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Purpose: Sex-biased expression of genes on the X chromosome is
accomplished by a complex mechanism of dosage regulation that
leads to anatomical and physiological differences between males
and females. Copy-number variations (CNVs) may impact the
human genome by either affecting gene dosage or disturbing a
chromosome structural and/or functional integrity.

Methods: We performed a high-resolution CNV profiling to
investigate the X chromosome integrity in cohorts of 269 fertile
females and 111 women affected with primary ovarian insufficiency
(POI) and assessed CNVs impact into functional and nonfunctional
genomic elements.

Results: In POI patients, we observed a 2.5-fold enrichment for
rare CNVs comprising ovary-expressed genes, and genes implicated
in autoimmune response and apoptotic signaling. Moreover, there
was a higher prevalence of deletions encompassing genes that
escape X inactivation, noncoding RNAs, and intergenic DNA

INTRODUCTION
Sex chromosomes play a critical role in human fertility and
sex determination. The X chromosome is enriched for sex-
biased genes implicated in human reproduction, and
pathogenic variants within TEX11 (MIM *300311), ADGRG2
(MIM *300572), AR (MIM *313700), and other X-linked
genes are known to impact male fertility.'” The X
chromosome is also critical in ovarian development and its
disruption can lead to primary ovarian insufficiency (POI),
which is clinically characterized by menstrual disturbance
(amenorrhea or oligomenorrhea) with elevated follicle-
stimulating hormone(FSH) and luteinizing hormone and
low estradiol (hypergonadotropic hypogonadism).*”” The POI
spectrum is broad, affects 2-4% of women,*® and ranges
from congenital absence of ovaries (gonadal dysgenesis),
which clinically presents as primary amenorrhea, to indivi-
duals with irregular menstrual cycles whose ovarian function

sequences among POI females, highlighting structural differences
between X chromosomes of fertile and POI females. Furthermore,
we discovered a ~4% carrier incidence for X-linked disorders
among fertile women.

Conclusion: We constructed a high-resolution map of female-
specific CNVs that provides critical insights into the spectrum of
human genetic variation, sex-specific disease risk factors, and
reproductive potential. We discovered novel CNVs associated with
ovarian dysfunction and support polygenic models for POL
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ceases prior to age 40. The X chromosome aberrations are
encountered in 8-10% of individuals with POI and include
monosomy X, cytogenetically visible deletions and duplica-
tions, and balanced and unbalanced X-autosome rearrange-
ments.” Monosomy X (45X or Turner syndrome) is
characterized by loss of oocytes at the pachytene stage of
meiotic prophase during female fetal development, resulting
in streak gonads at birth.” The presence of two structurally
normal X chromosomes is essential for meiosis, and meiotic
disturbance can lead to accelerated germ cell depletion,
apoptosis of surrounding somatic granulosa cells, and in the
most severe form causes streak ovaries.”®’ Although one of
the X chromosomes is inactive in somatic cells, both X
chromosomes are active in ovaries and biallelic expression is
likely important for the completion of meiosis.*'" Moreover,
structural abnormalities, such as X chromosome/autosome
translocations, and large X chromosome deletions on both the
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short and long arms, have been associated with POI and
infertility.'">'> In the majority of POI patients with X
chromosome translocations, the breakpoints do not contain
genes.'”"'* Despite clinical studies that associate large tracts of
X chromosome with POI, only few genes on the X
chromosome have been implicated in ovarian development,
including BMP15 (MIM *300247), FMRI (MIM *309550),
and PGRMC! (MIM *300435). These observations suggest
that failure in both the maintenance of the X chromosome
dosage and integrity can cause POL'*"** The X chromosome
copy-number profile in fertile women and women with POI is
unknown. We conducted a high-resolution analysis of copy-
number variants (CNVs) on 269 fertile women and 111
women with POI to establish a fine-scale X chromosome
architecture in these two populations, to evaluate their impact
on the X chromosome integrity, and to assess CNVs
association with POI and female reproductive success.

