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Abstract

Background: Ovarian cancer (OC) is commonly diagnosed among older women
who have comorbidities. This hypothesis-free phenome-wide association study
(PheWAS) aimed to identify comorbidities associated with OC, as well as traits
that share a genetic architecture with OC.

Methods: We used data from 181,203 white British female UK Biobank partici-
pants and analysed OC and OC subtype-specific genetic risk scores (OC-GRS)
for an association with 889 diseases and 43 other traits. We conducted PheWAS
and colocalization analyses for individual variants to identify evidence for shared
genetic architecture.

Results: The OC-GRS was associated with 10 diseases, and the clear cell OC-GRS
was associated with five diseases at the FDR threshold (p=5.6 x 10~*). Mendelian
randomizaiton analysis (MR) provided robust evidence for the association of OC
with higher risk of “secondary malignant neoplasm of digestive systems” (OR
1.64, 95% CI 1.33, 2.02), “ascites” (1.48, 95% CI 1.17, 1.86), “chronic airway ob-
struction” (1.17, 95% CI 1.07, 1.29), and “abnormal findings on examination of
the lung” (1.51, 95% CI 1.22, 1.87). Analyses of lung spirometry measures pro-
vided further support for compromised respiratory function. PheWAS on indi-
vidual OC variants identified five genetic variants associated with other diseases,
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skin conditions.
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1 | INTRODUCTION

Ovarian cancer (OC) is a notorious gynecological disor-
der, with only 44% of affected women surviving 5years.'
Reducing mortality associated with OC remains a chal-
lenge as the poor understanding of the origin and biology
of the disease limits opportunities to prevention, and the
disease is typically detected at an advanced stage when
treatment options are limited.> Approximately 90% of
OC are epithelial OC and arise from epithelial cells, pre-
dominantly of the fallopian tube and endometrium.*™
Epithelial OC can be further classified into serous, en-
dometroid, clear cell, and mucinous subtypes, based on
their histological characteristics® and indeed, the patho-
genesis, disease progression, and risk factors are known to
vary between OC subtypes.>® Given that OC is commonly
diagnosed in women aged 50years and above,® many pa-
tients present with at least one comorbidity, which can
influence treatment decisions, impact prognosis and af-
fect overall survival.”® Hence, exploring the associations
between OC and comorbidities, along with understand-
ing potential shared genetic links between OC and other
traits, may offer insights into the underlying etiology of
the disease. Such insights could lead to facilitating earlier
detection and better management of the disease.
Phenome-wide association study (PheWAS) is a power-
ful approach for testing the association of genetic variants
or their risk score with a broad range of phenotypes and
disease outcomes.’ This approach offers the advantage of
being hypothesis-free, allowing it to explore numerous as-
sociations without constraints of the number of outcomes.
Consequently, PheWAS has the potential to unveil novel ge-
netic associations with diseases.’ In this study we use data
on genetic OC risk variants and 889 disease outcomes from
181,203 female UK Biobank participants to identify comor-
bidities and clinical characteristics associated with the ge-
netic risk of OC. We test for evidence of a direct association
between OC and possible comorbidities using Mendelian
randomization (MR), an approach less susceptible to con-
founding and reverse causation,'” and extend these analyses

and seven variants associated with biomarkers (all, p<4.5x 107%). Colocalization
analysis identified rs4449583 (from TERT locus) as the shared causal variant for
OC and seborrheic keratosis.

Conclusions: OC is associated with digestive and respiratory comorbidities.
Several variants affecting OC risk were associated with other diseases and bio-
markers, with this study identifying a novel genetic locus shared between OC and

comorbidities, ovarian cancer, PheWAS, TERT, UK biobank

to focus on the genetic risk reflecting distinct histological
OC subtypes. We also use the PheWAS approach to explore
each OC associated variant individually, which can provide
evidence for shared genetic contributions, and provide in-
sight into the underlying disease mechanisms.

2 | METHODS

2.1 | Study population

UK Biobank is a prospective cohort study of half a mil-
lion participants with rich phenotype and genotype data
collected across 22 centres in England, Scotland, and
Wales. The baseline assessment was conducted between
2006 and 2010 when the participants were aged between
37 and 73years.! A wide range of data was collected,
including sociodemographic information, lifestyle fac-
tors, physical measures, blood and urine samples for
biomarker, and genetic profiling, with continuing up-
dates through follow-up assessments and linkage with
electronic health records and death registrations."
For the primary analyses in this study, we restricted
the sample to 181,203 female participants who were of
white British ancestry and were not genetically related
(Figure S1) and included male participants in sensitivity
analyses (n=156,220). The study was conducted under
UK Biobank application number 89630. UK Biobank
obtained informed consent from all participants to col-
lect and use linked data for future research use, and
the UK Biobank study has ethical approval from the
National Information Governance Board for Health and
Social Care and Northwest Multicenter Research Ethics
Committee (11/NW/0382).

