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Abstract

X chromosome inactivation (XCI) is a key epigenetic gene expression regulatory process, which may play a role in women’s
cancer. In particular tissues, some genes are known to escape XCI, yet patterns of XCI in ovarian cancer (OC) and their
clinical associations are largely unknown. To examine XCI in OC, we integrated germline genotype with tumor copy number,
gene expression and DNA methylation information from 99 OC patients. Approximately 10% of genes showed different XCI
status (either escaping or being subject to XCI) compared with the studies of other tissues. Many of these genes are known
oncogenes or tumor suppressors (e.g. DDX3X, TRAPPC2 and TCEANC). We also observed strong association between cis
promoter DNA methylation and allele-specific expression imbalance (P = 2.0 × 10−10). Cluster analyses of the integrated
data identified two molecular subgroups of OC patients representing those with regulated (N = 47) and dysregulated (N = 52)
XCI. This XCI cluster membership was associated with expression of X inactive specific transcript (P = 0.002), a known driver
of XCI, as well as age, grade, stage, tumor histology and extent of residual disease following surgical debulking. Patients with
dysregulated XCI (N = 52) had shorter time to recurrence (HR = 2.34, P = 0.001) and overall survival time (HR = 1.87, P = 0.02)
than those with regulated XCI, although results were attenuated after covariate adjustment. Similar findings were observed
when restricted to high-grade serous tumors. We found evidence of a unique OC XCI profile, suggesting that XCI may play an
important role in OC biology. Additional studies to examine somatic changes with paired tumor-normal tissue are needed.

https://academic.oup.com/
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Figure 1. XCI is a complex process involving multiple levels of gene regulation. (A) Skewed XCI. In each female cell, the maternal or paternal X is inactivated. Females

will yield a distribution of alleles. In random XCI, 50% of alleles are maternal, and 50% are paternal; in skewed XCI, the proportions vary from 50%. (B) For the Xi and Xa

X chromosomes, promoter methylation and mRNA expression associated with genes subject to XCI (XCI) and escape genes (XCI-E), in regions with and without LOH.

Introduction

The biology of the X chromosome is complex, as one copy of
the X chromosome in females must be transcriptionally silenced
during embryonic development to ensure dosage of X-linked
gene expression is similar to that in males (1–3). This X chro-
mosome inactivation (XCI) is tissue specific and epigenetically
initiated by X inactive specific transcript (XIST) (4), a long non-
coding RNA that is transcribed on the inactive X (Xi) chromo-
some. XCI can be skewed, in that one particular copy of the
chromosome shows preferential inactivation across cells in a
given tissue (Fig. 1A). Additionally, 10–15% of genes escape this
inactivation (‘escape genes’) and are expressed on both copies of
the X chromosome (5–7).

Cancer of an ovary, fallopian tube or peritoneal tissue
(collectively, ovarian cancer; OC) is diagnosed in over 230 000
women annually and is a leading cause of women’s cancer death
(8–10). XCI appears to be important in female carcinogenesis,
as ovarian and breast cancer cell lines can show loss of
the Xi (11,12), Xi loss with active X (Xa) duplication and Xi
reactivation (13–15); furthermore, there may be an interplay

between Xi and BRCA1 (16). The X chromosome contains an
excess of genes related to reproduction and hormones (e.g.
the androgen receptor) (17), drug metabolism (18) (SLC6A8,
SLC9A6 and SLC16A2), drug transport genes (19) (ABCB7 and
ABCD1) and chemotherapy response (CTPS2 and DLG3) (20),
along with an abundance of oncogenes and tumor suppressor
genes (21), and tumor suppressor genes that escape XCI may
contribute to the sex bias observed for some cancers (22).
Additionally, XCI skewing has been shown to be more frequent
in lymphocytes of ovarian and breast cancer patients compared
with unaffected women (23–27) and increases with age (28).
Finally, XCI in OC is thought to relate to the ‘two-hit hypothesis’
of tumorigenesis (29), as it is functionally equivalent to loss
of heterozygosity (LOH), and X chromosome LOH has been
reported in OC (30,31). Skewed XCI of tumor suppression
genes, such as GPC3 (32,33) and MEF (34,35), may serve as the
‘first hit’ (21). The Cancer Genome Atlas (TCGA) previously
investigated X chromosome copy number alterations and LOH
in high-grade serious OCs and reported that X chromosome
structural alterations were common and associated with worse
survival (36).
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Table 1. Cross tabulation of numbers of genes (column %) by observed XCI status in ovarian tissue compared with the expected XCI status
based on prior studies of normal tissue (based on Balaton et al.)

