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Abstract

Background: Heritability estimates (including twin and SNP-based heritability studies) for
fibroids have been inconsistent across prior studies ranging between 8.71 and 69%. These
inconsistencies are due to variations in study design and included populations. A major design
issue has been lack imaging confirmation to identify control, where asymptomatic women without
imaging confirmation may be misclassified as controls leading to an attenuation of heritability
estimates. To reconcile the differences in prior heritability estimates and the impact of
misclassification of controls on heritability we determined SNP-based heritability and
characterized the genetic architecture of pelvic image-confirmed fibroid cases and controls.

Methods: Analyses were performed among women of European American (EA) descent using
genome-wide single nucleotide polymorphism (SNP) data from BioVU, a clinical database
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composed of DNA linked to de-identified electronic health records. We estimated the genetic
variance explained by all SNPs using Genome-wide Complex Trait Analysis on imputed data.
Fibroid cases and controls were identify using a previously reported phenotyping algorithm, that
required pelvic imaging confirmation.

Results: In total, we used 1,067 image-confirmed fibroid cases and 1,042 image-confirmed
fibroid controls. The SNP-based heritability estimate for fibroid risk was # = 0.33+0.18, p-value
= 0.040. We investigated the relationship between heritability per chromosome and chromosome
length (r2 < 1%), with Chromosome 8 explaining the highest proportion of variance for fibroid
risk. There was no enrichment for intergenic or genic SNPs for the fibroid SNP-based heritability.
Excluding loci previously associated with fibroid risk from genome-wide association study
(GWAS) did not attenuate fibroid heritability suggesting that loci associating with fibroid risk are
yet to be discovered.

Conclusion(s): We observed that fibroid SNP-based heritability was higher than the previous
estimate using genome-wide SNP data that relied on self-reported outcomes, but within range of
prior twin-pair studies. Furthermore, these data support that imprecise phenotyping can significant
effect the ability to estimate heritability using genotype data.
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INTRODUCTION

Uterine leiomyoma (fibroids) are benign tumors of the uterus,[1] and up to 70% of women
will develop a fibroid by menopause[2]. Symptoms of fibroids include abnormal bleeding
during menstruation, increased urinary frequency, and pelvic pressure[3,4]. Likely because
of symptoms, fibroids are the leading cause of hysterectomy in the US[5]. Annual US costs
for fibroids is estimated to be between 5.9 to 34.4 billion dollars[6].

Heritability estimates for fibroids have been inconsistent across prior studies. One twin study
of European American (EA) women, limiting to women who underwent hysterectomies with
pelvic imaging used to determine fibroid status, estimated fibroid heritability to be 69%[7].
[7] Another twin study randomly selected samples of monozygotic and dizygotic twins from
the Finnish Twin Cohort study and evaluated ultrasound characteristics across twin pairs
with and without fibroids; this study estimated the heritability for fibroid number to be 26%
[8]. [8] Finally, a study using genome-wide single nucleotide polymorphism (SNP) data
estimated the SNP-based heritability of fibroids to be 8.71%[9]. Although, well powered
(N=57,151) this study had a low fibroid prevalence (2.77%) and relied on self-report fibroid
status[9].[9] It is possible that the inconsistencies across heritability estimates across these
studies is due to how fibroids were classified and how subjects were recruited. For example,
up to 51% of asymptomatic cases may be misclassified as controls if a study relied on self-
report alone, thus self-reported studies result in phenotypic heterogeneity[2,9].

There have been three large-scale genetic studies of fibroids that include two genome-wide
association studies (GWAS) of fibroids and one genome-wide linkage scan[10-12]. The
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GWAS by Cha et al. (2011) found three loci, 10024.33 (rs7913069; p = 8.65x10714),
22013.1 (rs12484776; p = 2.79x10712), and 11p15.5 (rs2280543; p = 3.82x10712) associated
with fibroid risk in a Japanese cohort[11]. These loci were replicated in an EA
population[13,14]. In another GWAS performed among African American (AA) women a
genome-wide significant association was observed between rs739187 in cytohesin 4
(CYTH4) in 22913.1 and fibroid risk[12]. Finally, a linkage study identified two significant
linkage peaks at 10p11 (logarithm of odds [LOD] = 4.15) and 3p21 (LOD = 3.73). They also
identified a SNP (CCDC57, rs4247357, p = 3.05x1078) associated with fibroids within the
linkage regions.