MATERIALS AND METHODS

The recruitment of participants and research study were
approved by the University of Pittsburgh institutional
review board (IRB) (PRO09080427, PRO12120172). Con-
sent for genetic testing was received from all patients. A
population of fertile females (269 unrelated participants) of
European descent aged 23 to 37, who had at least one live
birth, have regular menses and no family history of genetic
disorders, was defined as healthy women. One hundred and
eleven POI women were defined as individuals diagnosed
with hypergonadotropic hypogonadism, less than 40 years
of age, and two serum FSH concentrations greater than
40 IU/L. The POI cohort had four subgroups: 34 women
with primary amenorrhea, 21 women with secondary
amenorrhea diagnosed prior to age 25, 30 women with
secondary amenorrhea diagnosed after age 25, and
26 women with POI, whose age of onset was prior to 40
but exact onset was uncertain. High-resolution (~0.5-3 kb)
survey'” of the X chromosome CNVs was performed using
a custom 180 K comparative genomic hybridization (CGH)
microarray (Agilent Inc., Santa Clara, CA) on genomic
DNA from 269 fertile women and 111 POI study
participants. The CNV calls are provided in Supplementary
Tables S1 and S7. Additional technical information including
detailed description of study subjects, microarray design,
bioinformatics and genomic tools, and associated references
are available in the Supplementary Material and Methods.
Raw data are available in the National Center for Biotechnol-
ogy Information (NCBI) GEO database (accessions
GSE126893 and GSE127453).

Statistical analysis

Two-tailed Chi-square tests for the equality of proportions
between two samples were performed to determine if a certain
type of CNV is more/less likely to be carried in the POI versus
the control (fertile females) group. To determine if the
number of a certain type of CNVs carried by a person is
higher/lower in the POI group than in the control group, we

2276

YATSENKO et al

performed two-tailed Wilcoxon rank sum tests. The values of
the statistical tests are further adjusted using the Holm
method to control the family-wise error rates for the
simultaneous test of all types of CNVs.

RNA-Seq library preparation

The ovary RNA-Seq library was constructed using a 21-week-
old human fetal ovary. The study was approved by the
University of Pittsburgh IRB (PRO16070068).

RESULTS

X chromosome CNVs in a population of fertile women

A total of 4099 CNVs (Table S1) comprising 2523 losses/
deletions (62%) and 1576 gains/duplications (38%) were
detected in 601 distinct genomic intervals, meaning that a
number of CNVs recurred (Table S2). CNVs analysis showed
that 86% of the DNA losses were less than 10kb in size
(Fig. 1a).

We classified copy-number alterations into six different
categories (Fig. 1b). In the nonrepetitive genomic regions, the
CNVs were classified as 411 homozygous losses (DNA copy
number = 0), 2074 heterozygous deletions (copy number = 1),
914 heterozygous duplications (copy number = 3), and 641
CNVs with gains of two or more DNA copies (copy number
>4). In regions with segmental duplications and/or gene family
clusters, we recorded 38 partial losses and 21 partial gains.

A total of 601 genomic intervals were defined by unique
breakpoints observed among recorded CNVs. About 89.1%
(3652/4099) of CNVs recurred with a population frequency of
greater than 1%. A total of 447/4099 (10.9%) CNVs were rare.
These 447 CNVs were detected in 189/269 (70.3%) of fertile
women with an average of 2.36 (447/189) CNVs per
individual, and an overall incidence of 1.66 (447/269) rare
CNVs per fertile female. Four or more rare CNVs were
observed in ~12% of fertile females (Fig. 1c). The majority
(87%) of rare CNVs were heterozygous, with ~60%
representing DNA losses (mean size 13.9kb) and ~40%
containing DNA gains (mean size 130.7 kb).

We examined all deletions and duplications intervals
for the presence of genes and known regulatory elements.
Whole genes or exons were present in 166/601 (~27.6%)
genomic intervals. In fertile females, the majority of
the gene-coding intervals are gains (67.4%) as opposed to
losses (32.6%). The majority of “loss” intervals (~81%) span
intergenic and intronic regions, locations that are less
likely to be harmful. Only 30.5% of fertile females contain
coding sequences among rare CNVs with a predominance
of gains. Additional CNV characteristics in fertile females
are provided in the online Supplemental Data (Fig. S1-4).