Ovarian tumors

Subject to XCIa Variable escape from XCIb Escape from XCIc Total
Normal tissue Subject to XCI 172 (55.5%) 0 (0.0%) 13 (22.4%) 185 (49.7%)

Mostly subject to XCI 76 (24.5%) 0 (0.0%) 7 (12.1%) 83 (22.3%)
Variable escape from XCI 12 (3.9%) 0 (0.0%) 1 (1.7%) 13 (3.5%)
Mostly variable escape from XCI 7 (2.3%) 0 (0.0%) 1 (1.7%) 8 (2.2%)
Escape from XCI 1 (0.3%) 1 (25.0%) 13 (22.4%) 15 (4.0%)
Mostly escape from XCI 7 (2.3%) 0 (0.0%) 14 (24.1%) 21 (5.6%)
Discordant across tissues 18 (5.8%) 1 (25.0%) 5 (5.8%) 24 (6.5%)
No call 17 (5.5%) 2 (50.0%) 4 (5.2%) 23 (6.2%)
Total 310 4 58 372

A gene was classified as escaping XCI in a given tumor sample if PPE > 0.5 and subject to XCI if PPE < 0.5.
aGenes escaped XCI in > 80% of samples evaluated.
bGenes escaped XCI in < 20% of samples evaluated.
cGenes escaped XCI in between 20 and 80% of samples evaluated.
Genes were not able to be classified in any samples.

We previously developed methods to estimate genes that
escape from XCI in female samples without relying on male
samples for comparison and identified 37 genes that differed
in XCI escape status in ovarian tumor samples compared with
the expected state (37). However, this prior investigation did
not examine the association of XCI patterns with clinical fac-
tors and measured XCI patterns using allele-specific expression
(ASE) estimated from RNA sequencing (RNA-seq) data without
considering any epigenetic information such as DNA methyla-
tion. The process of XCI inherently involves multiple layers of
gene regulation, as epigenetic mechanisms drive allele-specific
transcription from either the maternally or paternally inherited
alleles, which can be altered by structural variants (Fig. 1B).
Furthermore, the estimation of ASE suffers from a large amount
of missing data for each gene, limiting the ability to examine
clinical associations at the gene level or across the X chromo-
some. Approaches that utilize genomic, epigenomic and tran-
scriptomic data could improve the measurement of XCI pat-
terns and at the same time enable examination of clinical rela-
tionships by ‘filling in the gaps’ of missing data. Therefore, a
comprehensive multi-layered omics (‘multi-omics’) approach to
examine XCI patterns in patient-derived ovarian tumor samples
and association with clinical factors and outcomes is warranted.
Here we leverage a novel multi-omics approach to evaluate XCI
in nearly 100 women with OC and examine the clinical relevance
of XCI patterns. We hypothesize that abnormal disruption of XCI
promotes tumorigenesis through reactivation of oncogenes or
deactivation of tumor suppressor genes and importantly that the
disruption of XCI is associated with clinical features of OC.

Results
Summary of previously reported patterns of XCI escape
across ovarian tumors

In analysis of tumors from a collection of 99 epithelial OC
patients from the Mayo Clinic (Supplementary Material, Table
S1) (38), we previously estimated ASE for X chromosome genes
(37). As previously reported, a majority of tumors exhibited
structural alteration on the X chromosome (N = 52; 53%)
(37). Among 47 tumors with no structural alteration, 45 (96%)
showed skewed XCI (P < 0.001, likelihood ratio test), meaning
that a particular copy of the X chromosome is preferentially
inactivated; a majority of these samples had highly skewed XCI

(Supplementary Material, Fig. S1). For 372 genes, we observed at
least 10 ASE reads not overlapping a structural variant in at least
one tumor; per tumor, a median of 81 genes were evaluated.
These results are generally consistent with prior studies of
normal non-ovarian tissue types (37); across the tumor samples,
84.6% of genes had escape status concordant with prior studies
from normal tissue (Table 1). Additionally, all tumors evaluated
for XIST escape status (N = 16) showed evidence of inactivation.

A median of 10% of genes (range: 0–0.39; IQR: 0.08–0.13) per
tumor had a discrepant XCI status compared with expected
status based on prior studies of normal tissue (39), where a gene
was considered discrepant in a given tumor if the estimated
escape status was the opposite of what was expected based on
normal tissue (i.e. estimated as ‘escape’ when the expectation
was ‘inactivated’ or estimated as ‘inactivated’ when the expec-
tation was ‘escape’). Of the discrepant genes in a given tumor,
58% were expected to escape XCI but showed evidence of deac-
tivation in ovarian tumors (posterior probability of escape <0.50).
In particular, nine genes that escape XCI in other tissues and
showed strong evidence of XCI in this study (posterior probability
of escape <0.10 in at least one tumor) have been previously
reported as tumor suppressors (KAL1, RBB7, TCEANC, TRAPPC2,
DDX3X, USP9X and KDM5C) or markers of poor prognosis (CTPS2
and RPS4X). Additionally, five previously classified inactivated
genes that showed strong evidence of escape in at least one
tumor (posterior probability of escape >0.90) have been previ-
ously reported as oncogenes (CXorf36, SH3BGRL, ELF4, SLITRK4
and TAZ). This pattern is consistent with the two-hit model of
carcinogenesis (Supplementary Material, Table S2).

