified variant is indicated in red font at the

top of each AOH plot.

genome-wide AOH of ~269 Mb consistent with con-
sanguineous parents who were known second degree
cousins. Although the gnomAD database frequency of the
variant allele is relatively high (6.831 X 1073 1932 al-
leles), only 10 individuals are homozygous for this variant.
Five of these are male and five are female, aged 45 to

65 years; thus, the frequency for finding a homozygote
with a potential sex influenced trait in gnomAD is 0.007%.

We do not know whether any of these female in-
dividuals had infertility or delayed puberty phenotypes.
In our own database, one maternal sample of a proband
with neuronal migration disorder is homozygous for the
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HOU 2613 2.794 X 107> with no homozygotes
(Fig. 3; Table 2). No individuals within
the BHCMG database are homozygous

y, for the allele. The variant is predicted to

be deleterious by 6/7 in silico prediction

g cho:138589450 (BAB4619) chr9:138589450 (BAB4620) chr3:151165532 algorithms (23, 47-53).
; _‘ BOH sz, IMbg v a0t size: Yy —AOH size: 23Mb}_ GeneMatcher (39, 40) facilitated
g : _ : : identification of a fourth family with a
g r ‘ i 4 it 1 frameshift variant in IGSF10 from the
% 1 l“ I o I’f e . . . 1 Erasmus MC, University Medical Center
S 0 2E74E76E7BE71E81.2E8 O 2E74E76E78E71E8 12E8 0  5E7 1E8  1.5E8 Rotterdam. The proband is a female who
HOU 2773 presented to the genetics department at
20 years of age with primary amenorrhea,
HH-MI00103.97 SABTene hyposmia, and findings of hypogonadism
? with normal gonadotropin levels that

IGSF10 MRPS22 7 o

c346A>G AIG A/G A/A G/G c404G>A NA  G/A A/A distinguish her case from Kallmann
o chr3:139067066 syndrome. ES revealed a ¢.7849delG;
€ [ AoHsizezavb| p.A2617Qfs*6 variant in IGSF10,
D—I_% é EBi which is maternally inherited. The
Erasmus mc 3 i ; 2 variant is not present in gnomAD or
1GSF10 ’ e ‘ within the BHCMG database (23).
o7819delG GG G G g S L Y Maternal inheritance suggests this allele

AOH cutoff = B-allele frequency cutoff 0.5

Figure 3. Pedigrees and segregation of identified variants for families in which variants were
found in candidate disease genes. Filled shapes represent affected individuals. Family ID is
written above each pedigree. Name of the genes and base changes (red) are written below

may lead to incomplete penetrance of the
phenotype. Although ES was not per-
formed on the maternal sample, chro-
matogram peaks were not suggestive of
maternal germline mosaicism.

the pedigrees. Filled in arrows designate the proband. AOH maps for probands and affected
siblings are shown below the relevant pedigrees. Vertical red line delineates the gene of
interest, and regions shaded gray represent regions of AOH. Size of AOH region

encompassing identified variant is indicated in red font at the top of each ACH plot.

same variant in IGSF10 and has no known history of
infertility (purportedly conceived naturally) or hypo-
gonadism, suggesting the possibility of incomplete pen-
etrance of some IGSF10 alleles. In BAB7105, who
has a phenotype of nonsyndromic HH, a homozygous
missense variant in IGSF10 (c.5477G>A; p.G1862D)
was identified (Fig. 4; Table 3). No homozygotes for
this allele are present in gnomAD, and in the BHCMG
database only BAB7105 is homozygous for the vari-
ant. An additional homozygous predicted pathogenic
variant in PNPLA7 may further contribute to the
phenotype in this case (see below for dual molecular
diagnosis cases).