Prevalence of known X chromosome pathogenic CNVs
among fertile females

Sequencing studies suggest that ~2% of women have disease-
causing variants for X-linked disorders.'® We assessed the
prevalence of known and likely pathogenic CNVs in our
cohort of fertile women. We identified ten (10/269, 3.7%)
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Fig. 1 Copy-number variant (CNV) differences between X chromosomes of fertile and primary ovarian insufficiency (POI) females. a CNVs
distribution by size in the cohorts of fertile and POI females. The proportion of observed genomic CNV intervals with losses and gains is shown for each size
interval. b Incidence of each CNV category in the cohorts of POl and fertile females. A statistically significant difference (indicated by asterisk) has been
observed for heterozygous losses and gains, homozygous gains, as well as gains affecting repetitive regions/gene family clusters (p <0.05). ¢ Incidence of

multiple rare CNVs in the cohorts of POI and fertile females.

fertile women who possess pathogenic CNVs, and are at risk

to transmit X-linked disorder to their male offspring
(Table 1).

Impact of X chromosome CNVs: analysis of gene function
embraced by CNVs in fertile women

CNV intervals among fertile women encompassed a total of
217 protein-coding genes (Table S3), including 107 genes
among rare CNVs. These comprise ~19.8% of 1098 known X-
linked protein-coding genes.'” Thirty-six of these genes
(3.3%) were found among losses, 125 genes (11.4%) were
among gains, and 56 genes (5.1%) were among intervals
containing both gain and loss CNVs. We examined 217 genes
for their expression level in ovarian tissue. We sequenced
RNA extracted from fetal human ovary, at the time when
dynamic developmental changes occur in human ovarian
development and include primordial follicle formation
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(Table S4). Importantly, in fertile women, ovary-expressed
(OE) genes affected by deletions comprise ~1.5% of all X-
linked protein-coding genes, while duplications accounted for
three-fold more OE genes. Among 217 genes encompassed by
CNVs, 15 genes are known to escape X chromosome
inactivation'®*? (Fig. S5).

Each individual woman was evaluated for all CNVs that
contain coding sequences and whether genes in those CNVs
are expressed in the ovary. We focused our analysis on
deletions because these CNVs are more likely to be damaging
variants. This analysis revealed that 44.2% of fertile females do
not have a loss CNV encompassing OE genes, 36.8% have a
single OE gene affected by a CNV loss, and ~19% of fertile
females have 2-6 OE genes within a CNV loss. Only 5.9% of
fertile women had rare deletion CNVs within OE genes.

All 217 genes were subjected to further ontology analyses
using the PANTHER (Protein Analysis through Evolutionary
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Fig. 2 The X chromosome copy-number variant (CNV) landscape in fertile and primary ovarian insufficiency (POI) females. a Number of genomic
intervals. b Number of CNVs in 269 fertile females (FF). ¢ Number of CNVs in 100 POl women.

Relationships) tool. This set of genes was categorized
according to the Gene Ontology biological process, molecular
function, cellular component enrichment, protein class, and
an implicated pathway (Fig. S6) for a further comparison with
the POI cohort.

Large X chromosome CNVs in women with POI

Similar to previous studies,® ~10% (11/111) of women with
POI had large X chromosome imbalances including 45,X; 47,
XXX; unbalanced translocation t(X;1), and gross Xp and Xq
deletions (Table S6, Fig. S7A), which likely explain their
phenotype. These patients were excluded from further CNV
analysis.

General characteristics of submicroscopic CNVs in idiopathic
POI

We identified a total of 1753 submicroscopic CNVs (408
genomic intervals) in 100 women affected by POI (Table S7),
ranging from 5 to 49 CNVs/individual, with a mean=17.5
CNVs/female. The findings in POI patients are summarized
in Table S8. Analysis of both populations of POI and fertile
women revealed that more than 85% of losses and 60% of
gains are below 10kb in size (Fig. 1a). Overall, there was a
statistically significant difference (p < 0.01) in CNV number in
POI women versus our cohort of fertile women. The POI
cohort showed a statistically significant increase in the
number of heterozygous losses and gains and reduced number
of homozygous gains as compared with fertile females
(Fig. 1b).