Correlation between DNA methylation, posterior
probability of escape and ASE

We observed a strong negative correlation between median
promoter methylation and median posterior probability of
escape (Spearman rho = −0.53; Fig. 2A), with near complete
separation by expected escape status based on the prior
literature (AUC = 0.99) (39). For genes that showed high
probability of escape across ovarian tumors, methylation values
were low (indicating expression of both copies; Q1–Q3 = 0.13–
0.21), whereas for genes that showed low probability of escape
across samples, methylation values were indicating inactivation
of one copy (Q1–Q3 = 0.48–0.54).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
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Figure 2. Correlation between the promoter methylation and the probability of escape from XCI (A) and ASE (B–D) of the corresponding gene. (A) For each gene, the

median of the posterior probability of escape across 99 tumor samples is plotted against the median across tumor samples of the median DNA methylation across

the CpGs in the promoter. Colors indicate the prior literature escape status of each gene by Balaton et al. (escape from XCI, subject to XCI or variable escape). For each

tumor, patterns of median DNA methylation across CpGs in the promoter are plotted by ASE of select individual genes: (B) MAOA and (C) PIGA, which are subject to

XCI and (D) PRKX, which escapes from XCI. Colors indicate presence of LOH in the gene region for that particular tumor.

In regions without LOH, we observed negative cis correla-
tions between gene promoter methylation and corresponding
ASE (Supplementary Material, Fig. S2; P = 2.1 × 10−10, linear
mixed-effects model). A set of 129 genes had at least one cor-
responding methylation probe with a significant cis correlation
(P < 0.1, Spearman correlation). Methylation values were lower in
regions of LOH (median = 0.35) compared with regions without
LOH (median = 0.48) (Supplementary Material, Fig. S3). Indi-
vidual genes showed expected patterns between methylation,
ASE and LOH. For example, inactivated genes MAOA and PIGA
show methylation values near 0.5 and ASE values near zero
for most tumors without LOH in the region, with methylation
values decreasing as ASE values increase; for tumors with LOH
in the region, methylation values are low (Fig. 2B and C). On the
other hand, for escape gene PRKX, there is a negative correlation
between methylation and ASE only in tumors without LOH in

the region, and generally, methylation values are <0.5, and ASE
values are >0 (Fig. 2D).

Clinical associations with XCI patterns at each gene

Because of the strong correlation between methylation and ASE
when accounting for LOH, missing ASE information was imputed
based on methylation and LOH data at 175 X chromosome
genes (Supplemental Methods), resulting in an imputed ASE that
represents integration of ASE, methylation and LOH data. The
relationship between clinical factors and the imputed ASE was
examined at each gene. In particular, ASE at 29 genes were asso-
ciated with overall survival (P < 0.05; Supplementary Material,
Table S3), including the previously reported discrepant genes
TAZ, SLITRK4, CTPS2, KAL1, DOCK11, DMD and GEMIN8.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
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Figure 3. XCI patterns across ovarian tumors after feature extraction. Heatmap of the adjusted ASE for X chromosome genes after feature extraction. Rows are genes,

and columns are samples. Color legend indicates the proportion of ASE reads. Previously published escapee patterns for each gene and the feature clusters are plotted

on the left, and the characteristics of each sample and the patient clusters are plotted at the top.

When considering the sum of discrepant genes in a given
sample, patients with tumors showing greater than median XCI
gene discrepancy were younger at age of diagnosis (median age
55 versus 60.5; P = 0.06); histology, grade and stage were not
associated with the extent of XCI gene discrepancy (P > 0.50).

Patient sub-groups defined by chromosome-wide XCI
patterns

Two patient clusters, or sub-groups, were identified based on
ASE, promoter methylation and LOH (Supplementary Material,
Fig. S4); consensus clustering was used to ensure that the two
clusters were highly stable and reproducible (Supplementary
Material, Fig. S5A and B). Cluster 1 indicates a subgroup of
N = 47 patients with regulated XCI, where the process of XCI
often acts as expected: ASE proportions near 0 for most genes
expected to be inactivated and proportions near 0.5 for most
genes expected to be escaping XCI. Alternatively, Cluster 2 rep-
resents a subgroup of N = 52 patients with dysregulated XCI,
where the process of XCI is often not acting as expected: ASE
proportions >0 for many genes expected to be inactivated and
<0.5 for many genes expected to escape from XCI. Sequencing
batch was not associated with ASE cluster (P = 0.78, Fisher’s
exact test). Additionally, the clusters were not associated with
molecular subtype (PASE = 0.88, Fisher’s exact test) (40), although

the clusters were associated with the estimate of skewness
based on genes subject to XCI based on prior studies of normal
tissue (P = 0.003, Wilcoxon rank sum test).