Current GWAS of fibroids have identified only a few variants that explain a small proportion
of fibroid risk, as expected based on the available sample sizes. Better characterization of
fibroid heritability, with well phenotyped populations, is needed to understand the genetic
architecture influencing risk for fibroids. Our objective was to reconcile differences reported
across heritability estimates from twin studies and those using GWAS data and to assess the
role of phenotyping on heritability estimates by estimating and characterizing the SNP-based
heritability of image-confirmed fibroids in EA women using GWAS data.

MATERIALS AND METHODS

Study Population

Detailed descriptions of the biorepository at Vanderbilt University Medical Center (BioVVU)
have been reported previously[15,16]. BioVU (2007-present) consists of DNA linked to de-
identified EHRs. The EHRs include clinical and demographic data for each patient at the
Vanderbilt University Medical Center[15]. Studies using the BioVVU are classified as non-
human subjects research by the Institutional Review Boards and the Office of Human
Research Protections[16].

Fibroid cases and controls were identified using a validated phenotyping algorithm with a
positive predictive value of 96% and a negative predictive value of 98% [17]. The algorithm
classified an individual as a case if the individual was listed as white, was at least 18 years
old, and had international classification of diseases, ninth revision, (ICD-9) or current
procedural terminology (CPT) codes for at least one pelvic imaging or surgery for treating
fibroids and for a fibroid diagnosis[17]. Controls were at least 18 years old, had at least two
ICD-9 or CPT codes for pelvic imaging, and had no history of myomectomy, hysterectomy,
or uterine artery embolization[17] and were group matched by ancestry to cases. We also
conducted a case-only analysis to evaluate the SNP-based heritability of fibroid size. To
determine fibroid size, we manually abstracted fibroid measurements from imaging and
surgical reports. Patient demographic information was recorded at the time of diagnosis.

Outcome measurements include fibroid presence (case vs control), largest fibroid dimension
of all measurements, and largest fibroid volume. Fibroid volume was calculated using the
equation of an ellipsoid: (Length x Width x Height x 0.523). For the outcome to have a
normal distribution, fibroid largest dimension and volume were logyg transformed.
Approximately a third of individuals with volume measurements had their third fibroid
dimension measurement imputed by taking the mean of the first two measurements. This
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study was evaluated and approved by the Vanderbilt University Medical Center Institutional
Review Board. In addition, all methods were carried out in accordance with relevant
regulations and guidelines.

Genotyping of BioVU EA individuals was performed on the Affymetrix Axiom Biobank
array (Affymetrix, Inc., Santa Clara, CA) using PicoGreen (Invitrogen, Inc., Grand Island,
NY) to purify and to quantify the DNA.

Quality Control (QC) of Genome-Wide Genotype Data

Genetic data had standard QC prior to imputation using PLINK 1.07 software[18]. Pre-
imputed QC included: removing subjects with low genotyping efficiency (<95%), removing
related individuals (both individuals from a pair with a probability of identify by descent
(IBD) > 0.95 and one from a pair with a probability of IBD from 0.2-0.95), removing
individuals with inconsistency between genetic and reported sex. Additionally, we removed
SNPs out of Hardy-Weinberg equilibrium (HWE) (p<1075), SNPs with a low genotyping
efficiency (<95%), SNPs with a minor allele frequency (MAF) < 0.01, and SNPs without a
chromosome location. Finally, SNPs were aligned to the + strand of the 1000 Genomes
(build 37, 2013).