2.2 | Disease outcomes and biomarkers

We used International Classification of Diseases (ICD
version 9 and 10) codes from hospital episode statistics
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and death registrations to identify disease outcomes
(Supplementary Methods: Appendix S1). We mapped
ICD-9/10 codes to phecodes, which are composite group-
ings reflecting clinically relevant disease outcomes."
We defined individuals with the phecode-of-interest as
cases, and those without the phecode-of-interest, or any
other phecodes from the same disease category as con-
trols (Supplementary Methods: Appendix S1).'*!* We
included all phecodes with at least 200 cases in our anal-
yses,'* resulting in 889 phecodes from 18 disease catego-
ries (Table S1).

We also included 30 serum and four urine biomark-
ers from the baseline assessment, which are commonly
used for the diagnosis and monitoring of chronic dis-
eases, as outcome measures (Supplementary Methods:
Appendix S1). Additional analyses were conducted
against selected baseline physiological characteristics
(namely body mass index [BMI], body fat percentage
[BFP], basal metabolic rate [BMR], blood pressures, and
measures of lung function [spirometry]) due to their
known associations with comorbidity risks. The spi-
rometry measures included forced expiratory volume
in 1-second (FEV1), forced vital capacity (FVC), FEV1/
FVC ratio, and peak expiratory flow (PEF). We applied
log-transformation to biomarkers and physiological
measures to mitigate the skewness of the distribution,
and further scaled to a mean of zero and a standard devi-
ation (SD) of one to allow us to present the results using
the same scale for all measures.

2.3 | Genetic variants and genetic
risk score

We selected 35 genetic variants associated with OC from
previous genome-wide association studies (GWAS),
including the 12 novel variants identified in the most
recent GWAS™ and 23 variants identified in ear-
lier GWASs (minor allele frequency >1.4%, Table S2,
Figure S2).'°* We constructed the genetic risk score
(GRS) using 31 genetic variants after excluding one
variant that had no proxy at r* >0.8 (rs555025179), and
three variants (rs12131772, rs4691139, and rs12938171)
that were not replicated in the recent GWAS,'® which
we extracted from the imputed genotype UK Biobank
data®* (Table S2). The GRS was constructed for each
individual by summing the weighted number of OC
risk-associated variants, with the weight taken from
the recent OC GWAS."® We also constructed risk scores
for each OC subtype, incorporating 20, five, five, and
eight variants for serous, endometrioid, clear cell, and
mucinous OC subtypes, respectively (Supplementary
Methods: Appendix S1).
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2.4 | Statistical analyses

We conducted phenome-wide analyses using R-package
PheWAS® which allowed us to fit logistic regression (889
disease outcomes) or linear regression (43 biomarkers/
physiological characteristics) against the OC GRS with all
models adjusted for age, assessment centre, type of geno-
typing array, birth location, and 40 principal components
(Figure S2). We repeated the phenome-wide analyses for
each OC subtype GRS to identify subtype-specific disease
associations, and further, conducted the analyses in male
participants to understand whether the OC—disease as-
sociations involve nonsex-specific mechanistic pathways.

The phenome-wide association signals that passed
the FDR threshold (p<5.6x107* for the diseases and
p<0.02 for the biomarkers and physiological measures,
Supplementary Methods: Appendix S1) were taken for-
ward to MR analysis to examine evidence for direct associ-
ation with OC. We used two-sample MR approach where
variant—OC association estimates were taken from the
recent OC GWAS,'® and the variant-outcome association
estimates were from the UK Biobank, where the exposure
and outcome data sources had no sample overlap. MR anal-
yses were conducted on signals associated with the overall
OC GRS or with any subtype-based GRSs. We used inverse
variance weighted (IVW) MR as the primary method and
conducted sensitivity analyses using weighted median,*’
weighted mode,” MR-PRESSO,” and MR-Egger,* with
each method working on different pleiotropic assump-
tions (Supplementary Methods: Appendix S1). We tested
for horizontal pleiotropy using MR-Egger intercept, MR-
PRESSO outlier and distortion tests, and leave-one-out
and leave-block-out methods (Table S3, Supplementary
Methods: Appendix S1). MR analyses were repeated ex-
cluding the OC cases. To test the MR assumption that the
genetic instrument should not be associated with potential
confounding factors, we explored the association between
the OC GRSs and age, education, Townsend deprivation
index, BMI, physical activity, and alcohol consumption
(Appenix S1, Table S4). For reporting the MR analysis, we
followed the STROBE-MR guidelines.*!