A third family was identified by a collaborating group
at the Center for the Study of Rare Hereditary Diseases in
Milan, Italy. The proband, HH-MI00103.97, is affected
with nonsyndromic HH and harbors a homozygous
variant in IGSF10 (¢.346A>G; p.K116E). Both parents
are heterozygous for the variant, and an unaffected sister
did not inherit the allele. The variant is not present in the
1000G database and has a gnomAD allele frequency of

MND1

Two sisters with a diagnosis of
HH, BAB9440 and BAB9444, had
homozygous deletion of exon 6 (out of eight exons) of
MND1 encompassing 116 bp as called on ES data by
HMZDelFinder (34). A custom microarray targeted to
the region revealed an 8.6-kb genomic deletion inheri-
ted from heterozygous parents (Fig. 5). Sequencing of
the breakpoint junction via PCR amplification using
inward-facing primers flanking the deletion breakpoints
revealed 2-bp microhomology and enabled us to fur-
ther refine the deletion breakpoint coordinates (chr4:
154,316,483 to 154,325,120; Fig. 6). The proximal
breakpoint did not map within a repeat structure such as a
low-copy repeat or a repetitive element. However, the
distal breakpoint coincides with an Alu element, Alu]b.
The lack of a pair of repeats at both breakpoints and the
presence of 2-bp microhomology at the junction together
suggest nonhomologous recombination underlying the
formation of the observed MND1 deletion. Possible
mechanisms include nonhomologous end joining,
microhomology-mediated end joining, or fork stalling
and template switching/microhomology-mediated break-
induced replication, FoSTeS/MMBIR (54, 55).
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Table 2. Summary of Variants Found in Candidate Disease Genes
AOH
Block
Variant/ Around Total FSH LH
Hg19 Protein Gene AOH (mIU/ (mlIU/ Estradiol
Gene Proband Coordinates VvR/tR Change Zyg (Mb) (Mb) mL) mL) (pg/mL)
IGSF10 BAB7110 chr3:151165532 110/110 ¢.2237C>G; Hom 23 269 111 39 46
p.P746R
IGSF10 HHMI00103.97 c¢hr3:151171554 — Cc.346A>G; Hom — — 43 27 16
p.K116E
IGSF10 Erasmus MC chr3: 151154500  11/28 €.7849delG; Het — — 6 4 <5
p.A2617Qfs*6
MND1 BAB9440 chr4:154325119- HMZDel 8.636Kb Hom 65 493 73 18 <10
BAB9444 chr4:154316483 Finder Deletion
71 525 97 38 <10
MRPS22° BAB7669 chr3:139067066 69/69 c.404G>A; Hom 23 211 99 20 0.01
p.R135Q*
SOHLH1° BAB4619 chr9:138589450 40/41 c.705delT; Hom 7 333 99 25 <5

BAB4620 87/88

p.K236Rfs*3

9 199 109 25 42

Abbreviations: Het, heterozygous; Hom, homozygous; tR, total reads; vR, variant reads; Zyg, zygosity.

Previous candidate disease genes found in cohort.

MND1 is integral to meiotic recombination and
interacts with the encoded protein of a known HH
associated gene, PSMC3IP (56). MND1 deletion is
within a genomic region of AOH of size 65 Mb in
BAB9440 and 71 Mb in BAB9444 (Fig. 6). Total AOH
for BAB9440 and BAB9444 was 493 Mb (coefficient
of consanguinity = 0.13) and 525 Mb (coefficient of
consanguinity = 0.13), respectively. The coefficient of
consanguinity is consistent with a reported family history
of consanguinity.

Dual molecular diagnosis and potential
oligogenic inheritance

CHD7, MCMS9, and PRKD1

Homozygous, predicted deleterious variants in CHD7
(c.1565G>T; p.G522V) and MCM9 (c.911A>G;
p.-N304S), two genes previously associated with hy-
pogonadism, and a homozygous variant in PRKD1
(c.646C>G; p.R216G), a previously described candi-
date gene for obesity (57), were found in patient
BAB7671 with HH and obesity (body mass index, 35).
Consistent with reported parental consanguinity, all
three variants are located within regions of AOH (Fig. 4;
Table 3). Total AOH was ~351 Mb (coefficient of
consanguinity = 0.024), with variants in CHD7, MCM?9,
and PRKD1 each identified within regions of AOH
measuring 17, 8, and 14 Mb, respectively. These results
suggest a mutational burden and multiple molecular
diagnosis in this individual. We propose that both CHD7
and MCM9 variants contribute to the HH phenotype
and that the PRKD1 variant contributes to the obesity
phenotype.