GENETICS in MEDICINE | Volume 21 | Number 10 | October 2019

The frequency of CNVs was compared between POI and
fertile women. In women with POI, we identified 217 novel
“POI-unique” CNVs (Table S9) in 171 genomic intervals that
were not observed among the cohort of fertile females.
Seventy-nine rare genomic intervals (named as rare-shared,
Fig. 2), were observed in both POI and fertile female cohorts.
Although they were rare (<1%) in fertile women, subsets of
these rare intervals were more common among POI women.
In POI women, CNVs in 17 genomic intervals that were seen
in less than 1% in fertile women, were observed with 2-13%
frequency (Table S10), which is ~6-fold higher than in fertile
females and is statistically different. We also observed 20
CNVs in 11 genomic intervals that were discordant for copy-
number state between POI and fertile females. For example,
13 losses and 7 gains among common CNVs in POI women
were encountered as “gain only” or “loss only” in those
intervals among fertile females (Table S11A, B). An overall
incidence of rare CNVs is 2.5-fold higher among the POI
cohort compared with fertile females. These results may have
differential effect on X chromosome integrity in POI and
fertile women.

We also examined population frequencies of common
CNVs in fertile and POI females. CNVs in four genomic
intervals (Table S11C) with a population frequency of 1-5%
in fertile females were not observed in POI women. These
intervals may represent regions that protect against ovarian
failure. In contrast, six common genomic intervals (Table S10),
which were seen with much higher frequency in POI, may
represent POI risk regions.
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Rare-shared and POIl-unique CNVs in POI patients

We performed detailed analysis of 420 variants (217 POI-
unique, 183 rare-shared, and 20 discordant CNVs) identified
in POI women and compared with a cohort of fertile females
(Fig. S8-10). These CNVs (238 losses and 182 gains) were
considered to be rare/atypical events for fertile women.
Importantly, rare and POI-unique CNVs were observed in 92/
100 of POI patients and ~74% of POI women had two or
more such CNVs on the X chromosome (Fig. 1c). This
incidence was statistically different from 45% of fertile females
carrying two or more rare CNVs. These findings may suggest
a cumulative effect of CNV onto ovarian function. An overall
average of 4.56 (420/92) for combined rare and POI-unique
CNVs and incidence of 4.20 (420/100) per POI patient was
significantly higher (p <3.51E-13) than the average of 2.25
and incidence of 1.66 CNVs seen in fertile females
(Table S20).

We evaluated if there was an enrichment of CNVs unique
to POI depending on POI type and onset. Overall, the
differences between POI subgroups did not reach statistical
significance and analysis was limited by the small number of
participants in POI subgroups.

Functional significance of rare and POIl-unique CNVs to POI
patients

We mapped a total of 261 genomic intervals (79 rare-shared
between fertile and POI females, 11 discordant for copy-
number state, and 171 POI-unique, Table S9) to the X
chromosome and overlaid GENCODE and ENCODE data.
These data were then used to characterize regions into six
functional genomic categories: (1) CNVs involving at least
one whole gene transcript, (2) CNVs comprising exonic
sequences (coding exon[s] of a single gene), (3) CNVs
affecting untranslated regions (UTRs) and/or noncoding
exons of a gene, (4) CNVs containing noncoding RNA
sequences, (5) CNVs affecting intronic regions of a gene, and
(6) intergenic CNVs encompassing DNA sequences between
the genes. The cohorts’ comparison showed a significant
enrichment for CNVs (particularly DNA losses) containing
exonic sequences (p <3.00E-8) and noncoding RNAs (p <
1.15E-08) in the POI group (Fig. S8).

Among the rare-shared and POI-unique CNVs (Table S9),
111 potentially functional genomic loci were of specific
interest due to the presence of exonic or whole-gene
sequences (74 and 15 intervals, respectively) within a CNV,
5'-UTRs (8 intervals), and 14 intervals spanning the 3’-UTRs.
A total of 138 genes (Table S14) were identified within these
111 genomic intervals and subjected to detailed analysis
including gene expression profile and classification using the
PANTHER and STRING bioinformatics tools.

The OE genes were present among 84/111 (75.7%) of POI-
unique intervals, including 30% of DNA losses, affecting 89/
100 (89%) POI women (Fig. S5F). In contrast, among fertile
women, OE genes were present in 13.8% of rare losses
(Figs. S5C and S10A). We also observed differences for a
number of OE genes between POI diagnostic groups
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Fig. 3 Number of ovary-expressed genes affected by losses and
gains in the individual genomes of primary ovarian insufficiency
(POI) and fertile females (FF). a The number of losses with ovary-
expressed genes and proportion of individuals carrying CNV losses are
statistically different between the cohorts of POI and fertile females (p <
1.78E-08). b The proportion of individuals with the gains in POI cohort is
not different from a cohort of fertile women (p <0.83886). Likewise, the
number of gains with ovary-expressed genes is similar between cohorts (p <
0.10183).