We also sought to define patient sub-groups among those
with high-grade serous tumors. Two patient clusters were iden-
tified (Supplementary Material, Fig. S6), representing a regulated
XCI cluster (N = 23) and a dysregulated XCI cluster (N = 29).

Patient sub-groups and total XIST expression

We explored the biology associated with the XCI clusters.
Because the XIST gene controls the process of XCI, patients
with higher levels of XIST expression are likely exhibiting higher
levels of inactivation than patients with lower XIST expression.
Cluster 2 (the cluster of patients with dysregulated XCI patterns)
had lower XIST expression after adjustment for sequencing
batch (P = 0.002, Wilcoxon rank sum test; Supplementary
Material, Fig. S7), confirming the hypothesis. Similarly, in High-
Grade Serous (HGS) patients, Cluster 2 also had lower expression
of XIST (P = 0.004, Wilcoxon rank sum test).

Genes defining the patient sub-groups

In discriminating ASE-derived tumor sub-groups, 53 genes/
features comprised of two clusters were identified (Fig. 3;

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
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Table 2. Distribution of clinical features by XCI cluster membership

Regulated cluster
(N = 47)

Dysregulated cluster
(N = 52)

P-value

Age at diagnosis, Mean (SD) 59.1 (12.5) 64.8 (11.6) 0.0208b

Grade, N(%) 1 7 (14.9) 4 (7.7) 0.0116b

2 13 (27.7) 4 (7.7)
3 27 (57.4) 44 (84.6)

Stage, N(%) I 19 (40.4) 6 (11.5) 0.00121b

II 5 (10.6) 5 (9.6)
III 17 (36.2) 30 (57.7)
IV 6 (12.8) 11 (21.2)

Histotype, N(%) High-grade serous 15 (31.9) 37 (71.2) 7.1 × 10−5a

Endometrioid 24 (51.1) 6 (11.5)
Clear cell 5 (10.6) 5 (9.6)
Mucinous 1 (2.1) 2 (3.8)
Mixed 2 (4.3) 2 (3.8)

Surgical debulking outcome, N(%) Sub-optimal (residual disease >1 cm) 18 (38.3) 39 (75.0) 0.0002649a

Optimal (residual disease ≤1 cm) 29 (61.7) 13 (25.0)

aFisher’s exact test.
bLinear model.

Supplementary Material, Table S4). These genes reside through-
out the X chromosome, with no clear regional pattern (Supple-
mentary Material, Fig. S8); annotation with DAVID (41) revealed
that no biological gene sets were enriched in these genes
(P > 0.01, Fisher’s exact test). Genes in the first feature cluster
(N = 11 genes) were primarily those previously thought to
undergo inactivation (39) (Supplementary Material, Table S5),
and three of these showed aberrant escape in at least one ovarian
tumor (DMD, WWC3 and DOCK11; Supplementary Material,
Table S2) (37). Genes in the second feature cluster (N = 42 genes)
were a mixture of inactivated (19 genes), escape genes (15 genes)
and difficult to classify genes (8 genes) based on consensus
calls across normal tissue types (39) (Supplementary Material,
Table S5). Five of these were aberrantly escaping (GABRE, CXorf36,
CXorf23, OPHN1 and BGN) and eight were aberrantly inactivated
(TRAPPC2, ARSD, TCEANC, EIF2S3, NLGN4X, GPM6B, DDX3X and
RPS4X) in at least one ovarian tumor (37) (Supplementary
Material, Table S2).

Genes in the first feature cluster had lower ASE and posterior
probabilities of escape than those in the second feature cluster,
whereas those in the second feature cluster are more variable
(Supplementary Material, Fig. S9). Additionally, the 11 genes in
the first feature cluster have higher ASE for patients in the sub-
group with dysregulated XCI [mediandysregulated = 0.25 (0.11–0.35),
medianregulated = 0.09 (0.04–0.18); P = 2.57E-5, Wilcoxon rank sum
test; Supplementary Material, Table S6]. The 42 genes in the
second feature cluster include genes with slightly lower ASE
for patients in the dysregulated subgroup [mediandysregulated = 0.20
(0.10–0.28), medianregulated = 0.26 (0.20–0.31); P = 0.038, Wilcoxon
rank sum test; Supplementary Material, Table S6]. Furthermore,
patients in the dysregulated sub-group have higher posterior
probabilities of escape for the genes in the first feature cluster,
but lower (and more variable) posterior probabilities of escape for
the genes in the second feature cluster (Supplementary Material,
Fig. S9).