IGSF10 and PNPLA7

Homozygous missense variants in IGSF10 (c.5477G>A;
p.G1862D), described above, and in PNPLA7 (¢.3608T>C;
p.I1203T) were found by ES in a patient with non-
syndromic HH from a consanguineous pedigree (HOU
2612). IGSF10, but not PNPLA7, likely damaging
variants were found in a region of AOH (total AOH
~608 Mb; coefficient of consanguinity = 0.042). The
region of AOH containing variants in IGSF10 was ~46
Mb in size. Although paternal DNA was not available,
Sanger study of maternal DNA, as well as that of an
unaffected sister, revealed that they were heterozygous
for all three variants. One brother harbored both
PNPLA7 variants but did not carry the ¢.5477G>A
IGSF10 variant. A second unaffected brother was wild
type for both PNPLA7 and IGSF10 alleles (Fig. 4;
Table 3).

Discussion

ES reveals genes potentially contributing to HH
One challenge to the family-based genomics approach
in nonsyndromic 46,XX POI has been the limited number
of families with more than one affected relative available
for study. Access to consanguineous families with a rel-
atively uniform POI phenotype as a potential AR trait
enables candidate disease gene identification through
a homozygous variant analysis approach. This cohort
represents a unique opportunity to elucidate genes and
variants that lead to a POI phenotype as a means to garner
further insights into disease biology. These findings may
further our understanding of ovarian dysgenesis disease
biology and provide families the opportunity for molecular
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Figure 4. Pedigrees, segregation of identified variants, and AOH plots for families in which variants were thought to be consistent with
oligogenic inheritance. Filled shapes represent affected individuals. Family ID is written above each pedigree. Name of the genes and base
changes (red) are written below the pedigrees. Filled in arrows designate the proband. AOH maps for probands and affected siblings are shown
below the relevant pedigrees. Vertical red line delineates the gene of interest, and regions shaded gray represent regions of AOH. Size of AOH

region gene is within and is shown in red at the top of the AOH plot.

diagnosis, informing both disease biology and potentially
medical management. Molecular diagnosis also allows for
identification of at-risk relatives.

In 16/36 (44%) of the families studied, a potential
disease gene contributing to the observed clinical phe-
notype was identified by ES. Three additional families
with rare variants in candidate genes (MRPS22 and
IGSF10) were identified through GeneMatcher (38, 39)
and direct collaboration. Discoveries included variants in
six candidate disease genes, eight known or associated
POI disease genes, one gene previously associated with
menstrual irregularity, and one candidate gene associated
with obesity. Four genes (IGSF10, MCM8, MCM9, and
MRPS22) were implicated in more than one family.
In two families (13% of molecularly diagnosed cases),
variants in more than one gene were proposed to likely
contribute to pathogenesis of the patient’s phenotype.

ES in this cohort provided additional human genomic
evidence to support candidate disease genes identified in
animal models, particularly for SOHLHI1 and PADI6
(58-60). In our cohort, 5/42 (12%) patients had a di-
agnosis of Hashimoto thyroiditis. Of patients diagnosed
with Hashimoto thyroiditis, four have a potential mo-
lecular diagnosis. Notably, only one has variants in an
autoimmune susceptibility gene (TG), whereas the others
have variants proposed to affect ovarian development
through a non-autoimmune mechanism (SOHLH,
IGSF10, PSMC3IP). This includes a sibling-pair
(BAB4619 and BAB4620) with discordant phenotypes
in regard to Hashimoto thyroiditis (23). The possibility
that POI phenotypes in these patients are influenced by
antiovarian antibodies cannot be ruled out.