We repeated the phenome-wide analyses for each
OC genetic variant individually, again conducting anal-
yses separately for men. We assessed the novelty of the
PheWAS findings by checking the reported associations
in the GWAS Catalog. We considered a locus-trait associ-
ation as potentially novel if neither the lead variant nor
any variant in linkage disequilibrium (LD) with the lead
variant (with an r*>0.1) had previously been reported to
be associated with the same or related traits. For those
potentially novel associations, we conducted a follow-up
colocalization analysis using the HyPrColoc (Hypothesis
Prioritization in multi-trait Colocalization) tool to assess
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whether there is evidence of shared causal genetic vari-
ants between pairs of traits.*> We considered a posterior
probability of full colocalization (PPFC) >0.64 as in-
dicative of shared genetic etiology between these traits
(Supplementary Methods: Appendix S1).*

Statistical analyses were performed using STATA SE
version 17.1, R version 4.2.1 and PLINK2.%?

3 | RESULTS

We included up to 181,203 female white British partici-
pants in the primary analyses, of whom 1863 (1.3%) had
been diagnosed with OC (Table 1). The prevalence of OC
was higher among participants who were older, obese,
never drinkers of alcohol, and those with poor general
health status at the baseline (for all, prevalence >1.2%,

TABLE 1 Characteristics of
participants by ovarian cancer status.

Age (in years)

2

Education

P
BMI (kg/m?)

2

Alcohol
consumption

P
General health

P

and p“0.03). The OC risk GRS was normally distributed
and associated with OC as expected, with stronger as-
sociation in the highest compared to the lowest genetic
risk group (F-statistics =23.7, p=4.4x107'°, Figure S3).
No associations were found between the risk scores and
potential confounders after correction for multiple testing
(Table S5).

3.1 | Phenome-wide-based Mendelian
randomization

We investigated 889 disease outcomes from 18 disease cat-
egories in the phenome-wide analyses. We observed sig-
nificant associations between the OC GRS and 10 diseases
from four disease categories (neoplasms, digestive, res-
piratory, and genitourinary diseases) after FDR correction

Ovarian Controls,
All, n (%) cancer, n (%) n (%)
39-49 40,116 (22.2)  231(12.4) 39,885 (22.2)
50-59 62,041 (34.2) 556 (29.8) 61,485 (34.3)
60-73 79,046 (43.6) 1076 (57.8) 77,970 (43.5)
1.1x107"
None 31,059 (17.1) 421 (22.6) 30,638 (17.1)
NVQ/CSE/A-levels 83,890 (46.3) 819 (44.0) 83,071 (46.3)
Degree/professional 64,785 (35.8) 607 (32.6) 64,178 (35.8)
Missing 1469 (0.8) 16 (0.8) 1453 (0.8)
0.06
<18.5 1324 (0.7) 10 (0.5) 1314 (0.7)
18.5-<25 70,988 (39.2) 643 (34.5) 70,345 (39.2)
25-<30 66,596 (36.8) 713 (38.3) 65,883 (36.8)
>30 41,746 (23.0) 489 (26.3) 41,257 (23.0)
Missing 549 (0.3) 8(0.4) 541 (0.3)
0.005
Never 7808 (4.3) 109 (5.9) 7699 (4.3)
Previous 6526 (3.6) 64 (3.4) 6462 (3.6)
Current 166,747 (92.0) 1690 (90.7) 165,057 (92.0)
Missing 122(0.1) 0(0.0) 122(0.1)
0.03
Excellent 31,630 (17.5) 286 (15.4) 31,344 (17.5)
Good 109,012 (60.2) 1041 (55.9) 107,971 (60.2)
Fair 33,519 (18.5) 405 (21.7) 33,114 (18.5)
Poor 6431 (3.5) 112 (6.0) 6319 (3.5)
Missing 611 (0.3) 19 (1.0) 592 (0.3)
1.0x107'°

Abbreviation: BMI, body mass index.

Note: p is p value generated from likelihood ratio test in logistic models adjusted for age, birth location,

and assessment centers.
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(p“5.6x10™*). The top signals were for “cancer of the
female genital organs”, “malignant neoplasm of ovary
and other uterine adnexa”, and “malignant neoplasm
of the ovary”, which confirms the “relevance assump-
tion” of the MR approach' (Supplementary Methods:
Appendix S1) for using the GRS as instrument for OC (for
all, p“4.8x 1074, Figure 1, Panel A). The GRS was also as-
sociated with higher risk of other cancers and abnormal
growths including “secondary malignant neoplasm of di-
gestive systems”, “lipoma, including lipoma of skin and
subcutaneous tissue” (p“3.9x107*), and “ovarian cyst”
(p=6.0x107). In addition, we identified associations
with respiratory outcomes including “chronic airway ob-
struction” and “abnormal findings on examination of the
lungs”, and with the digestive system outcome, “ascites”
(p“3.2x107H.