(Fig. S10B). Patients with primary amenorrhea have lower
number of OE affected genes, while more OE genes were
detected in subgroups of patients with secondary amenorrhea.
This may suggest a more damaging effect of CNVs in patients
with primary POI and a possible polygenic cause in patients
with secondary POI due to a cumulative effect of less harmful
CNVs.

Overall, individual genomes from the POI cohort contained
a higher number of CNV losses that encompassed OE genes,
compared with our fertile cohort (p < 3.69E-25) (Fig. 3), as
well as a higher number of genes that escape X inactivation
(Fig. S5D, E).

The ontology analysis of 138 genes encompassed by rare
CNVs in POI patients showed enrichment in genes implicated
into several physiological processes including inflammation
mediated by chemokine and cytokine signaling; T-cell
activation; cytoskeletal regulation by Rho GTPase and
synaptic vesicle trafficking; cadherin, WNT, and FGF
signaling; and RAS pathway as well as apoptosis activation
(Fig. S6F-]). Some of these pathways, such as WNT-, FGF-,
and RAS-signaling pathways, have been previously shown to
affect growth, differentiation, and maintenance of gonadal
tissue in a variety of species.”’"**

ENCODE annotations of the noncoding genomic intervals
CNVs in the regions that do not contain protein-coding DNA
or gene regulatory sequences were annotated into three
interval categories: those that contain known noncoding
RNA transcripts, intergenic intervals that do not comprise
any transcripts or known regulatory elements with the

Volume 21 | Number 10 | October 2019 | GENETICS in MEDICINE
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enhancer- or promoter-like capacity, and CNVs that comprise
intronic segments. CNVs in the noncoding genomic intervals
are commonly viewed as benign changes. Our analysis
showed that the incidence of noncoding intergenic CNVs
on the X chromosome was statistically different (p < 1.00E-06)
and much higher in the POI cohort compared with fertile
women (Fig. S8-9). Taking into account the distinctive
heterochromatic and functional properties of the X chromo-
some between somatic and germline cells in females, we
examined intergenic and intronic CNVs for the presence of
predicted transcription factor-binding sites (TF-BS) and the
epigenetic chromatin signatures (Table S12). Notably, non-
coding CNVs seen in POI patients spanned methylated forms
of histone H3 such as H3K27me3, a hallmark of topologically
inactive chromatin domains H3K9me3 and H4K20mel,
which are associated with the X chromosome silencing
(Fig. S11A). In addition, in POI females, ~53% of noncoding
CNVs encompassed at least one TF-BS. A total of 102 TF-BS
(Table S16) were found within the rare-shared and POI-
unique genomic intervals. Interestingly, proteins (ATF2,
ATF3, CREBI1, EGRI, ELK1, EP300, FOS, GATA2, JUN,
JUNB, JUND, NFYA, NFYB, NR3Cl, RELA, SP1, SRF,
STAT3) implicated in the gonadotropin-releasing hormone
receptor (P06664), CCKR signaling (P06959), and PDGF
signaling (P00047) were the most common transcription
factors bound to the CNV affected genomic regions in POI
females. In addition, POI-unique CNVs were also enriched in
TF-BS associated with TP53-apoptosis signaling (P00006),
RAS pathway (P04393), and oxidative stress response
(P00046) (Fig. S11B). Similarly to alterations in coding
CNVs, POI-unique noncoding CNVs appear to affect multi-
ple pathways implicated in gonadal development, autoim-
mune response, and apoptotic signaling in POI females.

