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Pelvic organ prolapse (POP) affects approximately 40% of elderly women, characterized by the

descent of the pelvic organs into the vaginal cavity. Here we

present the results of a genome-wide

association study (GWAS) for susceptibility to POP comprising 771 cases and 76,625 controls in the
Japanese population. We identified a significant association of WT7 locus with POP in the Japanese
population; rs10742277; odds ratio (OR) = 1.48, 95% confidence interval (Cl), 1.29-1.68,

P =6.72 x 10~°. Subsequent cross-ancestry GWAS meta-analysis combining the Japanese data and
previously reported European data, including 28,857 cases and 622,916 controls, identified FGFR2

locus as a novel susceptibility locus to POP (rs7072877; OR

=1.06, 95% ClI, 1.04-1.08,

P =4.11 x 10°%). We also observed consistent directions of the effects for 21 out of 24 European GWAS
derived loci (binomial test P = 2.8 x 104, indicating that most of susceptibility loci for POP are shared

across the Japanese and European populations.

Pelvic organ prolapse (POP) is characterized by a descent of the pelvic
organs into the vaginal cavity, and the prevalence of POP patients with stage
IT or greater by POP-quantification (POP-Q), is estimated as 17% and 37%
of aged women in the Japanese and Europeans, respectively'~. The etiology
of POP is considered multifactorial, and several risk factors, including
vaginal childbirth, aging, obesity, and prior hysterectomy, have been
established for the development of POP*. The degree of the symptoms in
patients with POP, including discomfort, pain, voiding disorder, and
walking difficulty, varies, and in some cases, these symptoms significantly
reduce the quality of life of affected women®”. Although POP is a highly
prevalent condition, it may not always be symptomatic. For instance, in a
study of 477 asymptomatic women undergoing annual examinations, 51%
had prolapse to the level of the hymenal remnant or beyond”'’. In women
with mild prolapse, nonsurgical management including pelvic floor muscle

training, use of a vaginal pessary, and life-style managements, is useful in
preventing further progression of POP. However, once POP develops to
advanced stages, these nonsurgical procedures are often no longer suc-
cessful, and these patients require surgical treatments to restore normal
pelvic anatomy, eliminate POP symptoms, and normalize bowel, bladder,
and sexual function'. Therefore, early detection and interventions including
pelvic floor muscle training and weight control are important to prevent the
development of advanced POP®.

The contribution of genetic factors has been suggested, and the her-
itability of POP was estimated to be 43% in a twin study'’. In 2020, a
genome-wide association study (GWAS) of Icelandic and UK Biobank
(UKBB) cohorts reported seven loci associated with POP'?, Their expanded
GWAS meta-analysis, comprising 28,086 cases and 546,291 controls, iden-
tified additional 19 novel loci associated with POP in European
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populations". Although a large-scaled GWAS for POP has been conducted
in European populations, a GWAS for POP using populations other than
Europeans has not yet been performed. Given the evidence of population-
specific features of POP'*"*, a GWAS for POP using other ethnic groups,
such as East Asians is necessary to further understand the genetic predis-
position to POP.

In this study, we performed a GWAS meta-analysis for POP using two
Japanese study sets to identify genetic loci associated with POP in the
Japanese population. Additionally, we combined the results of our GWAS
meta-analysis with those of a previously reported large-scaled European
GWAS meta-analysis to identify additional novel loci that predispose
individuals to POP.

Results

Meta-analysis of GWAS for POP in Japanese populations

We performed a GWAS for POP in Japanese participants registered in the
Okinawa Bioinformation Bank (OBi) and Biobank Japan (BBJ) (Supple-
mentary Fig. 1). In principal component analysis (PCA), we observed two
Japanese sub-populations, namely the Hondo and Ryukyu clusters (Sup-
plementary Fig. 2), as reported previously'*'*. Therefore, we conducted a
GWAS on four Japanese groups: BBJ-Hondo, BBJ-Ryukyu, OBi-Hondo,
and OBi-Ryukyu. Then we combined all association data with an inverse-
variance fixed-effects meta-analysis comprising 771 POP cases and 76,625
controls. No significant inflation was observed (Agc=1.01,
AGc1000 = 1.007, Supplementary Fig. 3). We identified a single nucleotide
polymorphism (SNP) in Wilms tumor 1 (WT1)locus showing genome-wide
significant association with POP (rs10742277; P=6.72 X 107°, odds ratio
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Fig. 1 | Manhattan Plots of genome-wide association studies (GWAS) for pelvic
organ prolapse (POP). A GWAS meta-analysis for POP in Japanese populations
Each plot indicates the individual association data of 9,862,117 SNPs in the GWAS
meta-analysis combining four Japanese study sets (BB]_Hondo, OBi_Hondo,
BBJ_Ryukyu, OBi_Ryukyu; Total N=77, 396). B Cross ancestry GWAS meta-
analysis for POP in Japanese and European populations Each plot indicates the