In analyses using GRSs for specific OC subtypes
(Figure 1 Panel B and C), the clear cell OC GRS was as-
sociated with additional diseases and increased risks such
as “benign neoplasm of uterus”, and “uterine leiomyoma”,
“disorders of menstruation”, “gram negative septice-
mia”, and “postoperative infection” (for all, p<2.3x10™%).
Overall, in addition to overall OC-related outcomes, 12
other disease outcomes were associated with at least one
form of the OC GRS. Notably, none of these associations
were detected when we repeated the phenome-wide anal-
yses among men (Figure S4). Additionally, our phenome-
wide analyses on 43 quantitative traits, which included
serum and urine biomarkers and physiological mea-
sures, identified an association of OC GRS with 13 traits.
Furthermore, we found an additional 11 traits associated
with at least one subtype of OC GRS (Figure S5).

We conducted two-sample MR analyses on 12 disease
outcomes identified in the PheWAS. For each outcome,
evidence of causality was identified for at least one type of
OC (Figure 2). We found robust evidence supporting the
association between a higher genetic liability of OC and an
increased risk of “secondary malignant neoplasm of diges-
tive systems” (OR 1.64, 95% CI 1.33, 2.023), “ascites” (1.48,
95% C11.17,1.86), “chronic airway obstruction” (1.17, 95%
CI 1.07, 1.29), and “abnormal finding on the examination
of the lungs” (1.51, 95% CI 1.22, 1.87). These associations
were further supported by other MR methods (Figure S6).
Additionally, we observed an association between a higher
genetic liability of OC and an increased risk of “ovarian
cyst” (1.23,95% C11.04, 1.46), as well as “lipoma including
lipoma of skin and subcutaneous tissues” (1.31, 95% CI
1.06, 1.61). Notably, the weighted median and weighted
mode MR methods specifically supported the associa-
tion with “lipoma of the skin and subcutaneous tissues”
(Figure S6). There was some evidence supporting the as-
sociation between OC and higher risk of “postoperative
infection” and “gram-negative septicemia”, identified in
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the phenome-wide analyses on clear cell OC. However,
these associations were observed only in the IVW and
MR-PRESSO MR methods (Figure S6). In the MR analy-
ses on OC subtypes (Figure 2), serous, endometrioid, and
clear cell OC were all associated with “secondary malig-
nant neoplasm of digestive systems” and “ascites”. Serous
and endometrioid subtypes showed evidence of effects on
the respiratory outcomes. While the case numbers were
lower for mucinous OC, this histotype was the only one to
show evidence of an association with “lipoma of the skin
and subcutaneous tissues” as evidenced by all MR meth-
ods. However, mucinous OC was not associated with any
of the other outcomes (Figure S6). The clear cell subtype
was associated with “ovarian cyst”, “benign uterine neo-
plasms”, “uterine leiomyoma”, and “disorders of menstru-
ation”. Both serous and clear cell subtypes increased the
risk of postoperative infection traits, with clear cell also
increasing risk for “gram negative septicemia” (Figure 2
and Figure S6). We conducted analyses also excluding all
known OC cases, and associations with “secondary ma-
lignant neoplasm of digestive systems” and “ascites” were
attenuated, while estimates for all other outcomes were
generally similar to the main findings (Figure S7). The
MR-Egger intercept did not suggest evidence of pleiotropy
for most associations, except for the association between
serous OC and “postoperative infections” (Pipsercept=0.01),
which therefore should be cautiously interpreted. No ev-
idence of pleiotropy was found using the MR-PRESSO
outlier test and leave-one-out analysis (Figure S8). The
estimates obtained from leave-block-out analyses were
broadly consistent with the overall findings (Figure S9).
MR analyses on serum biomarkers and physiological
measures supported the association of OC with lower
FVC, endometrioid OC with lower oestradiol, clear cell OC
with lower total cholesterol, low density lipoprotein (LDL)
cholesterol, and apolipoprotein B (ApoB), and mucinous
OC with higher gamma glutamyltransferase (GGT) and
alanine aminotransferase (ALT) and lower creatinine lev-
els (Figure S10). Analyses excluding all known OC cases,
provided generally similar estimates to the main findings
(Figure S11). For these identified associations, we did not
find any evidence of pleiotropy based on the MR-Egger
intercept tests (Pipercept 20-13) and leave-one-out analyses.
MR analyses on men provided evidence for a genetic asso-
ciation between mucinous OC and ALT (Figure S10).