Clinical associations with XCI patient subgroups

ASE cluster membership was associated with patient age at diag-
nosis, tumor histology, tumor grade, disease stage and results

of surgical debulking (P < 0.05, linear regression and Fisher’s
exact test; Table 2). Patients with tumors in the dysregulated
XCI cluster were more likely to be older at diagnosis, high-
grade serous histology, higher grade, higher stage and not opti-
mally debulked. ASE clusters were not associated with BRCA
mutation status (P = 0.81, Fisher’s exact test); six patients with
BRCA1 mutations and four patients with BRCA2 mutations were
equally split across the two clusters. ASE clusters were also
associated with overall survival and time to disease recurrence
(Table 3). Tumors with higher XCI dysregulation (i.e. higher ASE)
had shorter overall survival (HR = 1.87, 95% CI = 1.12–3.12,
Pscore = 0.015, Cox regression) and shorter time to recurrence
(HR = 2.34, 95% CI = 1.41–3.88, Pscore = 0.0007, Cox regression;
Fig. 4). However, these associations were attenuated after adjust-
ing for debulking (HROS = 1.34; HRTTR = 1.75; Table 3). When
restricted to 52 patients with high-grade serous disease, ASE
clusters were not significantly associated with any clinical fac-
tors (Supplementary Material, Table S7); in particular, there were
no associations with age at diagnosis, stage or surgical debulking
status, as was observed across all histology. Although high-grade
serous tumor XCI subgroups were not significantly associated
with clinical outcomes (Supplementary Material, Table S8), the
sample size was limited and patients in the dysregulated XCI
subgroup trended toward having worse prognosis [HROS = 1.48
(0.79–2.79); HRTTR = 1.35 (0.74–2.50); Supplementary Material,
Fig. S10]. Estimates of skewness based on genes subject to XCI in
prior studies of normal tissue were not associated with clinical
features, including grade, stage, histology, overall survival or
time to recurrence (P > 0.17, linear regression).

Discussion
In the most comprehensive study of XCI in ovarian tumors
to date, we have identified molecular signatures of XCI based
on multiple genomic data sources, including chromosome-wide
XCI patterns and particular genes that escape XCI in ovarian
tumors and have examined associations of XCI with clinical
features. The probability of escape for each gene was inversely
correlated with its DNA methylation status. Compared with the
reported escape status in non-ovarian normal tissue types, the

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
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Table 3. Clinical outcome associations with the dysregulated XCI cluster compared with the regulated XCI cluster for the clusters defined by
ASE (Nregulated = 47, Ndysregulated = 52)

Outcome Covariates HR (95% CI) P-valuea

Time to disease
recurrence or death

None 2.34 (1.41–3.88) 0.001
Debulking 1.75 (1.04–2.94) 0.03
Debulking, age, stage, grade 1.36 (0.78–2.37) 0.28

Survival time None 1.87 (1.12–3.12) 0.017
Debulking 1.34 (0.79–2.26) 0.27
Debulking, age, stage, grade 1.01 (0.58–1.76) 0.97

aCox regression.

Figure 4. Kaplan–Meier curves of 10 year overall survival (A) and time to disease recurrence or death (B) by patient XCI subgroup defined by adjusted ASE. Percent

survival is plotted against time in years. Dashed lines indicate median survival time. P-values indicate differences in curves from the log-rank test.

escape status of ∼10% of genes differed. Although not associated
with tumor characteristics, patients with higher numbers of
discrepant genes tended to be younger at diagnosis. Notably,
we observed that tumors with dysregulated XCI, defined as XCI
patterns different from those expected in normal tissue, present
at later age with higher grade and more advanced stage disease
and are less likely to be optimally debulked in primary surgery.
Tumors with dysregulated XCI patterns also have worse clinical
outcomes, including shorter overall survival and time to disease
recurrence. Similar relationships were observed when restricted
to high-grade serous tumors.

When examining the level of inactivation at individual genes,
reduced inactivation at a number of genes was associated with
worse overall survival, including previously reported discrepant
genes TAZ, SLITRK4, CTPS2, KAL1, DOCK11, DMD and GEMIN8
(37). In fact, overexpression of TAZ has been shown to promote
the epithelial–mesenchymal transition and progression of OC,
in addition to other cancer types (42,43). Additionally, increased
expression of CTPS2 (along with DLG3) was associated with sen-
sitivity to the platinum agents carboplatin and cisplatin, which
are commonly used in conjunction with taxanes as first line
therapy to treat OC (20); many OC patients who initially respond
to these agents become resistant and recur.

