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Abstract
Objective—There is evidence that both environmental and genetic factors contribute to pelvic
organ prolapse (POP). We conducted a genome-wide association study to investigate whether
common genetic variants modify the risk of POP.

Methods—We recruited women who had been evaluated and treated for POP at the University of
Utah from 1996–2008 and their affected female relatives. Cases were genotyped on the Illumina
550K platform. We genetically matched 2,976 Caucasian iControls available from Illumina as
controls. Association tests were adjusted for related subjects using two different software
programs: Efficient Mixed-Model Association eXpedited (EMMAX) and Genie. Confirmation of
findings was performed in a cohort of Dutch women (n=76) with recurrent POP and family history
of POP.

Results—The Utah study sample included 115 cases treated for POP, in most cases with surgery
(n=78) or repeat surgery (n=35). Results from association analyses using EMMAX software
identified five single nucleotide polymorphisms (SNPs) significantly associated with POP
(p<1×10−7). Independent association analysis with Genie software identified three of the same
SNPs and one additional SNP. The six SNPs were located at 4q21 (rs1455311), 8q24 (rs1036819),
9q22 (rs430794), 15q11 (rs8027714), 20p13 (rs1810636), and 21q22 (rs2236479). Nominally
significant findings (p<0.05) or findings trending towards significance (p<0.1) were observed for
five of the six SNPs in the Dutch cohort.

Conclusion—Six SNPs have been identified that are significantly associated with POP in high-
risk familial cases and provide evidence for a genetic contribution to POP.

Introduction
Pelvic floor disorders including stress incontinence, urge incontinence, and pelvic organ
prolapse (POP) are common conditions that have been shown to affect approximately 27 to
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50% of women aged 40 years and greater.1 Some 3–6% of women have pelvic organ
prolapse that descends beyond the vaginal opening on routine pelvic examination,2 and an
estimated 11% of women will undergo surgery for POP sometime in their lifespan.3 The
etiology of POP is thought to be multifactorial with contributions from both genetic and
environmental risk factors. Environmental factors that contribute to POP include vaginal
delivery, chronic increases in intra-abdominal pressure, obesity, advanced age, and estrogen
deficiency.4, 5

Evidence for a genetic contribution to POP has been found in family-based studies,
candidate gene association studies, expression studies, and linkage studies.6 Family studies
have shown an increased risk of POP when mothers and sisters are affected with the
disease,7, 8 and after menopause, familial risk may be more important than contributions
from childbirth.8 A segregation analysis of early onset POP suggested a dominant mode of
inheritance with incomplete penetrance that can involve either maternal or paternal
transmission.9 Candidate gene studies have focused on collagen and elastin
biosynthesis,101112 extracellular matrix metabolism,13 and hormone receptors14–16 with
encouraging results. Expression studies have found a number of genes that are over and
under expressed in women with POP compared to women without POP.17–21 Linkage
studies have implicated a region near the LAMC1 gene in a single Filipino family,22 and our
group has found significant genome-wide linkage evidence on chromosome 9q21 in 70
women with POP from 32 families.23

To further understand POP genetics, we performed a genome-wide association study
(GWAS) for POP to identify common genetic variants that contribute to POP. Association is
tested by comparing allele frequency differences between cases and controls for thousands
of single nucleotide polymorphisms (SNPs). The purpose of this study was to identify SNPs
associated with POP in a cohort of women with a family history of pelvic floor disorders
who have been treated for moderate-to-severe POP.