Possible target genes in idiopathic POI

Eleven genes—FMRI (MIM *309550), STAG3 (MIM
*608489), MCM8 (MIM *608187), MCM9 (MIM *610098),
POF1B (MIM *300603), DIAPH2 (MIM *300108), BMP15
(MIM  *300247), MSH5 (MIM *603382), SYCEI (MIM
*611486), NOBOX (MIM *610934), and NR5A1 (MIM
*184757)—were previously associated with POI. Using an in
silico approach (STRING)** we evaluated for the known and
predicted protein—protein interactions (https://string-db.org/
cgi/network.pl?taskld=HTEn9j4Qqpam) between POI caus-
ing genes and the set of 138 genes found among POI-unique
and rare-shared CNVs (Fig. S12). Of the CNVs unique to the
POI cohort, several genes have been implicated in ovarian
function and/or POI, including DIAPH2, LDOCI (MIM
*300402), SPANXAI (MIM *300305), SPANXA2 (MIM
*300493), FANCB (MIM *300515), GPRIOI (MIM *300393),
and PGRMCI (MIM *300435) (Table S17A).

Based on comparative genomics and function-dependent
approaches utilized in this study, results of previous studies of
mouse models, and case reports on women affected by POI,
we propose novel X-linked gene candidates, such as PAK3
(MIM *300142), H2AFBI (MIM *300445), STAG2 (MIM
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*300826), TIMP1 (MIM *305370), TENM1 (MIM *300588),
MAP7D3 (MIM *300930), SYNI (MIM *313440), and
NAPIL2 (MIM *300026) among others that may cause or
contribute to POI etiology (Table S17B). We also outlined
noncoding RNA transcripts identified among POI CNVs
(Table S17C) that may play a role in regulation of
inactivation/reactivation processes”* of the X chromosome
in primordial germ cells.

Distribution of rare-shared and POIl-unique CNVs along the
X chromosome in POI patients

Copy-number alterations of a few genes on the X chromo-
some are known to be implicated in sex differentiation, such
as duplications and deletions surrounding the NROBI (MIM
*300473) gene.”>>” We hypothesized that fertile women are
less likely to have CNVs in the regions that are involved in
sexual development and gonadal differentiation. We con-
structed a high-resolution CNV map to assess distribution of
observed gains and losses along the X chromosome in fertile
females (Fig. 4). We calculated a total number of intervals
with unique breakpoints in each 2-Mb window on the X
chromosome and identified genomic segments in which gains
or losses were present at a lower rate than expected for a
random distribution (average 3.3 intervals per 2-Mb segment
for gains and 4.6 for losses). Alterations in a cohort of POI
patients were compared with fertile females, particularly
within these CNV-poor segments. We plotted 91 genomic
intervals defined above that have the highest potential to
cause POI to the X chromosome map. Remarkably, these 91
genomic intervals were clustered on the X chromosome at the
Xpll.2, Xql3, Xq22, Xq26.3, and Xq28 regions, and also
correspond to the OE gene clusters. The Xql3 and Xq22
chromosomal regions were previously implicated to POI
based on multiple reports on POI females with the X
chromosome deletions and balanced rearrangements.'>'> We
conducted a comprehensive literature search and identified
published reports on 75 women with POI and balanced X-
autosome translocations (Table S18). Breakpoint mapping
analyses showed that the vast majority of these translocations
do not involve a gene-coding region on the X chromosome
but are clustered within Xq13, Xq21, Xq22, and Xq24 (Fig. 4).
The cumulative findings suggest that the genomic integrity
within the Xq13 and Xq22 chromosomal loci involving both
coding and noncoding DNA sequences may be essential for
gonadal development or maintenance. Significantly, a higher
number of POI women (40%) had rare CNVs in the Xql3
(p < 1.29E-07) and/or Xq22 (p < 0.004179) regions compared
with the fertile females (13.8%). Also, the CNV frequency in
the Xq13 (p < 2.98E-08) and Xq22 (p < 0.002322) regions were
significantly higher in POI women compared with fertile
females.

DISCUSSION

Previous studies on POI patients with structural rearrange-
ments show that the X chromosome architecture and integrity
are essential to maintain its functionality and efficiently
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Fig. 4 The map of observed gains and losses on the X chromosome