(OR) =1.48, 95% confidence interval (CI), 1.29-1.68) (Fig. 1A, Table 1,
Supplementary Data. 1, Supplementary Fig. 3A). The WTI locus has been
previously reported as a susceptibility locus for POP in European
populations”, and the lead SNP (rs11031796) in a European study was
in high linkage disequilibrium (LD) with rs10742277 (¥ =0.84, D’=1 in
1000GJPT). The effect size (OR) of the WT1 SNP for POP was significantly
larger in the Japanese population than in the European population
(rs10742277, OR =148, 95%CI, 1.29-1.68 in the Japanese population,
OR =106, 95%CI, 1.04-1.08 in the European population®’, P-value for
Cochran’s Q heterogeneity test = 1.03 x 10~°). In addition, a significant
difference in the risk allele frequency (RAF) was observed among the
Japanese sub-populations, Hondo and Ryukyu, and European populations
[rs10742277-C: AF =0.25-0.26, 0.20-0.21, and 0.629 in the Japanese
Hondo controls, the Japanese Ryukyu controls, and the European popula-
tion (1IKG_EUR)] (Table 1). We further identified nine loci showing sug-
gestive evidences for the association with POP in the Japanese
(5x107°>P>5x 10"%, Supplementary Data 1), none of these overlapped
with loci previously identified in the European GWAS™".

Replication study for POP loci identified by the European GWAS
We searched for 26 previously reported loci'>"? in the Japanese GWAS data.
Of the 30 signals in 26 loci, 6 were monoallelic in the Japanese population,
and the data for the remaining 24 SNPs were available in the Japanese
GWAS data. Among them, four signals in three loci including WT1,
ADAMTS5,and GDF7-LDAH, were significantly associated with POP in the
Japanese (P < 1.67 x 10~ = 0.05/30), additional four signals showed nom-
inal association (1.67x10”°<P<0.05) (Supplementary Data 2,
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individual association data of 5,417,787 SNPs in the GWAS meta-analysis, com-
bining five study sets (BBJ_Hondo, OBi_Hondo, BB]_Ryukyu, OBi_Ryukyu, Eur-
opean*; Total n = 651,773). Black arrow indicates a novel susceptibility locus for
POP. The y-axis shows —log;, P values of association analysis of each SNP. The red
line indicates the genome-wide significant threshold (P =5 x 10~*). * Publicly
available summary statistics of the GWAS data” were used.
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Table 1 | Association of WT1 locus with pelvic organ prolapse in the Japanese population

Lead SNP Study OR 95%CI P EAF N
Chr; Position
EA/AA case control case control
rs10742277 BBJ_Hondo 1.60 (1.36-1.89) 1.50x107® 0.33 0.25 418 68,040
11;32452925 OBi_Hondo 1.16 (0.77-1.75) 0.49 0.31 0.26 128 387
C/G BBJ_Ryukyu 1.21 (0.64-2.28) 0.57 0.25 0.21 29 5852
OBi_Ryukyu 1.34 (1.003-1.78) 0.048 0.24 0.20 196 2346
Meta-analysis OR 95%Cl P P het (%) N
case control
1.48 (1.29-1.68) 6.72x10°° 0.37 5.3 77 76,625

Chr Chromosome, Position Chromosome Position GRCh37, BBJ BioBank Japan, OBi Okinawa Bioinformation Bank, Hondo Hondo cluster, Ryukyu Ryukyu cluster, EA Effect allele, AA Alternative allele, OR
QOdds Ratio, CI Confidential Interval, P P-value for association, EAF Effect allele frequency, P het: P-value for heterogeneity test, I I statistic for heterogeneity, N Sample size.

Table 2 | Association of FGFR2 locus with pelvic organ prolapse in the Japanese and European populations

Lead SNP Study OR 95%Cl P EAF N
Chr; Position
EA/AA case control case control
rs7072877 BBJ_Hondo 1.16 (0.99-1.36) 0.072 0.791 0.765 418 68,040
10;123228660 OBi_Hondo 1.41 (0.90-2.19) 0.13 0.805 0.778 128 387
C/T BBJ_Ryukyu 1.73 (0.92-3.25) 0.087 0.879 0.788 29 5852
OBi_Ryukyu 1.07 (0.78-1.45) 0.68 0.839 0.821 196 2346
European* 1.06 (1.04-1.08) 2.55x10°7 0.780 28,086 546,291
Meta-analysis OR P P het P (%) N
case control
1.06 (1.04-1.08) 411x10°® 0.27 22,0 28,857 622,916

Chr chromosome, Position Chromosome Position GRCh37, BBJ BioBank Japan, OBj Okinawa Bioinformation Bank, Hondo Hondo cluster, Ryukyu Ryukyu cluster, EA Effect allele, AA Alternative allele, OR
Odds Ratio, CI Confidential Interval, P P-value for association, EAF Effect allele frequency, P het P-value for heterogeneity test, I  statistic for heterogeneity, N Sample size.