Material and Methods
Subjects

Subjects included in this study had been evaluated and treated for POP, usually with
surgery. Probands underwent surgery for POP at the University of Utah between 1996 and
2008. To be included in our original Utah Pelvic Floor Disorder Genetic Resource, a
proband was required to have a sister who also had moderate to severe POP, received
treatment for POP, and was willing to participate in the study. The Utah Pelvic Floor
Disorder Genetic Resource has since been expanded to include more distant affected
relatives. Documentation of surgical management was required for women who had surgery
outside our system. Subjects were white and of Northern European descent, similar to Utah
demographics. We included three subject groups for this analysis: i.) women who were
treated for POP, had a close female family member who was similarly affected, and were
originally part of our linkage analysis (n=70, 32 families);23 ii.) women treated for POP who
were part of pedigrees of interest identified in the linkage analysis and recruited after the
linkage analysis (n=33, sampled from 11 of the linkage families); and iii.) subjects who were
the only POP case sampled from their family, although other members of their family had a
pelvic floor disorder (n=23). Exclusion criteria were genetic diseases with a known
increased risk of POP (such as Ehlers Danlos, Marfan and Steinert’s disease) or neurological
conditions (e.g., multiple sclerosis or stroke) that might affect tissue weakness or
incontinence. This study was approved by the University of Utah IRB, and informed consent
was obtained from all study participants.
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Controls
We selected controls from 3,293 iControls from Illumina iControlDB who had available
Illumina 550K array genotype data and who self-reported as Caucasian. These controls are
submitted as anonymous individuals from various different groups; information on presence
of pelvic floor disorders is not available on these subjects. Because phenotype status is
unknown, we would expect results using these controls to be conservative but not biased.
We checked for evidence of duplicate samples and closely related subjects (i.e., parent-
offspring relationships) using the pair-wise estimated proportion of alleles shared identity-
by-descent in the genetic association analysis software tool, PLINK;24 20 subjects who fit
this criterion were removed from the iControl list.

Validation Cohort
We identified a cohort of 76 independent Caucasian females from a Dutch genetic resource
with recurrent POP and who had a mother, a sister or a daughter who also had POP. Blood
samples were collected from consecutive Dutch women with POP who presented at the
Department of Obstetrics and Gynecology of the Radboud University Nijmegen Medical
Centre between January 2007 and August 2008. Only POP cases reporting a positive family
history of POP were included in the present study. Exclusion criteria were genetic diseases
with a known increased risk of POP (such as Ehlers Danlos, Marfan and Steinert’s disease).
Control data for the Dutch POP samples were not available, hence association results were
compared to Utah POP cases, Utah-matched iControls, and HapMap CEU independent
individuals who are Utah residents with Northern and Western European ancestry from the
Centre d’Etude du Polymorphisme Humain (CEPH) collection and selected as one of the
populations genotyped for the International HapMap project. The CEU cohort consists of a
set of 30 trios (mother-father-offspring); only the 60 independent parents were included in
this analysis. All individuals from the Dutch cohort gave informed consent and the study
was approved by the Medical Ethics Review Committee Arnhem/Nijmegen.

Genotyping and Quality Control
DNA was extracted from all Utah study subjects and genome-wide genotyping was
performed at deCODE Genetics (Iceland). Samples were genotyped on the Illumina
HumanHap550 (~550,000 SNPs) or 610Q platforms (~610,000 SNPs). The Illumina 610Q
contains the great majority of the HumanHap 550 set of SNP markers plus additional copy
number variants. We identified a set of SNP markers common to both the Illumina 610Q
platform and the HumanHap 550 platform as our genotype set. All samples had a minimum
call rate of 98%. We started with 126 strictly defined POP cases; 10 cases were removed
because they failed to reach the minimum call rate.

For quality control purposes, SNPs were required to have a call rate of 95%, minor allele
frequency of 0.01, and a p-value for Hardy-Weinberg equilibrium < 0.001. Call rate for a
SNP refers to the percent of subjects for which genotypes can be assigned. The final number
of SNP markers analyzed that met all of the quality control thresholds was 499,948.

Confirmation of significant SNPs in a second cohort
SNPs that met the significance criterion in the genome-wide association analyses were then
studied in the confirmation set of recurrent familial POP cases from Holland. SNP
genotyping was performed using the fluorogenic 5′ nuclease TaqMan Assay (Applied
Biosystems) and PCR amplification was performed according to Applied Biosystems
protocol. The 7900HT Sequence Detection System (Applied Biosystems) was used to
measure each fluorescent dye-labeled probe specific for each allele studied, and results were
analyzed with the Sequence Detection Software (Applied Biosystems). One of the SNPs
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(rs8027714) was custom ordered from Applied Biosystems because it was not available in
their resource of pre-designed TaqMan assays; quality control measures for custom SNPs
are not as rigorous as the Applied Biosystem’s pre-designed assays.