3.2 | Shared genetic architecture

In the phenome-wide analyses assessing associations with
individua OC risk-associated genetic variant, five variants
were associated with at least one of 15 (11 distinct) disease
outcomes (all, p“4.5x 1078, Figure 3, Table S6), and seven
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OC  Serous OC Endometrioid OC Clear cell OC Mucinous OC

Disease outcome (Phecode) Cases,n Controls,n P P P P P
Cancer of other female genital organs (184) 2388 122255 4.4E-07 5.2E-05 1.2E-04 2.3E-05 0.04
Malignant neoplasm of ovary and other uterine adnexa (184.1) 2091 122255 2.2E-07 1.7E-04 5.8E-05 3.4E-05 0.05
Malignant neoplasm of ovary (184.11) 2072 122255 1.0E-06 4.8E-04 1.1E-04 4.3E-05 0.04
Secondary malignant neoplasm of digestive systems (198.3) 1084 122255 2.0E-06 4.1E-05 0.009 0.003 0.69
Ascites (572) 845 104686 3.2E-04  0.01 0.007 0.04 0.66
Chronic airway obstruction (496) 5229 146930 1.0E-04  0.002 0.01 0.09 0.86
Abnormal findings examination of lungs (514) 1193 146930 6.9E-05 1.2E-04 0.12 0.07 0.68
Postoperative infection (80) 2153 164159 0.002 0.005 0.005 2.3E-04 0.78
Gram negative septicemia (38.1) 385 164159 0.007 0.007 0.52 3.2E-05 0.81
Benign neoplasm of uterus (218) 9234 122255 0.002 4.4E-04 0.60 1.9€-08 0.72
Uterine leiomyoma (218.1) 9008 122255 0.007 0.001 0.66 3.7E-08 0.93
Disorders of menstruation* (626) 15578 116934 0.03 0.002 0.22 1.5E-04 0.30
Ovarian cyst (628) 4147 116934 6.0E-05  8.9E-04 0.39 1.0E-05 0.92
Lipoma (214) 2636 122255 3.9-04 0.02 0.04 0.12 0.03
Lipoma of skin and subcutaneous tissue (214.1) 2171 122255 3.7E-05  0.008 0.09 0.08 0.03

FIGURE 1 Manhattan plot showing the phenome-wide association of genetic risk scores of overall (Panel A) and subtypes (Panel B) of

ovarian cancer with wide ranges of diseases. Panel C summaries the association of the top 15 signals identified at FDR threshold (p=0.0005)
in Panel A or Panel B across the different genetic risk scores. The association for the first three diseases (in blue) is a validation of the genetic
risk scores. Green highlights indicate association that passed the FDR threshold.
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#SNPs OR (95% Cl)

S dary malignant of digestive systems

Ovarian cancer (OC) 31 —— 1.64 (1.33, 2.02)
Serous OC 20 —— 1.34 (1.17,1.55)
Endometrioid OC 5 —a— 1.82(1.18,2.81)
Clear Cell OC 5 —— 155 (1.16, 2.06)
Mucinous OC 8 —|— 1.02(0.82,1.27)
Ascites

Ovarian cancer (OC) 31 —— 1.48 (1.17,1.86)
Serous OC 20 —— 1.24 (1.07, 1.45)
Endometrioid OC 5 —a— 1.99 (1.06, 3.74)
Clear Cell OC 5 —— 140 (1.01,1.94)
Mucinous OC 8 —— 1.04 (0.85, 1.26)
Chronic airway obstruction

Ovarian cancer (OC) 31 - 117 (1.07,1.29)
Serous OC 20 L 1.10 (1.03,1.17)
Endometrioid OC 5 —— 1.29 (1.04, 1.59)
Clear Cell OC 5 HEl— 1.12(0.97,1.29)
Mucinous OC 8 L 3 1.01 (0.94, 1.08)
Abnormal findings examination of lungs

Ovarian cancer (OC) 31 —— 151 (1.22,1.87)
Serous OC 20 —— 1.28 (1.09, 1.51)
Endometrioid OC 5 ——a— 143 (0.85, 2.43)
Clear Cell OC 5 4+—a— 1.29 (0.95, 1.74)
Mucinous OC 8 —— 0.98 (0.84,1.13)

Ovarian cyst

Ovarian cancer (OC) 31 —— 1.23 (1.04, 1.46)
Serous OC 20 HEl- 1.11 (0.99, 1.25)
Endometrioid OC 5 —H— 1.11(0.79, 1.55)
Clear Cell OC 5 —— 1.39 (1.08, 1.79)
Mucinous OC 8 —— 0.99 (0.83,1.18)
Lipoma
Ovarian cancer (OC) 31 —— 1.24 (1.02,1.52)
Serous OC 20 Hl— 1.13 (0.98, 1.30)
Endometrioid OC 5 —4—— 1.39 (0.89, 2.16)
Clear Cell OC 5 —+=— 1.16 (0.90, 1.49)
Mucinous OC 8 L 1.14 (1.02,1.27)
Lipoma of skin and subcutaneous tissue
Ovarian cancer (OC) 31 —— 1.31 (1.06, 1.61)
Serous OC 20 —l— 1.16 (1.00, 1.34)
Endometrioid OC 5 ——8— 1.34 (0.84, 2.16)
Clear Cell OC 5 — 1.20 (0.98, 1.47)
Mucinous OC 8 - 1.15(1.03, 1.28)
. Postoperative infection
»  Ovarian cancer (OC) 31 —— 1.28 (1.10, 1.48)
*  Serous OC 20 - 1.15 (1.02, 1.29)
. Endometrioid OC 5 +— 88— 1.61(0.93, 2.78)
+  Clear Cell OC 5 —a— 1.47 (1.05, 2.05)
* Mucinous OC 8 B 1.00 (0.89, 1.11)
*  Gram negative septicemia
* Ovarian cancer (OC) 31 — 155 (1.06, 2.26)
«  Serous OC 20 —— 1.29 (0.98, 1.69)
* Endometrioid OC 5 L 1.26 (0.60, 2.62)
. ClearCell OC 5 ————— 274(1.69,445)
* Mucinous OC 8 —— 1.05 (0.80, 1.39)