ES enables a dissection of phenotypic differences
resulting from unique variants in the same gene. For
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Figure 5. Pedigree, segregation of identified MND1 deletion, and custom microarrays for BAB9440, BAB9441, BAB9442, BAB9443, and
BAB9444. Filled in shapes represent affected individuals. Family ID is written above the pedigree. Filled in arrows designate the proband.
Breakpoint junction sequence and coordinates are shown at bottom. Proximal reference sequence in green and distal reference sequence in red.

presentation of delayed puberty and early menopause at
age 35 years (23). The deletion in MND1 is a single-exon
dropout, a variant allele that may be missed by clinical
arrays due to lower-density coverage of the region.
Moreover, heterozygous CNV at a locus, including exon
dropout alleles, are challenging to identify from ES data.
Particularly, read depth is potentially distorted due to the
experimental design of capture sequencing that depends

on hybridization kinetics whose efficiency is partially
determined by guanine/cytosine content. Although in-
tragenic duplication in PDE8A has been reported in
association with Turner syndrome, this is the first report
of intragenic deletion in association with a POI phe-
notype to our knowledge (69). Intragenic deletions
have been implicated as pathogenic alleles in a diverse
spectrum of phenotypes (BBS9; Bardet-Biedl-Syndrome,
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Figure 6. PCR assay results for primers designed to amplify the MND1 deletion (expected size 1439 bp) and for primers designed to amplify
exon 6 of MND1 (expected size 153 bp). AOH maps for probands and affected siblings are shown at bottom. Vertical red line delineates the
gene of interest, and regions shaded gray represent regions of AOH. Size of AOH region encompassing identified variant is shown in red font at

the top of the AOH plot.

DMD, GRID2, SNX14; brain malformation; RIPPLY1,
Heterotaxy; DOCKS, immunodeficiency; CNTNAP2,
intellectual disability; WWOX, epileptic encephalopathy;
TANGO?2, rhabdomyolysis) (34, 70, 71) and HMZDel-
Finder continues to be a useful tool in intragenic CNV
detection. Predicting genes that may undergo genomic in-
stability due to Alu-Alu mediated rearrangements (AAMR)
(72) resulting in exon dropout may facilitate the molecular
diagnosis of heterozygous deletion alleles. MND1 is above
the suggested 0.6 AAMR risk score cutoff, suggesting that it
may be in a region of relative genomic instability due to
AAMR (23).

In addition to more ubiquitous processes such as DNA
repair, proper and timely development of the hypothalamic-
pituitary axis is thought to affect germ cell development
(73). IGSF10 has been proposed to play a role in the

development of the gonadotropin axis, based on observa-
tions of aberrant migration of GnRH neurons in zebrafish
models of IGSF10 knockdown and the association of
rare missense variants segregating in an AD pattern with
delayed puberty in 10 families (74). Here, we report four
unrelated families with biallelic missense or monoallelic
nonsense variants in IGSF10 and a phenotype of POL.
IGSF10 missense variants in individuals with POI are
unique from the variants described in families with
delayed puberty in type of missense change and in
segregation pattern (AD vs AR). In the three families in
whom biallelic missense variants in IGSF10 are thought
to contribute to the proband’s phenotype, clinical fea-
tures were consistent with HH (Tables 2 and 3) (23). In
the case from Erasmus MC, a maternally inherited
single base-pair deletion is associated with a phenotype
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that is Kallmann syndrome-like, including delayed
puberty, primary amenorrhea, hypogonadism, and
anosmia, but with normal gonadotropin levels. This
allele is predicted to cause a change in five amino acids
of the C-terminus along with a truncation of two amino

N
N

Neurohypophysis

Adenohypophysis

POI. (a) Development of the primary oocyte to mature ovum. (b)

acids. This variant is not reported in gnomAD, and we
propose it is associated with this patient’s Kallmann
syndrome-like phenotype with variable penetrance.
This supports the possibility of allele-specific pheno-
types for IGSF10 and expands on the previously
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described association of IGSF10 with delayed puberty
(74). Additionally, in those cases with variants in
IGSF10, an additional disorder of neuronal or pitui-
tary development was more likely. Two cases with
variants in IGSF10, BAB7110 and the Erasmus MC
case, had an additional phenotype of growth hormone
deficiency and reduced olfaction, respectively (23).