Our analysis of XCI also revealed relevant biological insight.
Among the two sets of genes differentiating the dysregulated
and regulated XCI patient subgroups, genes in the first feature
cluster were previously known to be inactivated in normal tissue
types and also had low probabilities of escape in ovarian tumors;
however, patients in the dysregulated XCI subgroup were more
likely to have either complete or partial escape of XCI at these
genes, including DMD, WWC3 and DOCK11. Genes in the sec-
ond feature cluster included both inactivated and escape genes
across normal tissue types and ovarian tumors, and patients in
the dysregulated XCI subgroup had greater variability in prob-
ability of escape across these genes, including GABRE, CXorf36,
CXorf23, OPHN1, BGN, TRAPPC2, ARSD, TCEANC, EIF2S3, NLGN4X,
GPM6B, DDX3X and RPS4X. Genes with discrepant XCI status
in ovarian tumors compared with previous reports tended to
be enriched for tumor suppressors and oncogenes, suggesting
the role that XCI may play in the two-hit hypothesis (29,30). In
fact, the XCI patterns for some of these genes have previously
been linked to cancer. For instance, DMD has a common fragile
site that displays non-random inactivation in different cancers,
including OC (44). DDX3X, a putative tumor suppressor, has been
associated with escape from XCI that may contribute to male sex
bias for some cancers (22,45). Although not previously associated



1338 Human Molecular Genetics, 2019, Vol. 28, No. 8

with cancer, EIF2S3 has been reported as an escape gene that
lies at an XCI boundary region (46). Additionally, many of these
genes have been previously reported as relevant to OC. TCEANC
may interact with BRCA1 in ovarian tumor suppression (47), and
GPM6B has been proposed as a potential biomarker for early OC
detection (48). Furthermore, low expression of RPS4X has been
associated with poor prognosis in serous OC (49), and increased
germline DNA methylation of GABRE has been associated with
improved survival (50). Interestingly, TRAPPC2 and DDX3X have
also been identified as possible drug targets (45,51). A number
of these genes have been reported to be associated with other
cancers [WWC3 (52,53), DOCK11 (54) and ARSD (55)]. In particu-
lar, NLGN4X expression was associated with survival in breast
cancer (56). BGN expression was associated with proliferation
in colon cancer (57) and poor prognosis in prostate cancer (58).
Furthermore, OPHN1 (59) and CXorf36 (60) have been reported
to be relevant for prostate cancer. Specifically, CXorf36 interacts
with 8q24 in prostate cancer (60), and this region is also a risk
region in breast cancer and OC (61).

Analyses of TCGA data, which include nine patients from
the Mayo Clinic sample here, previously identified OC patient
clusters based on DNA methylation and a subgroup of patients
with dysregulated XCI, which seemed to be driven by LOH and
other copy number alterations (36,62). TCGA patients in the
dysregulated clusters tended to have full deletion of the inactive
and duplication of the Xa (chromosome-wide copy-neutral LOH),
partial reactivation or p or q arm deletion of the Xi. Similar to the
patients in the dysregulated subgroup that we report, patients
with these types of loss of XCI due to copy number alterations
seemed to be associated with worse clinical prognosis. In our
data, in regions of LOH we also observed that the Xi was more
often lost, and the average promoter methylation was <50%.
Prior to LOH adjustment, we also observed both ASE and methy-
lation clustering patterns that were strongly influenced by LOH.
Because copy number alterations and LOH are common in OC
(62,63), including X chromosome LOH, we were interested in the
role of XCI beyond structural alterations and took a number of
steps in this study to eliminate this confounder. Compared with
prior studies, our analyses have the advantages of accounting for
potential confounding between the data types (such as methyla-
tion and LOH) and assessing consistency across data types (such
as methylation and ASE).

Previous studies of XCI in OC cell lines (as well as breast
cancer) have reported Barr body loss via deletion of the Xi and
duplication of the Xa (11,12). In this study, we have found that
the story is likely much more complicated in patient tissue, as we
did not observe strong evidence of full reactivation of the entire
chromosome. In contrast, our data are consistent with epigenetic
erosion of XCI and local reactivation of genetic transcription
on the Xi as seen in breast cancer cell lines (15). Abnormal
deactivation of tumor suppressor genes and/or reactivation of
oncogenes on the X chromosome may result in substantial
dysregulation of cancer-related gene expression and contribute
to tumor progression.

Strengths of this project are manifold, as we have leveraged
types of X chromosome data that are typically ignored. Taking a
multi-omic approach, we have used genotype, gene expression,
DNA methylation and copy number data, as well as biological
knowledge about how these data types interact, to create an
innovative integrative analytical framework that has not pre-
viously been applied to studies of XCI. An additional strength
is the use of a core set of OC patients with detailed clinical
and follow-up data rather than cell lines or male tissue samples
(64,65).