*Data from Pujol-Gualdo N. et al."”®.

Supplementary Fig. 4). Of the 24 signals evaluated, 21 showed the same
direction of the effect with those in the European study (binomial test
P=2.8x107* suggesting that most of the susceptibility loci for POP are
shared between the Japanese and European populations (Supplementary
Data 2, Supplementary Fig. 5).

Cross-ancestry meta-analysis of GWAS for POP in Japanese and
European populations

Next, we performed a cross-ancestry meta-analysis combining the Japanese
GWAS data and previously reported European GWAS data for POP"”
(Fig. 1B, Supplementary Fig. 3B). No significant inflation was observed
(Agc =1.120, Agc1000 = 1.002, Supplementary Fig. 3B). A GWAS meta-
analysis with a sample size of 651,773 identified 25 genome-wide significant
associations with POP, including the FGFR2 locus which has not been
previously reported as a POP susceptibility locus (rs7072877 located
approximately 9 kbp downstream of FGFR2; P=4.11x 10"%, OR = 1.06,
95% CI 1.04-1.08, Table 2, Supplementary Data 3, Fig. 1B). No hetero-
geneity in the effect of rs7072877 (P- het > 0.05) was observed among the
studies.

Expression/splicing quantitative trait (¢QTL/sQTL) analysis and
summary data-based Mendelian randomization (SMR) analysis
To uncover the molecular mechanisms of the novel locus, FGFR2, on sus-
ceptibility to POP, we examined the association between the lead SNP
(rs7072877) and gene expression in various tissues using the publicly
available eQTL database, GTEx (Genotype tissue expression),

(Supplementary Data 4). We found that carrying rs7072877-C (the risk
allele for POP) was significantly associated with decreased FGFR2 expres-
sion in three vascular tissues; P=2.7x107" in the tibial artery,
P=32x10"intheaorta, P="5.2 x 10 °in the coronary artery). The eQTL
lead SNPs, 1512255289 in tibial artery, rs10788184 in aorta and coronary
artery, were in high LD with rs7072877 (+* = 0.85-0.88 in 1KG CEU) and
their regional plots suggested co-localization of association signals for POP
and eQTL for FGFR2 (Fig. 2, Supplementary Fig. 6).

Using summary data-based Mendelian randomization (SMR) analysis
and the heterogeneity in dependent instruments (HEIDI) test"”, we intended
to identify associations between FGFR2 expression and POP using sum-
mary data from eQTL studies and GWAS, followed by a heterogeneity test
to see if FGFR2 expression and the POP were affected by the same under-
lying causal variant'”’. The results of the SMR/HEIDI test suggested sig-
nificant association between FGFR2 expression and POP (P-
SMR =2.8 x 10°° in the tibial artery, P-SMR = 8.6 x 10~° in the aorta, P-
SMR = 4.5 x 10~* in the coronary artery, Supplementary Data 5), and POP
susceptibility and FGFR2 expression were likely affected by the same causal
variant (P-value of HEIDI test > 0.05, Supplementary Data 5).

We also examined the eQTL of the WT1 locus, in which a genome wide
significant association was observed in the Japanese GWAS (Please see
Supplementary Note for details). Because there might be some differences in
the LD structure of WTI locus between the Japanese and European
populations (Supplementary Fig. 7) and the available eQTL data were
mainly for Europeans, we used cross-ancestry GWAS data for the SMR/
HEIDI test. We identified a significant association between the POP risk
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Fig. 2 | Regional association plots of FGFR2 locus in the cross-ancestry genome-
wide association study (GWAS) meta-analysis and expression quantitative trait
loci (eQTL) analysis. A Results of the association study for POP (upper panel) and
eQTL for FGFR2 expression (lower panel) in the tibial artery. Each plot shows —log;,
P-values. The variants with the most significant associations (lead SNPs) within this
locus, rs7072877 for the association study and rs12255289 for the eQTL, are shown
as purple diamonds. The colours in the other plots indicate the extent of linkage

disequilibrium (LD) (hgl9/1KGP 2014 EUR), as shown in the inset to the lead
variants. The estimated recombination rates from the IKGP 2014 EUR reference are
indicated by the blue lines. B Comparison of the effect sizes of variants used for the
HEIDI test between GWAS and eQTL data for the tibial artery. Orange dashed line
indicates the expected beta (x and y) based on eQTL lead SNP (red triangles).
Vertical and horizontal bars represent standard errors of the effects of indivi-

dual SNPs.

allele in WT1 (rs11031796-G, proxy for rs10219425-A, ¥’ = 1 in 1KG CEU)
and increased WTI-AS expression in the heart (atrial appendage) (Sup-
plementary Data 4). The lead SNPs for the eQTL in the heart (rs3858454)
and GWAS (rs10219425) were in high LD (*=0.82 in 1KG CEU) (Sup-
plementary Fig. 8), and the result of the SMR/HEIDI test suggested their co-
localization (Supplementary Data 5).