Two of the known genes presented, TG and C3,
have a known autoimmune-mediated impact on ovarian
development through effects on follicular maintenance
and ovarian reserve. Taken together, molecular diagnosis
in our cohort suggest that regulators of ovarian and hy-
pothalamic development, as well as genes with autoimmune-
mediated impact on ovarian reserve, contribute to the
development of POI (Fig. 7b).

MRPS22, a known cause of combined oxidative phos-
phorylation deficiency 5 (OMIM 611719), additionally
represents a possible effector in ovarian physiology.
Heterozygous MRPS22 null mouse breeding populations
produce no homozygous offspring, suggesting embry-
onic lethality. However, germ cell specific knockout of
MRPS22 in Drosophila demonstrates that MRPS22 has a
cell autonomous effect on ovarian development (45).
Although defects in mitochondrial oxidative phosphory-
lation and transcription were not detected, the non-cell
autonomous role that subtle mitochondrial defects may
play should be considered (45). Another gene implicated
in the mitochondrial disease combined oxidative phos-
phorylation deficiency 7 (OMIM 613559), C120rf65, has
also been associated with HH in a family that includes two
affected siblings (75). The importance of mitochondrial
function to ovarian physiology is further linked by the
mitochondrial interacting protein ATAD3A, which fun-
nels cholesterol for steroidogenesis and has been shown to
be important for Leydig cell steroidogenesis via mito-
chondrial membrane association (62, 76, 77). An asso-
ciation between mitochondrial deficiency and a POI
phenotype would also be advantageous from an evolu-
tionary perspective, as the egg is the sole contributor
of mitochondrial function during human development.
Genes involved in mitochondrial pathology are therefore
excellent candidates for POI phenotypes. Additionally,
those patients with mitochondrial related molecular di-
agnosis may have an additional variant associated neu-
rologic phenotype, as BAB7669 was noted to have
both HH and neuropathy (23). PNPLA7 is an insulin-
regulated lysophospholipase shown to be important
for energy metabolism, and for which polymorphisms
have been associated with menstrual irregularity (78,
79). We suggest that its role in energy metabolism may
impact ovarian reserve, perhaps through mechanisms
overlapping with mitochondrial dysregulation.
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Allele frequency interpretation in
sex-limited disease

In this study, three families (HOU 2611, HOU 2776,
and HOU 2581) illustrate a pattern of inheritance
consistent with a sex-limited disease trait. The first
carries likely damaging pathogenic variant in a known
HH disease gene, MCMS8 in both a proband (BAB7100)
and her father. Although POI is a sex-limited trait,
MCMS8 variants have been reported to cause gonadal
deficiency in males as well (65). However, the degree of
perturbation of function caused by specific variants
may affect sexes in a differential manner. MCMS8 and
MCM?9 function together to perform integral roles in
meiosis and DNA repair (80), and egg production in
females is uniquely susceptible to perturbation of
meiosis (Fig. 7b). Phenotypic variation between sexes is
also relevant for the family of BAB7675, in which an
unaffected younger brother harbors the same homo-
zygous MCMS8 variant. The brother, age 13 and Tanner
stage III, does not have evidence of hypogonadism,
gonadotropin levels are normal and appropriate for
pubertal stage and age, and dehydroepiandrosterone
sulfate levels are low—similar to the gonadotropin/
dehydroepiandrosterone sulfate levels in the affected
proband. It is possible that the effect of these genes on
gonadal development is purely through hormonal
regulation, and that the differing hormonal milieus
required for female and male development ultimately
lead to the sex-specific phenotypic effects of deleterious
alleles.