»  Benign neoplasm of uterus

1.04 (0.66,1.64) *

*  Ovarian cancer (OC) 31 1.13 (0.95, 1.33)
. Serous OC 20 1.09 (0.96, 1.25)
»  Endometrioid OC 5

" ClearCellOC 5 1.34 (1.09, 1.66)
+ Mucinous OC 8 1.01(0.93, 1.10)
. Uterine leiomyoma

»  Ovarian cancer (OC) 31 1.11 (0.94, 1.32)
* Serous OC 20 1.09 (0.96, 1.24)
. Endometrioid OC 5 1.03 (0.66, 1.63)
*  Clear Cell OC 5 1.34 (1.08, 1.66)
. Mucinous OC 8 1.00 (0.92, 1.09)
*  Disorders of menstruation

. Ovarian cancer (OC) 31 1.06 (0.97, 1.16)
*  Serous OC 20 1.06 (0.99, 1.13)
" Endometrioid OC 5 1.08 (0.91, 1.29)
+  Clear Cell OC 5 1.17 (1.05,1.31)
s MysinousOC L. . . 102 (0.96,1.09) ,

FIGURE 2 Mendelian randomization causal estimates between ovarian cancer subtypes and selected diseases outcomes. Estimates were
from inverse variance weighted methods. #SNPs are number of genetic variants included in the analyses.
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variants were associated with at least one of 22 biomarkers
and physiological measures (Figure S12). Some of these
associations were also observed in the analyses among
men, with selected OC variants affecting conditions of the
male genital organs (Figure 3, Table S6 and Figure S12,
Supplementary Results: Appendix S1). To ensure the nov-
elty of our findings, we extensively checked the GWAS
Catalog for any reports of associations with the identified
(or related) diseases involving the lead or proxy variants
(r*>0.1). As a result, we uncovered potential novel asso-
ciations between the OC risk-increasing allele from the
TERT locus (rs10069690-T) and a lower risk of “seborrheic
keratosis” (0.79, 95% C10.72,0.87), in females, with similar
a finding observed in males. To further validate the associ-
ations, we conducted colocalization analysis at the TERT
locus (LD block of chr5:982252 to chr5:2132442, human
genomic build of hgl9) and identified rs4449583 as the
candidate causal variant explaining around 70% of 0.9239
PPFC for OC-“seborrheic keratosis” (Figure 4). This vari-
ant is also strongly associated with OC in the Phelan OC
GWAS" (p=7.8x107"%), and in LD with the index variant
from this GWAS (1s7705526, r*=0.784) and with the lead
variantin the primary discovery OC GWAS** (5100699690,
*=0.432, Supplementary Methods: Appendix S1). The as-
sociation between the GPX6 locus and “disorders of iron
metabolism” and “celiac disease” are potentially novel,
although colocalization analysis did not suggest that OC

(A)
Ovarian cancer
100
10 75
3 Jrs10069690 8
E 50 &
£ 5 P
-25 2
o
0 -0
100
. 9 - 75 §
2 o
R -50 3
S b
3 -25 &
(]
0 -0
NKD2 IRX4
SLC1247
SLC6A19
SLC6A18
TERT
CLPIMIL
SLC6A3
LPCAT1
MRPL36
NDUFS6
900000 1200000 1500000 1800000 2100000

Position on chromosome 5

r2 O mss O 0002 O 0204 O 0406 © 0608 @ 0810

.. 90f13
Cancer Medicine - WI LEYJ—

share the same causal variants with these two diseases
(Figure S13). On the contrary, we identified independent
potential causal genetic variant for each “disorders of iron
metabolism” (rs34409925, r*=0.207 with rs6456822) and
“celiac disease” (rs3131101, ¥*=0.049 with rs6456822) in
further conditional analysis (Figure S13).