Population Stratification
Spurious association results can be attained because of population stratification or
systematic differences in ancestry between cases and controls if not taken into account.
Details of our method to control for population stratification are supplied in the Appendix.
To control for population stratification we removed 1 POP case and 297 iControls. Our
genomic inflation factor (λGC), or a measure of population stratification, was 1.05, as
calculated using the software package EMMAX(Efficient Mixed Model Association
eXpedited).25 Levels of population stratification are generally considered acceptable for λGC
≤ 1.05.26 Hence, our working sample size was 115 cases and 2,976 controls.

Statistical Analysis
Standard association methods typically assume independence of cases and of controls. Our
inclusion of related subjects necessitates the use of methodology that adjusts for relatedness.
Two different analytical methods were used. The software program EMMAX uses linear
mixed model regression and a variance component matrix approach to account for the
relatedness, even cryptic relatedness, between pairs of subjects.25 For the second method,
we performed an initial naïve genome-wide screen ignoring family relationships using the
program PLINK.24 SNPs meeting an initial p-value < 5×10−7 in PLINK were then re-
analyzed using Genie, a Monte-Carlo simulation platform that performs association analyses
and accounts for complete pedigree structure by computing an empirical p-value.27 These
two methods both perform association tests among related individuals, but the method used
is not the same. EMMAX accounts for relatedness through analysis of pairs of individuals,
whereas Genie accounts for relatedness by genotype simulation through the known pedigree
structure, which can take considerable computing time. Only markers meeting an initial
naïve threshold were analyzed using Genie. As standard methodology for analyzing related
data does not exist, we have opted to report results using these two different methodologies.
Any SNP meeting a genome-wide significance threshold of 1×10−7 for either method was
considered significant after accounting for multiple testing by Bonferroni correction (i.e.,
0.05/499,948 tests). To search for systematic bias (e.g., unrecognized population
stratification), we plotted a quantile-quantile plot. Genome-wide significance results were
graphed using a Manhattan plot. The following R codes were used to generate the plots.28, 29

For the validation arm of the study using the Dutch POP cases, we considered a threshold of
p<0.05 for significance and p<0.1 to be a trend towards significance.

Results
Characteristics of the Utah POP subjects are presented in Table 1. We analyzed 115 Utah
POP cases and 2,976 iControls. Most cases had been treated for POP with surgery (98.2%);
however, many also had been treated for stress urinary incontinence (62.6%) or overactive
bladder (32.2%). Approximately 30% of the Utah cases had recurrent POP and required
repeat surgery.

The quantile-quantile plot in Figure 1 showed little evidence of inflation of the test statistic
after correction for relatedness using EMMAX. Results of the genome-wide association
analyses using EMMAX are shown in Figure 2. Five SNPs met genome-wide significance at
p-value < 1×10−7 (see list of SNPs in Table 2) using EMMAX. For the second genome-wide
association analysis, we identified 133 unique markers from the naïve association analysis
performed using PLINK with a p-value < 5×10−7. After analysis using Genie to account for
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relatedness, four markers remained significant at a p-value < 1×10−7. Three of the markers
from the Genie analysis were also found to be significant using EMMAX (rs1455311,
rs1036819, and rs8027714). Genie identified one SNP that was not found to be significant
using EMMAX (rs430794). These six SNPs were considered of interest for validation.
Results for these six SNPs are shown in Table 2 and Figure 3.

Validation results of the six associated SNPs in the Dutch POP case set are shown in Table
3. For results to be of interest we would expect similar results between the Utah POP cases
and the Dutch POP cases (i.e., no significant association difference), and we would expect
significant differences between the Dutch POP cases and the control populations (i.e., the
Utah matched iControl individuals and the HapMap CEU subjects). We observed that five
of the six SNPs showed nominally significant findings (p<0.05) or trending towards
significance (p<0.1) for one of the three comparison groups. For example, Dutch POP cases
were significantly different from Utah matched iControls for SNP rs2236479 at 21q22.3
(p=0.029). One SNP was not significantly different than the Utah POP cases, rs430794
(p=0.892), which is in the direction expected for validation using the Utah POP cases as the
comparison group. We note, however, that all of these results were observed for only one
comparison group; there were no results that were consistent across all three comparison
groups.