In addition, we searched for sQTL using the GTEx Portal browser and
identified rs11031796 as a significant sQTL for splicing events at
chr11:32452131:32453262 in the uterus, ovary, vagina and visceral adipose
tissues (Supplementary Data 6). An extended sQTL search analyzing a set of
sQTL summary statistics [GTEx_V8_cis_sqtl_summary(hg19);V8release]
(please see Supplementary Note for details) revealed that rs11031796 was
significantly associated with additional alternative splicing events other than
chr11:32452131:32453262 (Supplementary Data 7, Supplementary Fig. 9).
We observed a general trend that carrying POP risk allele were associated
with increased splicing events at  chrl1:32435846:32452021,
chr11:32452131:32453262 and chr11:32452131:32457915, and decreased
splicing events at chr11:32435846:32437070, chr11:32435846:32437845 and
chr11:32437197:32437845, which may increase the WTI-AS isoforms 206,
211, 212, and decrease the WTI-AS isoforms 201, 205, 208, although splice
sites with statistically significant association were different by the tissues,
(Supplementary Data 7, Supplementary Fig. 9). The results of the SMR/

HEIDI test indicated not all but some of sQTL signals had significant
association with POP (p-SMR < 0.05, Supplementary Data 7), and POP
susceptibility and splicing at WT1-AS were likely affected by the same causal
variant (P-value of HEIDI test > 0.05, Supplementary Data 7). Regional plots
of sQTL loci with p-SMR < 0.05 and p-HEIDI = 0.05 are shown in Sup-
plementary Fig. 10.

Gene-based analyses using MAGMA
Next, we performed a gene-based association analysis using MAGMA™**'
with data from a Japanese GWAS meta-analysis. The analysis identified that
WTI was significantly associated with POP (P < 2.55 x 10~ = 0.05/19,589,
Supplementary Data 8). Because the gene-based association between the
WT1I gene and POP was no longer significant after including the effect of the
lead SNP (rs10742277) as covariate in the GWAS (P = 0.24, Supplementary
Data 8), the significant association of WT1 with POP may simply reflect the
effect of rs10742277. A gene-set analysis identified that a gene set, namely
“Intracellular sphingolipid homeostasis,” was significantly enriched in POP
susceptibility genes (P < 2.94 x 107 = 0.05/17,012, Supplementary Data 9).
We also performed tissue enrichment analyses using MAGMA; however no
significant enrichment was observed (Supplementary Fig. 11A).

A gene-based association analysis using a cross-ancestry GWAS meta-
analyses data combining Japanese and European populations identified 21
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genes significantly associated with POP in total including three genes that are
not located within the previously reported POP susceptibility loci: FMNL2,
ACI104809.3 (aka. CROCC2) and DMRT2, (P < 2.68 x 10~ = 0.05/18,689,
Supplementary Data 10). A gene-set analysis identified that three gene sets,
namely “Skeletal muscle development,” “Cartilage development,” and
“Connective tissue development,” were significantly enriched in POP sus-
ceptibility genes (P<2.94x 107°=0.05/17,007, Supplementary Data 11).
Tissue enrichment analyses indicated that the expression of POP suscept-
ibility genes identified by the gene-based analysis was significantly enriched in
nine tissues, notably the pelvic organ tissues including the uterus, cervix,
ovary, and bladder (Supplementary Fig. 11B)

Genetic correlations between POP and other traits in the Japa-
nese population

We assessed the genetic overlap between POP and other traits by evaluating
the genetic correlations using LD score regression (LDSC)*. We incorpo-
rated the results of a previously reported Japanese GWAS for quantitative
traits, including body mass index (BMI)®, systolic and diastolic blood
pressures (SBP, DBP)*, inguinal hernia (IH)*, and type 2 diabetes (T2D)*".
We did not observe any significant genetic overlap between POP and other
traits, which was likely due to the modest sample size of the Japanese
POP_GWAS, although the direction of the effect of POP was consistent
with that of IH, T2D, higher SBP, DBP, or BMI (Rg > 0, Supplementary
Data. 12).

Discussion

In this study, we performed a GWAS meta-analysis of POP in 771 Japanese
patients with POP and 76,625 controls and identified the WT1I locus as
susceptibility to POP in the Japanese population. After combining Japanese
GWAS and previously reported European GWAS data", we additionally
identified a novel locus, namely FGFR2, for susceptibility to POP with a
genome-wide significant association (p <5 x 107%).