in fertile and primary ovarian insufficiency (POI) females. a The X

chromosome idiogram. Location of genes implicated to POl are shown on the top. Breakpoints of the X chromosome-autosome balanced translocations (X;
A) reported in POl women (Table S18) are clustered within Xq13, Xg21, Xg22, and Xq24. Number of patients with primary (P) and secondary (S) amenorrhea
is listed for each cluster. b All observed CNVs detected in this study were uploaded to the University of California—Santa Cruz (UCSC) Genome Browser and
displayed as Gain or Loss custom tracks. A list of genes that completely escape (Escape track) or variably escape (Var-Esc track) X inactivation was composed
from previously published studies.'® Custom tracks are aligned below the X chromosome idiogram. ¢ Breakpoint clustering analysis in control females.
Number of unique CNV breakpoints for gains (blue bars) and losses (red bars) were calculated for each 2-Mb window along the X chromosome length
(155.3 Mb). CNV-poor intervals, defined as segments with less than 5 of either gain or loss CNVs per 2-Mb window, are outlined as light blue (gain-poor) or

pink (loss-poor) shaded areas. CNV copy-number variant, FF fertile females.

balance the dosage of X-linked genes with the genes expressed
from autosomes. DNA copy-number variation is a substantial
source of genetic diversity in humans and also contributes to
single-gene and complex trait disorders via altered gene
dosage or its regulation. Our analysis of CNVs and their
functional impact suggest that POI is a heterogeneous
condition in which the X chromosome CNVs play a more
substantial role than has been anticipated. First, we discovered
that in POI females CNVs are significantly enriched with
ovary-expressed genes, genes that escape X inactivation, and
noncoding RNA. All of this is likely to result in gene dosage
imbalance. Second, POI females have 2.5-fold higher number
of rare CNVs than fertile females. The number of deletion
events was significantly higher among women with POL
These microdeletions may impact the X chromosome spatial
structure essential for a successful meiosis, disturb boundaries
of topologically active/inactive chromatin domains and sex-
biased gene expression, or disorganize long-range interac-

Our results suggest a polygenic contribution of genes to the
etiology of secondary amenorrhea. Interestingly, 79 rare
genomic intervals for which CNV's were seen in both cohorts
are enriched for exonic and noncoding RNAs elements
supporting the hypothesis that these CNVs may confer POI
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susceptibility loci, while additional genomic changes at other
loci (inherited and/or de novo) may compel the cumulative
effect above an inheritance “threshold” causing a spectrum
phenotype and leading to primary or secondary POIL POI
patients also have an increased number of CNVs encompass-
ing genes implicated in immune response and inflammatory
processes, which supports the longstanding view that a subset
of women may have autoimmune etiology of POI and a
coexisting susceptibility for autoimmune diseases.””*> Auto-
immunity may lead to increased cell death in the ovary and
result in follicle depletion, causing POL***> Recent GWAS
and exome studies in a subset of patients have identified DNA
damage response pathways as important modulators of
reproductive aging and gonadal dysgenesis.”®® It is possible
that differences observed between CNVs on the X chromo-
some in POI and fertile women are the consequences of
deficiencies in DNA repair. This remains to be studied in the
future. Another important difference between the content of
CNVs in fertile and POI females is that in POI women CNV's
involving noncoding intergenic and intronic sequences
commonly affect gonadotropin-releasing hormone receptor
binding sites.”” Thus, genome structural alterations may result
in an inefficient hormonal signaling or desensitization of
gonadotropin secretion leading to a dysregulation of sex
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steroid hormone synthesis and, as a consequence, impaired
ovarian cycle and gametogenesis.*

Our study discovered an unprecedented number of CNVs
in fertile females. Surprisingly, X-linked pathogenic CNVs
were found in ~3.7% of females with no family history of a
genetic disorder. This rate is about two-fold higher than the
estimated frequency of pathogenic sequence variants in
known X-linked disease-causing genes, and was detected in
our study due to exceptionally high resolution of our X
chromosome microarray platform. Moreover, ~85% of X
chromosome CNVs are less than 10 kb in size and likely to be
missed by current diagnostic microarray designs.

In conclusion, we conducted a high-resolution copy-
number analysis of the X chromosome in fertile women and
individuals affected with POI For the first time our study
provided a comprehensive characterization and map of
cryptic CNV and outlined key differences in the X chromo-
some architecture between two cohorts, providing evidence
that the X chromosome may play a superb role in POI
etiology, and future functional studies will be needed to assess
the role of POI-unique and associated CNVs.

URLS
GENCODE https://www.gencodegenes.org/, ENCODE https://
www.genome.gov/10005107/encode-project/, PANTHER http://
www.pantherdb.org/, STRING www.string-db.org
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