4 | DISCUSSION

In this large-scale phenome-wide study, we aimed to
explore comorbidity risks associated with OC, with ad-
ditional analyses to identify subtype-specific associa-
tions based on genetic variants reflecting different OC
histological types. We found evidence supporting a pos-
sible causal association between OC and 12 disease out-
comes, including “secondary malignant neoplasm of the
digestive system”, “ascites”, and respiratory disorders. We
also identified some additional subtype-specific associa-
tions, including clear cell OC showing links with “gram-

” <

negative septicemia”, “uterine leiomyoma” and “disorders

of menstruation”, and mucinous OC with “lipoma of

the skin and subcutaneous tissue”. Analyses using 43
biomarkers also identified an association with seven bio-
markers and these findings, along with those from disease
analyses, may have important implications for improving
the clinical management of patients with OC. Moreover,

(B) Ovarian cancer - seborrheic keratosis
1.00 100
0.75 rs4449583 - 75
L 4
P
2 2
= 3
s 3
% 0.50 50 3
c 2
(]
0.25 - 25
o
| 1)
0.00 - S S |- (
NKD2 IRX4
SLC12A7
SLC6A19
SLC6A18
TERT
CLPTM1L
SLC6A3
LPCAT1
MRPL36
NDUFS6
900000 1200000 1500000 1800000 2100000

Position on chromosome 5

FIGURE 4 Colocalization analysis of ovarian cancer with dermatological condition at the TERT locus. Panel A. Stacked regional

association plots of ovarian cancer and seborrheic keratosis. Panel B. Portions of the Posterior probability for full colocalization (PPFC)

explained by each genetic variant at the TERT locus. The r* colour legends reflect the 1* of each variant with respect to the lead variant.
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our exploration of each OC-risk increasing variant in
the PheWAS revealed a set of traits that are genetically
shared with OC. This analysis not only confirmed previ-
ous GWAS findings but also shed light on novel associa-
tions deserving further investigations.

OC is the leading cause of cancer-related ascites in
females.* Our MR-PheWAS study revealed genetic ev-
idence linking ascites to OC across all subtypes except
mucinous OC, which is consistent with the fact that over
one-third of women with OC develop ascites during their
lifetime.***> Ascites is commonly considered a sign of
advanced OC,% and in line with this, the evidence for an
association in our analyses was removed after excluding
known OC cases. In patients with OC, the presence of as-
cites commonly indicates metastasis to peritoneal surfaces
and reflects the extent of the disease.”” Our study further
established a causal association between OC and “second-
ary malignant neoplasms of the digestive system”, indicat-
ing intra-abdominal dissemination of the tumour. Again,
this association was sensitive to the inclusion of known
OC cases in our analyses, and is likely to explained by a
metastasis of the OC affecting the gastrointestinal tract or,
potentially, a new synchronous gastrointestinal cancer.

OC has also been linked to respiratory complica-
tions.*®** Our study provides additional supporting ev-
idence for this association, specifically linking OC to an
increased risk of “chronic airway obstruction” and “ab-
normal lung examinations”. The findings were further
supported by spirometry measures, which showed a sig-
nificant association between a higher genetic liability to
OC and lower FVC. While in women with OC lowering of
lung function may follow from malignant pleural effusion
and tumour metastasis to the pleura® or complications
related to surgical procedures,* in our analysis the associ-
ation with lung disease remained when OC cases were ex-
cluded, and the spirometric association was seen both in
women and in men, which may indicate a more profound
biological link.

OC as reflected by our genetic study arises from the epi-
thelium of the ovaries, endometrium, and fallopian tubes,
and while most of the lung also consists of epithelium,
a direct link has not been well established. Interestingly,
colocalization analyses in our study also suggested that
disorder of skin condition (seborrheic keratosis) shared
a genetic locus (TERT, encoding the enzyme, telomerase)
with OC, highlighting potential shared pathomechanisms
involving the epithelium, and implicating telomerase
function in the opposing risks of OC and the skin disorder
(the allele that increase OC linked with reduced risk of
seborrheic keratosis).***!

Debulking cytoreductive surgery is the standard proce-
dure for advanced OC. It involves the surgical removal of
female reproductive organs such as the ovaries, fallopian

tubes, uterus, as well as omentum and organs of the diges-
tive system, such as the bowel, depending on the stage of
OC.* The invasive nature of this intervention,** combined
with compromised immune system function resulting from
the disease,* may explain the observed association between
OC and “postoperative infection” and” gram-negative septi-
cemia”. It is important to note that these associations were
predominantly observed in clear cell OC, which has also
been associated with “benign neoplasms of the uterus”,
“uterine leiomyoma”, and “disorders of menstruation”. The
presence of these conditions, which primarily involve the
uterine tissue, could reflect the well-established association
between endometriosis and clear cell OC.*** Our study
also identified OC subtype-specific associations between
mucinous OC and “lipoma of the skin and subcutaneous
tissue”. Regarding the biomarkers, endometroid OC was
associated with lower serum oestradiol level, clear cell OC
was associated with lower serum total cholesterol, LDL
cholesterol, and ApoB, while mucinous OC was associated
with higher serum GGT and ALT as well as lower creati-
nine levels. These findings suggests that comorbidities and
selected biomarkers may play a role in identifying and char-
acterizing different subtypes of OC.