This is the first GWAS for POP in a non-European population.
Although novel POP susceptibility loci with genome-wide significant
associations were not identified in the Japanese GWAS, we identified the
most significant association at the WT1 locus, which was not significant in
the initial European GWAS". Risk allele frequencies of WT1 were sig-
nificantly different by populations; rs10742277-C: AF = 0.629 in Europeans
and 0.25-0.26 in the Japanese Hondo, and 0.20-0.21 in controls for Japanese
Ryukyu. The effect size of rs10742277-C in the Japanese population was
significantly larger than that in the European population, suggesting that the
WTI locus is more relevant for Japanese women. Since the sample size in
this study is smaller than those in the European studies especially for case
groups, the possibility for Winners Curse effect might exist”. Then, we
performed four analyses for correcting the Winners Curse effect; Condi-
tional Likelihood (CL), empirical Bayes (EB), bootstrap methods (boot), and
FDR Inverse Quantile Transformation (FIQT) method implemented in the
R package “winnerscurse””. The effect sizes (B-estimates) of rs10742277 in
the Japanese were decreased after the corrections (Supplementary Data. 13);
therefore, the effect size of this locus in the Japanese might be overestimated
in the original GWAS, although the corrected effect sizes are considered still
larger than European populations.

Although the involvement of WT1 antisense RNA (WT1-AS) in POP
susceptibility has not yet been reported, our results of eQTL/sQTL analyses
suggest a possible model that the effect of causal variant in WTI on POP
susceptibility is mediated by the increased expression of WTI-AS and
altered relative abundance of WT1-AS splicing isoforms, that is consistent
with the observed SMR/HEIDI results'”’. WTI-AS is a non-cording RNA
located upstream of the WTTI; these two genes are bi-directionally tran-
scribed from the same promoter region. Although previous studies have
extensively reported the role of WT1-AS in different types of cancer’”’, the
physiological role of WTI-AS in non-tumor cells remains unclear. WT1-AS
co-expresses/co-localizes with WT1 and can bind to both WT1 mRNA and
protein to regulate the WT1 protein expression/abundance in tumor
cells’. WT1 is a transcription factor that plays an important role in

genitourinary system development as well as an inhibitory role in the
development and progression of Wilms tumor’ ™. Although the precise
molecular mechanisms remain unclear, it is assumed that increased WT1I-
AS expression, alternatively spliced WTI-AS isoforms, or both may affect
WT1 protein expression/abundance in various tissues, including the pelvic
organs, which might contribute to POP susceptibility.

In the cross-ancestral GWAS, we identified a novel POP locus,
rs7072877, which is located approximately 9 kbp downstream of FGFR2.
The results of eQTL analysis suggested a possible model that the effect of
causal variant in FGFR2 on susceptibility to POP was mediated by reduced
FGFR2 expression, that was consistent with the observed SMR/HEIDI
results. FGFR2 (Fibroblast growth factor receptor 2) is one of the four FGFR
family members (FGFR1-4) that encode transmembrane receptor tyrosine
kinases™. It plays an essential role in the regulation of osteoblast differ-
entiation, proliferation and apoptosis, and is required for normal skeleton
development™. Pathogenic gain-of-function variants of FGFR2 cause syn-
dromic craniosynostosis, including Crouzon syndrome, Pfeiffer syndrome,
Apert syndrome, and Jackson-Weiss syndrome™ ™, whereas loss-of-
function variants of FGFR2 are responsible for Lacrimo-auriculo-dento-
digital (LADD) syndrome™*. Somatic mutations, structural amplifications,
and fusions in FGFR2 have been observed in multiple types of cancer™.
However, to our knowledge, there have been no reports suggesting a role for
FGFR2 in POP susceptibility. Cumulative findings from animal studies
suggested that fgfr2 played a crucial role in the formation and maintenance
of connective tissues*' ™. In addition, FGFR2 was identified as one of can-
didate genes for cervical artery dissections (CAD) coexisted with Ehlers-
Danlos syndrome (EDS)-III like connective tissue alterations by a linkage
analysis*. Although further studies are required to verify the causality of
altered FGFR2 expression in connective tissues on POP susceptibility,
depletion of FGFR2 in the connective tissues supporting the vagina and
pelvic organs or in the muscles in the pelvic floor may be proposed as one of
the mechanisms contributing to the pathophysiology of POP. Notably, the
GTEx eQTL analysis identified significant correlation between rs7072877
and FGFR2 expression only in three vascular tissues out of 49 tissues, which
is in line with the statement by Pujol-Gualdo et al.”’ that many GWAS
associations previously reported by European study (WT'1, KLF13, DUSPI6,
MAFF, VCL, and LDAH) suggested a link between metabolic and cardio-
vascular health and POP".