Discussion
We have identified six SNPs that are significantly associated with POP in a dataset of 115
women with a strong family history of pelvic floor disorders and diagnosed with strictly
defined POP.

Genome-wide association studies test the hypothesis that common variants in the population
(i.e., variants with typically 1– 5% frequency) increase the susceptibility to a common
disease such as POP. An association study using large pedigrees that segregate a small set of
variants increases the likelihood that some of these more rare variants become detectable.
While our case sample size in this study is small compared to the thousands of individuals
typically used in a GWAS, the use of women from high-risk POP families increases the
likelihood that these cases have a genetic component to their disease, and hence increases
the likelihood that rare disease-contributing variants could be detected in an association
analysis.

We previously performed a linkage analysis using some of the same affected individuals
who were included in this GWAS, and reported significant linkage of POP to chromosome
region 9q21.23 One of 6 SNPs identified in the association analysis at 9q22 (rs430794) is
just outside this previous significant linkage region. Linkage analysis is most ideal for
detecting highly-penetrant rare loci in high-risk families whereas association analysis is
most useful for detecting common loci in a case-control cohort. We assume that a complex
disease such as POP involves multiple loci, some common and some rare. Linkage analysis
and an association analysis have different strengths and can provide complementary
information for study of a complex disease such POP.

Two of the six SNPs were located within genes; rs1036819 is located in the ZFAT gene
[MIM: 610931] and rs2236479 is located in the COL18A1 gene [MIM: 120328]. The ZFAT
gene has been found to play a transcriptional regulator role for immune regulation and
apoptosis.30 ZFAT might be involved in development of mesodermal cells,31 and hence may
affect development of muscle and connective tissue of the pelvic floor. The collagen XVIII
(COL18A1) gene is another interesting candidate gene for POP. Endostatin, the C-terminal
fragment of collagen XVIII, and its precursor collagen XVIII may play a role in the
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structural organization of basement membranes.32, 33 In mouse models of wound healing,
mice overexpressing endostatin showed delayed healing, delayed formation of the epidermal
basement membrane, and a more disorganized epidermal and capillary basement membrane
structure.34 In the pelvic floor, endostatin and collagen XVIII may play a role in basement
membrane organization and response to both minor and major insults.

The other four SNPs identified are intergenic, but one of them is also close to a gene of
interest for POP. The SNP rs1455311 at 4q21 is approximately 0.85 Mb away from the
anthrax toxin receptor 2 (ANTXR2) gene [MIM: 608041] which binds to collagen IV and
laminin, suggesting that it may be involved in extracellular matrix adhesion.35

Although we were unable to conclusively validate the Utah findings, we obtained some
nominally significant results in the validation set from Holland. There are a number of
factors that might explain the lack of strong validation findings including lack of available
control data matched to the Dutch POP cases, a small sample size for the Dutch cohort, and
phenotype differences between the Utah and the Dutch POP cases (e.g., Utah cases were
more likely to have a mixed pelvic floor disorder phenotype). Another explanation for the
lack of strong validation findings is that some or all of the Utah results may be false
positives; the Utah sample size is small relative to most other GWAS. Despite these
limitations, we note that the Dutch Genetic Resource is a close match to the Utah subjects
used in this study: the majority of Utahns are of Northern European descent similar to the
Caucasian residents of Holland, and the Dutch resource included familial POP cases as did
the Utah cohort. There are very few investigators in the world who are collecting blood from
POP cases for genetic studies and even fewer who are collecting blood from families with an
excess of POP cases. Future replication studies will need to include more familial cases and
use appropriate controls.

While these results still require additional replication, it is likely that one day genetic
screening tests will be available to assess genetic risk for POP. Understanding more about
the genetic etiology of POP could improve prevention and treatment of this condition, such
as studying at-risk groups for preventative strategies (e.g., managing constipation or
changing delivery modes). Patients might benefit from changing management algorithms,
such as whether surgery is considered early or late in an individual woman’s clinical course.