Beyond the causal link between OC and disease out-
comes and biomarkers, genetic variants contributing to a
higher risk of OC may also be associated with other dis-
eases and biomarkers. The ABO locus is a well-known
pleiotropic locus with established associations with car-
diovascular and cerebrovascular traits.*>" Our study
confirmed these existing findings, as we also observed
associations between the ABO variant and conditions
such as “pulmonary heart disease”, “thrombophlebitis”,
and “other disorders of circulatory system”. Additionally,
we confirmed the association between ABO with many
cardiometabolic biomarkers, including associations with
markers of glucose and liver metabolism, confirming the
highly pleiotropic nature of this variant.>

Our study identified a significant association be-
tween the GPX6 variant (rs6456822) and a lower risk of
disorders related to iron metabolism, which is a critical
component of overall health.>® However, while the lead
variant rs6456822 showed this association, our colo-
calization analysis identified an independent potential
causal variant, rs34409925, for “disorders of iron metab-
olism”. We also found another potential causal variant
at the GPX6 locus, rs3131101, for “celiac disease”. The
OC lead variant rs6456822 was also associated with total
protein levels in women, as well as with SHBG levels in
men. Our study also identified a potential novel associ-
ation between the TERT locus (rs10069690) and “seb-
orrheic keratosis”. The follow up colocalization analysis
strengthened the shared genetic structures between this
skin condition and OC, further suggesting that rs444583
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may be a causal variant. Importantly, we confirmed
previous associations of the TERT variant with uterine
leiomyoma“s’54 and total protein levels in women, %32
as well as with prostate cancer in men.”> Our findings
highlight the value of using PheWAS for validating pre-
vious GWAS findings and identifying potential novel
variants for multiple traits including diseases and bio-
markers that never been tested before.*®

Our study has a number of strengths. Firstly, it is the
largest (n=181,203) and most comprehensive study to date
that examines the health risks associated with a higher
genetic susceptibility to OC. Secondly, by including OC
subtypes in our analysis, our study can identify subtype-
specific comorbidities, supporting more effective treat-
ment and management. Lastly, our study extended the
phenome-wide analyses to each OC-risk-increasing vari-
ant. This approach enables us to confirm previously identi-
fied variant-disease associations and also identify potential
novel associations, thus providing a more comprehensive
understanding of the shared genetic links between OC
and other diseases. Further incorporation of colocalization
analysis is another strength of this study. It provided evi-
dence of a shared genetic locus (TERT) between OC and
“seborrheic keratosis”, and identified a potential novel
causal variant, rs4449583, for this skin condition.

Our study also has some limitations. To ensure the va-
lidity of MR, the genetic instrument used must be associ-
ated with the risk factor (in our case, OC), not associated
with the confounders of the risk factor-outcome associ-
ation, and not influence the outcome except through its
association with the risk factor. While we used a genetic
instrument that associates with OC and conducted our
analysis on a white-European population while adjusting
for confounding factors, we cannot rule out the absence
of horizontal pleiotropic effects, which will affect inter-
pretation and can bias the MR estimates.’” To address this
concern, we repeated our analysis in men to further verify
whether the association we observed is genuinely related
to OC or a reflection of genetic variants indicating shared
mechanistic pathways between both men and women.
Another potential limitation of our study is that the UK
Biobank participants are relatively healthy compared to
the general population,™ introducing to collider bias due
to the “healthy volunteer” selection bias.”® However, the
modest collider bias in the context of MR is less likely to
affect MR results significantly when the selection into
the study was not strongly influenced by the risk factor.”
Furthermore, the presence of biologically plausible causal
associations in our study provides support for the valid-
ity of our results despite this limitation. It could be noted
as a limitation of our study that our investigation into co-
morbidities associated with OC was primarily conducted
in a population predominantly not diagnosed with OC.

.. 11 0f 13
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However, sensitivity analyses excluding all known OC
cases confirmed that the associations with OC complica-
tions relating to ascites and gastrointestinal metastases
are related to the disease per se, while the other observed
disease and trait associations may reflect earlier stages of
OC development or other underlying biological differ-
ences. Since our studies are limited to the white European
population, the generalizability of our findings to other
populations is uncertain. Future studies involving diverse
populations are warranted.

In conclusion, our study identified robust associations
between OC and comorbidities related to the digestive
and respiratory systems. Furthermore, we observed spe-
cific robust associations for different subtypes of OC, such
as “gram-negative septicemia”, ‘uterine leiomyoma”, and
“disorders of menstruation” for clear cell OC, and lipoma
for mucinous OC. Interestingly, our study points to a
shared genetic architecture between OC and a skin condi-
tion, leading to a discovery of a novel variant which merits
further investigation.
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