Our study has some limitations. First, the sample size of case group in
Japanese GWAS was small. Second, detailed clinical information, such as
the number of vaginal childbirths, prior hysterectomy, smoking status,
history of constipation, and asthma was not available for all participants. As
these are considered important confounders of POP risk, the results of our
Japanese GWAS could have been influenced by these factors. Lastly, possible
misclassification of case and control samples may reduce the statistical
power, since controls of the OBi study were recruited from the general
population and the diagnosis of POP in BBJ was based on existing medical
records in multiple medical institutions. BBJ cases were selected from par-
ticipants with POP or a past history of POP based on self-reports or medical
records for underwent surgeries or other interventions (ie. pessary).
Therefore, several POP cases might be misclassified as controls, especially
early-stage or asymptomatic cases. In the OBi, all POP cases were recruited
by medical specialists for POP, and diagnosis of POP was made based on
POP Quantification (POP-Q) system. As a result, most of the cases were
surgical cases (95.4%) and symptomatic POP cases with stage 3 or higher in
POP-Q system (91.8%). Because relatively advanced stages of POP patients
were analyzed as cases in both cohorts, it is suggested that considerable
phenotypic heterogeneity between the two cohorts did not exist in
this study.

In conclusion, we conducted Japanese GWAS and subsequent cross-
ancestral GWAS meta-analysis. We identified WT1I as a significant sus-
ceptibility locus for POP in the Japanese population. By combining our
Japanese GWAS data with previously reported European GWAS data, we
identified a novel locus, FGFR2, which contributes to POP susceptibility.
Our study provides valuable insights into the etiology of POP, however an
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analysis with a larger sample size is essential to clarify the genetic archi-
tecture of POP in the Japanese population.

Materials and Methods

Participants, genotyping and quality control

Okinawa Bioinformation Bank (OBi). We recruited patients with POP
(n =328) who visited the outpatient clinic of the urology department of
University of the Ryukyus Hospital, Okinawa Kyodo Hospital, and
Urogyne Center of Japanese Red Cross Gifu Hospital between 2016 and
2023. Female patients diagnosed with POP (cystocele, uterine prolapse,
vaginal prolapse) were invited to participate in this study. Participants
with uncured cancer or those under 40 years of age were excluded. Each
subject participated in an interview and underwent a clinical examination
and Pelvic Organ Prolapse Quantification (POP-Q) system assessment
(stage 0: 0%, stage 1: 0%, stage 2: 8.2%, stage 3: 77.5%, stage 4: 14.3%). We
selected controls (n=2750) from female participants aged > 40 years
from the general population registered in the Okinawa Bioinformation
Bank (OBi)'"”"**. Demographic origins of individuals were surveyed for
some of the participants in the OBi Project; information about the
birthplace (islands) of their four grandparents was obtained by ques-
tionnaire for some participants.

Genomic DNA was extracted from peripheral leukocytes or saliva
using standard procedures. All individuals were genotyped using the Illu-
mina Asian Screening Array (Illumina,Inc, San Diego, CA, USA) (655,904
SNPs ;autosomes: 629,779 SNPs and X chromosome: 26,125 SNPs). As a
quality control (QC) of samples, we excluded individuals with (1) sample
call rates <0.98, (2) individuals having a shared identity-by-descent
(720.95), (3) sex mismatch between genotypic and phenotypic informa-
tion, and (4) outliers from the East Asians identified by a principal com-
ponent analysis, using genotyped samples and the three major reference
populations (Africans, Europeans and East Asians) from the International
HapMap Project. For the QC of SNPs, we excluded SNPs with (1) call rate
<098, (2) genotype distributions were not in accordance with
Hardy-Weinberg equilibrium (p < 1 x 10~°), and (3) minor allele frequency
(MAF) < 0.01. We used Plink ver.1.9 and v2.0 software for this QC process™
As a result, 3057 participants (324 cases and 2733 controls) and 328,400
SNPs (autosome: 312,566 SNPs and X chromosome: 15,834 SNPs) passed
these QCs.

Filtered genotyping data were phased using Eagle v2.3*. Genotype
imputation was performed by minimac4* using the 1KGP3 + JEWEL 3K
(1000 genomes phase 3 4 3256 Japanese WGS) as the reference panel for
autosomes and X-chromosome)*’. We selected SNPs with MAF > 0.005 and
imputation quality Rsq = 0.7 for the analyses.

BioBank Japan. The BBJ is a hospital-based disease cohort which
consists of DNA samples and clinical data from patients with 47 target
diseases®. Clinical information, including comorbidities and past med-
ical history, of each participant was registered in BBJ by doctors-in-
charge®. All individuals in BBJ were genotyped using Illumina Infinium
Omni Express, Human Exome, Infinium Omni Express Exome v1.0, or
Infinijum Omni Express Exome v1.2 (Illumina Inc). We defined POP
cases as follows.1) patients with cystocele, uterine prolapse, or vaginal
prolapse as comorbidities or 2) patients having past medical history for
cystocele, uterine prolapse, or vaginal prolapse. Controls were female
participants with no history of POP. Participants aged less than 40 years
were excluded, and 450 cases and 75,761 controls were analyzed in
this study.