The genetic loci affecting sex-limited traits have
unique evolutionary characteristics in terms of frequency
of observed deleterious variants (81, 82). In the fam-
ily HOU 2581, both the proband (BAB6996) and an
unaffected brother (BAB6999) have the homozygous
¢.519G>C variant in PADI6. However, functional data
have shown that this is a sex-limited phenotype with a
functional role in oocyte cytoplasmic lattices in model
systems. Here, we use human data to demonstrate a
similar sex-limited phenotype in association with the
identified genotype, with one unaffected brother having
the same homozygous variant (58, 59, 83). Cases like
these, for which rare, sex-limited deleterious variants
come together in a clan exemplify how these alleles may
be introduced and continue to propagate in a population
through the nonaffected sex. Further study is warranted
to better define which loci are under sex-limited selection
and to what extent. The potential molecular diagnoses in
family HOU 2581 suggests that the stringent allele-
frequency cutoffs used for genomic analysis may be too
high when analyzing sex-limited phenotypes. Variant
functional assessment algorithms also consider allele fre-
quency when determining whether an allele is predicted to
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be deleterious, and these may need adjustment to reflect
sex-specific differences in allele frequency.

Potential oligogenic inheritance and complex allele
contributions to pathophysiology of genetic disease

Multilocus variation has increasingly explained blended
phenotypic outcomes in disease cohorts (35, 84, 85). Mu-
tational burden has been shown to contribute to complex
phenotypic presentations including distal symmetric
polyneuropathy (86). A retrospective study of 7374
consecutive unrelated patients referred for clinical ES
identified 101 cases (4.9% of cases for which ES was
diagnostic) with molecular diagnoses resulting from
pathogenic variants at two or more distinct disease-
associated loci (35, 84, 85). The clinical variability
of POI has contributed to the hypothesis that ovarian
development is also a clinical phenotype in which multi-
locus variation may explain apparent phenotypic vari-
ability (35).

AOH regions in the consanguineous families studied
are hypothesized by the Clan Genomics model to harbor
unique, disease-causing rare variants that have been
rapidly brought to homozygosity instead of cleared by
selection due to consanguineous marriage (87). Just as
this could occur for a single disease locus, homozygosity
of rare variants at more than one locus can occur (35, 85).
In our proposed oligogenic families, homozygous vari-
ants in four of five genes (80%) are located in regions of
AOH, demonstrating an AOH-mediated recessive dis-
ease burden in these cases (35). One of these families,
HOU 2774, involved mutational burden and dual mo-
lecular diagnosis of two known-associated genes for POI
and a candidate gene for obesity in a patient with HH and
obesity. All identified variants in these oligogenic families
were homozygous, one with AR + AR variants and one
with AR + AR + AR variants. Consistent with the Clan
Genomics hypothesis, AOH-mediated recessive disease
burden contributes to 15 of 16 (94%) molecular di-
agnoses in this cohort (87).

Conclusion

Ovarian development is complex, as is the maintenance
of its physiological functions during germ cell pro-
duction. The presence of direct and indirect effectors
of ovarian development function shows that a single
pathway does not sufficiently explain ovarian physi-
ology. However, ES of POI cohorts can elucidate
molecular candidates involved in female gonadal de-
velopment and decades of physiological function
required for germ cell production. Identifying variants
causative of POI provides patients with a molecular di-
agnosis and accurate counseling regarding recurrence
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risk. Furthermore, this molecular diagnosis can guide
expectant management. The continual elucidation of
disease genes in POl allows for a deeper understanding of
the molecular physiology of ovarian development and
function, and the relative contributions of multilocus
variation and AOH-mediated recessive disease burden
to POL
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