There are also a number of limitations; notably, statistical
power is limited because of sample size, the need for RNA-seq
reads to overlap heterozygous SNPs and low total expression
for some genes. This limited our ability to adjust for multiple
factors in clinical analyses, as well as restricting analyses to
high-grade serous ovarian tumors, which is the most common
histology with the worst clinical prognosis. To address this, we
were able to impute this missing data using promoter methy-
lation and copy number information from the corresponding
regions, taking advantage of known biological relationships, fur-
ther emphasizing the importance of an integrative approach
to capture the biological complexity. Furthermore, no normal
ovarian tissue samples were included in this study, and previous
studies of XCI patterns in normal tissue did not include ovarian
samples; therefore, differences described between tumors and
expected normal patterns cannot be ruled out as tissue-related
differences. Future studies on XCI patterns in normal ovarian
tissues, as well as validation of our findings in ovarian tumors
are needed.

In summary, the results of this study suggest that XCI may
play an important role in ovarian tumor biology, and potentially
clinical prognosis. Future work is warranted that directly incor-
porates copy number and total expression data, which assess
XCI patterns in normal ovarian tissue to distinguish XCI patterns
unique to ovarian tumors and that have larger sample sizes
in independent data sets for validation. Functional studies and
studies of somatic XCI patterns using paired tumor-normal data
will also be critical to inform on the future clinical utility of these
findings.

Materials and Methods
Study participants

Study participants included 99 patients enrolled into an Insti-
tutional Review Board (IRB)-approved protocol within 1 year of
diagnosis of pathologically confirmed primary invasive epithe-
lial ovarian, fallopian tube or primary peritoneal cancer at the
Mayo Clinic between 2000 and 2009 (38). Tumor tissues were
snap frozen immediately following surgery, were determined to
have at least 70% tumor content and were a source of high-
quality tumor DNA and RNA. Peripheral blood drawn prior to
chemotherapy was used as a source of germline DNA. Follow-up
clinical data were actively obtained through 2016 and revealed
66 recurrences and 62 deaths within 10 years of diagnosis.

Genomic data

Germline DNA was genotyped with Illumina Infinium Beadchips
(Illumina, San Diego, CA, USA) (for 81 cases, Human610-Quad; for
18 cases, Omni 2.5 M-8) (61,66) and for a subset of 80 patients also
genotyped on the Affymetrix Axiom Exome Array (Affymetrix,
Santa Clara, CA, USA) (67), providing high-quality genotype data
for 4543 rare variants on the X chromosome. Imputation was
performed using the 1000 Genomes Project (68), resulting in a
common set of Single Nucleotide Polymorphism (SNP) markers
(438 944 X chromosome) measured on all samples (66).

Tumor RNA was sequenced on an Illumina HiSeq2000 with
six samples per lane, following library preparation as previously
described (69). A pilot study was performed for a subset of
15 patients whereby 500 ng RNA was used to generate polyA
libraries using the Illumina TruSeq kit, and samples were run
with 50 bp paired-end reads. For the remaining samples, 1 ug
RNA was treated with riboZero, and libraries were made using
the Illumina TruSeq Stranded Total RNA kit and samples were
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run with 100 bp paired-end reads. Both runs were found to be of
consistent quality and coverage. Read alignment was performed
with TopHat2 (70) and gene counts were generated with HTSeq
(71). Median ASE was not associated with sequencing batch
(P = 0.99).

Tumor DNA methylation was assayed using the Illumina
Infinium 450 K DNA Methylation array, which included 4870 CpG
probes in X chromosome gene promoters, which were consid-
ered in cis with the gene if within +/−200 KB of transcription start
site. Quality control and normalization procedures have been
previously described (38). CpG methylation was measured using
beta values such that beta values near 0 indicate both alleles are
active (‘escape’ from XCI), and CpGs with beta values near 0.5
indicate that one allele is silenced (‘subject’ to XCI).

Tumor copy number was estimated based on tumor DNA
genotypes from Illumina OncoArray-500 k analysis. Large
segmental (low resolution) instances of copy number aberrations
and LOH were determined using OncoSNP, which accounts
for intra-tumor heterogeneity and non-tumor content (72).
Copy number was estimated with paired germline and tumor
genotype data (‘tumor-normal’ mode), ‘intratumor’ and ‘stromal’
options, assuming >70% tumor content (72).

Gene-level XCI patterns

Estimation of ASE and identification of tumor XCI escape genes
based on a two-stage analysis approach were described previ-
ously (37). Briefly, for each sample, we tested for preferential
inactivation of one chromosome (i.e. ‘skewness’) using a com-
posite likelihood ratio test based on a beta-binomial distribution
(37). In the skewed samples (Bonferroni-adjusted P < 0.05), we
determined genes that escape from XCI using a two-component
Bayesian beta-binomial mixture model (37). XCI escape status
was ascribed based on the posterior probability a gene is escap-
ing XCI (PPE), where the gene was assigned ‘subject to XCI’ if
the probability was <0.5 and the gene was assigned ‘escape’ if
the probability was >0.5, unless otherwise noted (37). For each
X chromosome gene, the tumor XCI status was compared with
previously reported XCI status from multiple non-tumor tissues
(39). For the purpose of calculating concordance between the
ovarian tumor samples and the expected state based on the
consensus call from normal tissue, a gene was called as either
‘subject’ or ‘escape’ based on a cut-point of 0.5 for PPE for a
given sample. Across samples, a gene was called ‘subject to
XCI’ if the proportion of samples called ‘subject’ was <0.2; a
gene was called ‘escape from XCI’ if the proportion of samples
called ‘escape’ was >0.8; and a gene was called ‘variable escape’
otherwise.