In conclusion, this work provides evidence for a genetic contribution to POP. We have
identified six SNPs that are significantly associated with POP in women with a strong
family history of pelvic floor disorders. While we were unable to conclusively replicate our
results, we have identified at least three strong candidate genes for POP that warrant follow-
up. This association study furthers our understanding of the genetic underpinnings of POP.
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Appendix

Population Stratification
To account for population stratification and to select a set of genetically matched iControls
for our case population, we selected a random POP case with genotype data from each
pedigree to represent our case population. Using these independent subjects, we then
performed multi-dimensional scaling (MDS) in PLINK25 to produce two-dimensional
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coordinates for each individual. We calculated the mean of each of the two dimensions for
cases only and then computed a Euclidean distance from this case centroid measurement for
each individual (i.e., both cases and controls). The genomic inflation factor (λGC) indicates
the level of population stratification in the dataset. A value of λGC approximately equal to 1
indicates no stratification and values of λGC > 1 indicate population stratification or other
confounders. One POP case and 297 iControls were considered outliers based on their
distance from the case centroid measurement and removed from the analysis. Our initial
unadjusted-for-relatedness λGC was 1.15 using one POP case per pedigree and all iControls.
However, after removal of the outliers our λGC was reduced to 1.05, as calculated using the
software package EMMAX, which does account for relatedness of subjects.26 Levels of
population stratification are generally considered acceptable for λGC ≤ 1.05.27
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Figure 1.
The quantile–quantile plot for this analysis shows little evidence for inflation of the test
statistic because of hidden population substructure, cryptic relatedness, or differential
genotype calling between cases and controls. The genomic inflation factor (λGC) for this
study was 1.05. The plot was made using association results from Efficient Mixed Model
Association eXpedited software.
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Figure 2.
Genome-wide Manhattan association results for pelvic organ prolapse. P-values are
represented as −log (P-value). Results are taken from Efficient Mixed Model Association
eXpedited software. The line represents the genome-wide significance threshold of 1×10−7.
The green dots represent the six significant markers in the study.
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Figure 3.
Plots of the six chromosomal regions found to be of interest. Gene plots are based on
NCBI35/hg17. Estimated underlying recombination rates for a region are based on HapMap
CEU individuals and are shown in blue. Markers in high linkage disequilibrium with one of
the six single nucleotide polymorphisms (SNPs) of interest are determined using r-squared
values obtained from HapMap CEU and are coded by the color of the diamond shape. White
indicates no linkage disequilibrium (r2<0.2), yellow indicates weak linkage disequilibrium
(r2 between 0.2 and 0.5), orange indicates moderate linkage disequilibrium (r2 between 0.5
and 0.8), and red indicates strong linkage disequilibrium (r2 0.8 or greater).
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Table 1

Phenotype Characteristics of Familial Pelvic Organ Prolapse Study Participants

Characteristic Utah Cohort Dutch Cohort

Number of POP subjects 115 76

 Treated with pessary 2 (1.7%) Not available

 Treated with one surgery 78 (67.8%) 0

 Required repeat surgery 35 (30.4%) 76 (100%)

Mean ± SD age at diagnosis (range) 48.8 ± 14.2 yrs (range 21–75, n=85) 49.3 ± 12.4 yrs (range 24–86, n=67)

Mean ± SD parity 4.3 ± 2.4 (range 0–13, n=104) 2.4 ± 0.7 (range 1–4, n=76)

Mean BMI at time of phenotyping 26.6 ± 5.1 kg/m2 (range 16–47, n=105) 25.2 ± 3.5 kg/m2 (range 16.3–36.5, n=73)

Other pelvic floor disorders diagnosed in POP subjects

 Treated for stress urinary incontinence 72 (62.6%) Not available

 Treated for overactive bladder 37 (32.2%) Not available

 Presence of hernia 13 (11.3%) Not available

POP, pelvic organ prolapse; SD, standard deviation, BMI, body mass index.
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