For the QC of samples, we excluded individuals with (1) sample call
rates < 0.98, (2) genetically identical to others, (3) sex mismatch between
genotypic and phenotypic information, and (4) outliers from East Asians
identified by principal component analysis using genotyped samples and the
three major reference populations (Africans, Europeans and East Asians)
from the International HapMap Project. For the QC of SNPs, we excluded
SNPs with (1) call rate < 0.99, (2) p-values for Hardy-Weinberg equilibrium
(HWE) test < 1 x 107% and (3) minor allele frequency (MAF) < 0.01. Plink

v.19 software was used for this QC process®. A total of 503,998 QCed SNPs
(autosomes: 496,226 SNPs and X chromosome: 7772 SNPs) were used for
further analyses.

Genotype imputation was performed as described previously in ref. 25.
In brief, we phased the genotyping data of autosomal chromosomes using
SHAPEIT2 (version2.837), and then imputed with minimac4 (version
2.0.1)" using a reference panel consisting of 3256 Japanese WGS from BBJ
and 2,504 individuals from the 1KGP (phase3v5). We selected SNPs for
analyses with MAF > 0.005 and imputation quality Rsq > 0.7.

GWAS and GWAS meta-analysis

We first performed PCA using direct genotyped data of autosomal SNPs in
BBJ and OBi individually to define the Japanese subpopulations; the Hondo
(literally translated as main-islands) cluster for the Japanese Archipelago
and the Ryukyu cluster for the Ryukyu Archipelago (Supplementary Fig. 2).
The Association with POP was analyzed using the imputed gene dosage data
for each of the four independent populations: BB]_Hondo, BBJ_Ryukyu,
OBi_Hondo, and OBi_Ryukyu. We applied the generalized mixed model
implemented in SAIGE version 1.0.5” for the association analysis, which
controls for case-control imbalance. Age, and PCI1-3 were included as
covariates. SNPs with MAF < 0.005 and imputation quality Rsq < 0.7 were
excluded from association analyses.

GWAS data from the four study groups (BB]_Hondo, BB]_Ryukyu,
OBi_Hondo, and OBi_Ryukyu) were subsequently combined by meta-
analysis using the METAL program®'. A fixed-effect model with inverse-
variance weighted was used for all meta-analyses. The heterogeneity of
effects across studies was assessed using Cochran’s Q-test implemented
in METAL.

We also conducted a cross-ancestry meta-analysis by combining our
Japanese GWAS (BBJ_Hondo, BBJ_Ryukyu, OBi_Hondo, and OBi_R-
yukyu) with a publicly available European POP GWAS". European GWAS
summary statistics were obtained from https://www.ebi.ac.uk/gwas/studies/
GCST90102470. We retained the SNPs present in all studies for the cross-
ancestry GWAS meta-analysis.

Gene-based association analysis and gene-set analysis
Gene-based association analyses and gene-set analyses were conducted
using MAGMA v1.08”, implemented in FUMA v1.6.0”. We used the
summary statistics of the Japanese meta-analysis for 7,496,192 SNPs and
cross ancestral GWAS meta-analysis for 5,417,787 SNPs with high impu-
tation quality (> 0.7). SNPs for which association data were available for
all the study groups were used for the analyses. SNPs in the Japanese and the
cross ancestral GWAS were mapped to 19,589 and 18,689 protein-coding
genes (hgl9 build) respectively, and gene-based P-values were calculated.
Linkage disequilibrium (LD) from the 1000 G Phase 3 ASN and ALL was
used for the Japanese and cross-ancestry GWAS data respectively. Window
sizes were set between 3 kb upstream and 1 kb downstream of genes. The
statistical significance of the gene-based analysis was set at a Bonferroni-
corrected P<2.55x107° (0.05/19,589) for the Japanese study, and
P<2.68x%107° (0.05/18,689) for the cross ancestral study. In the gene-set
analysis, 17,012 (Japanese) and 17,007 (cross ancestry) gene sets (curated
gene sets and GO terms) from MsigdB v7.0 were examined; therefore,
statistical significance was set at P < 2.94 x 107 (0.05/17,012 or 17,007).

Expression/ splicing quantitative trait (¢QTL/sQTL) analysis

We assessed cis-eQTL and sQTL effects by searching publicly available data
as of November 2023: GTEx portal v8 (https://gtexportal.org/home/). In
addition, a set of sQTL summary statistics [GTEx_V8_cis_sqtl_summar-
y(hgl9);V8release] was retrieved from the SMR portal site (https://yanglab.
westlake.edu.cn/software/smr/#Overview as of November 2023).