At the sample level, a gene was considered ‘discrepant’ com-
pared with the consensus state from normal tissue if the XCI
call was in the opposite direction (e.g. sample call was ‘subject’
but consensus call was ‘escape’ or ‘mostly escape’ or sample call
was ‘escape’ but consensus call was ‘subject’ or ‘mostly subject’).
For high-confidence discrepant calls, a cut-point of PPE < 0.1 or
PPE > 0.9 was used.

We validated the XCI status derived from ASE data using
methylation data (64). We evaluated the correlation of ASE and
promoter methylation in the corresponding genes (+/−200 KB
of transcription start site) using linear mixed models. For each
gene, we also compared the average promoter methylation to the
posterior probability of escape from XCI. We also visualized and
compared the average promoter methylation across samples for
estimated escape genes versus inactivated genes.

Missing ASE data were imputed using methylation and LOH
data (Supplementary Material, Supplemental Methods). We
assessed associations between imputed ASE at each gene and
age at diagnosis, tumor histology, stage, grade, residual disease
after surgery and percent tumor present in the sample using
Fisher’s exact tests and linear regression. We tested associations
with time to disease recurrence or death and overall survival
time using Cox proportional hazards models.

Assessing global XCI patterns

In addition to the XCI escape patterns of individual genes, we
also characterized patterns of the XCI process across the entire X
chromosome to evaluate a global level of XCI disruption in ovar-
ian tumors. We determined sub-groups, or ‘clusters’, of patients
to characterize the level of disruption of the XCI process using
multiple genomic data types (expression, methylation and LOH).
To verify that ASE and methylation data provide consistent
XCI signals, we examined cis correlations between ASE and
methylation before and after LOH adjustment. Then missing ASE
values were imputed using methylation and LOH data (Supple-
mental Methods). Patient clustering was performed with non-
smooth non-negative matrix factorization (nsNMF) algorithm
(73,74) in the imputed ASE data to identify sets of tumor samples
with similar XCI patterns after LOH adjustment (Supplemen-
tal Methods). In order to ensure stability and reproducibility,
consensus clustering with n = 100 runs was performed (75).
The number of clusters was selected using consensus clustering
and non-smooth NMF with a cophenetic correlation coefficient
(74) assessment. As a sensitivity analysis, clustering was also
restricted to high-grade serous samples. Clustering was per-
formed using the R package ‘NMF’ (https://cran.r-project.org/
web/packages/NMF/index.html).

Biological relevance and clinical associations of XCI
patterns

In addition to sample-based clustering, we also performed fea-
ture extraction to determine which probes/genes had the great-
est impact on the derived patient clusters (76). We determined
sets of genes with similar XCI patterns and graphically inspected
regional patterns. For the extracted feature sets, we summarized
the previously estimated XCI escape status based on prior stud-
ies (39) and performed gene annotation and gene set analysis
using the software DAVID (41) with X chromosome genes as the
background. To gain insight into how the most influential genes
were classifying patients, we compared the median estimated
posterior probability of escape across all genes for each tumor
across the patient clusters. We examined associations of the
patient clusters with XIST total expression (as a surrogate of XCI
activity), as well as molecular subtype (40) and level of skewness
using Wilcoxon rank sum and Fisher’s exact tests.

We assessed associations between tumor-based XCI cluster
and age at diagnosis, tumor histology, stage, grade, residual
disease after surgery and percent tumor present in the sample
using Fisher’s exact tests and linear regression. We tested asso-
ciations with time to disease recurrence or death and overall
survival time using Cox proportional hazards models. We also
examined associations between each clinical feature and a high
level of discrepant XCI genes [defined as having more than the
median percentage (10%) of genes with discrepant XCI status
compared with prior studies from normal tissue]. Analyses were

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy444#supplementary-data
https://cran.r-project.org/web/packages/NMF/index.html
https://cran.r-project.org/web/packages/NMF/index.html
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repeated restricted to high-grade serous tumors and BRCA1 and
BRCA2 pathogenic germline mutation carriers.

All analyses were conducted using the statistical software
R 3.3.1.

Data access

Data have previously been submitted to public repositories
(European Genotype Archive; EGAS00001002305), and additional
molecular data will be submitted to the Gene Expression
Omnibus repository. We assure that all gene and protein names
used in this manuscript adhere to the approved nomenclature
guidelines for humans.

Supplementary Material
Supplementary Material is available at HMG online.
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