Summary data-based Mendelian randomization (SMR) analysis
/heterogeneity in dependent instruments (HEIDI) test
Co-localization and causality between genome-wide associations and gene
expression regulation were analyzed using the SMR/HEIDI test”. We
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analyzed the co-localization and causality of two POP GWAS loci, WT1 and
FGFR2, with their significant eQTL/sQTL identified by a GTEx search. The
cross-ancestral GWAS meta-analysis for POP in this study was used as
GWAS data set. We obtained the eQTL/sQTL datasets [#V8 release of the
GTEx eQTL/sQTL summary data], from the SMR Portal site: https://
yanglab.westlake.edu.cn/software/smr/#DataResource. Genotyping data
from the IKGP EUR population (release 20130502 phase3) were used as the
LD reference. P-value of HEIDI test (P-HEIDI) > 0.05 was considered that
the GWAS signal and eQTL/sQTL were co-localized, and P-value of SMR
test (P-SMR) < 0.05 was considered disease susceptibility was mediated by
gene expression/altered splicing events. SMR locus plots were created using
R-script as described by Zhu et al.”.

Genetic correlation

We conducted bivariate LD score regression’ to quantify genetic correla-
tions between POP and other diseases, such as type 2 diabetes’® and inguinal
hernias™, and 59 quantitative traits including anthropometric, metabolic,
kidney-related, haematological and blood pressure traits”**. For the
regression analysis, we used the population-specific LD score (1000 G ASN
2014) and summary statistics of high-quality common SNPs present in the
HapMap 3 reference panel for each available trait or disease. Significant
genetic correlations were defined as P < 0.05.

Correction for an effect size using the Winner’s Curse methods

To evaluate the possible bias on effect size of 1s10742277 in Japanese GWAS,
we calculated corrected effect size using the Winner’s Curse methods. We
applied four correcting methods implemented in the R package
“winnerscurse”’. The package includes Conditional Likelihood (CL)
methods™, Empirical Bayes (EB) method™, FDR Inverse Quantile Trans-
formation (FIQT) method™, and Bootstrap (boot) method”. For analysis
using CL methods, we used 25 variants with genome-wide significant
(p <5 x 10~*) association in Japanese POP GWAS. For other three methods,
EB, FIQT and boot, we used 7,496,192 SNPs which association data was
available from all of four Japanese sub-group. Effect sizes in European
GWAS were used as “replication set”. We calculated adjusted beta as well as
adjusted standard error with 100 bootstrap replicates for EB, FIQT and boot.
Since standard error estimation using bootstrap was not available for
adjusted beta estimated by CL method, we calculated adjusted 95% CI
instead of standard error. The estimated mean square error (MSE) of SNPs
were calculated to evaluate the estimation of each method.

Softwares
The Manhattan and quantile- quantile plots were generated using FUMA
v1.6.0”, and regional association plots were generated using LocusZoom™.

Statistics and reproducibility

GWAS for POP in Japanese population (OBi and BBJ) were performed
using a generalized mixed model implemented in SAIGE version 1.0.5°
including age and top three PC as covariates. Association data was com-
bined with an inverse variance fixed-effects meta-analysis using METAL".
Significance threshold of the GWAS meta-analysis was P<5.0x 10~
accounting for multiple testing. Gene-based association analyses and Gene-
set analysis were conducted using MAGMA v1.08”, implemented in FUMA
v1.6.0”" as of October 2023. We applied Bonferroni-corrected significance
thresholds for analyses with MAGMA as shown in Supplementary
Data 8-11. The eQTL and sQTL analyses were conducted using the GTEx
portal v8 (http://www.gtexportal.org/home/) as of November 2023. SMR/
HEIDI test was performed using SMR version 1.3.1". Significance threshold
of SMR/HEIDI test was P<0.05. LDSC (version 1.0.1)* was applied to
estimate SNP-based heritability and genetic correlation. Significance
threshold of LDSC was P < 0.05. For all analyses using case-control sample
in Japanese (BBJ and OBi) and European’, the sample sizes are provided in
Supplementary Fig. 1.

Ethics

All participants provided written informed consent before their enrolment
in this study. The study protocol conformed to the provisions of the
Declaration of Helsinki and was approved by the ethics committees of
University of the Ryukyus (Nishihara, Japan) for Medical and Health
Research Involving Human Subjects (Approval No 21-1826-08-02-00, 17-
171-03-01-00), and the RIKEN Center for Integrative Medical Sciences
(Yokohama, Japan) (Approval No. RIKEN-Y-2022-068). All ethical reg-
ulations relevant to human research participants were followed.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The summary statistics of Japanese GWAS for POP is available from
Database Center for Life Science (DBCLS) website (https://humandbs.dbcls.
jp/en/: Research ID: hum0467.v1.gwas.v1).
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