We imputed non-genotyped SNPs using IMPUTEZ2.3.0 software[19] and subsequently
converted the imputed genetic to PLINK 1.07 format[18] after filtering SNPs with a info
score <0.95 and removing insertion/deletion polymorphisms. We then applied the Genome-
wide Complex Trait Analysis (GCTA)-specific QC that was performed by Hong Lee et al.
(2011)[20] which included: removing SNPs with a MAF < 0.05, removing related
individuals (one from a pair with a probability of IBD >0.05, and removing SNPs out of
HWE (=0.05). Post-QC SNP numbers included 4,500,362 for fibroid risk, 4,522,829 for
fibroid volume, and 4,518,340 for largest fibroid dimension (Supplemental Table 1). In
addition, post-QC numbers of individuals for each outcome are shown in Supplemental
Table 1.

Statistical Analyses

Covariate and demographic data were summarized by Stata/SE (College Station, Texas).
Principal components (PCs) were created using EIGENSTRATA4.2 software[21]. To reduce
admixture within BioVU, we removed all samples whose first PC (PC1) and second PC
(PC2) were more than four standard deviations from the mean of PC1 and PC2 of the
European (EUR) individuals (Supplemental Figures 1-2).

We estimated the genetic variance explained by all SNPs using GCTA software[22]. GCTA
creates a genetic relationship matrix (GRM) between pairs of individuals within a cohort
using all SNPs. GCTA uses a mixed linear model (MLM) that estimates the genetic variance
explained by all SNPs for a trait using the restricted maximum likelihood approach (REML)
[22].[22] The final model for fibroid risk included the GRM which was modeled as a
random effects term and the fixed effects terms age at diagnosis, BMI, and top five PCs. We
transformed the observed estimate of SNP-based heritability to the liability scale using a
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fibroids prevalence estimate of 70%. A prevalence estimate of 70% was used in models on
fibroid risk because the mean age of our cohort was 50.8 and previous cumulative incidence
estimates were ~70% for women near 51 years of age[2].[2] SNP-based heritability
estimates for a range of prevalences are shown in Supplemental Table 2. Secondary analyses
included estimating SNP-based heritability of fibroid size, namely volume and largest
dimension. Final models for fibroid volume and max dimension adjusted for age at
diagnosis, body max index (BMI), and five PCs without a prevalence adjustment. To show
that potential residual population stratification did not lead to spurious SNP-based
heritability estimates, we performed sensitivity analyses where SNP-based heritability
estimates were calculated adjusting for age at diagnosis, BMI, and varying numbers of PCs.

To characterize the genetic architecture of fibroids, we partitioned the genetic variance into
separate GRMs by chromosomes, by genic and intergenic regions. We annotated SNP
location into genic/intergenic regions using ANNOVAR software[23] We used a distance of
one kilobase (kb) from a transcript as the boundary threshold for genic and intergenic SNPs.
Additional subanalyses involved excluding genomic regions previously implicated in fibroid
risk based on GWAS. Exclusion criteria included selecting SNPs from final meta-analyses of
GWAS[11,12] with a p-value < 1.00x107% and subsequently removing all loci 0.5 mega
bases (Mb) of these selected SNPs, to account for linkage disequilibrium in the region.
Lastly, there is a common inversion that spans approximately 12 cM on chromosome 8
encompassing 8p23.1-8p22 with a frequency of approximately 21% in European
populations[24]. We determined the effect that this inversion has on fibroid risk by removing
it from chromosome-specific SNP-based heritability estimates and comparing the difference
in point estimates.

Demographic Data

There were 2,109 EA women (1,067 cases and 1,042 controls) included in these analyses
(Table 1). The mean age was 50.8+16 years, and most women were overweight or obese
(mean BMI: 28.6+7 km/m2). There were 373 cases with fibroid volume measurements
(median of largest volume: 9.6 cm?3) and 551 cases with fibroid dimension measurements
(median of largest dimension: 2.6 cm).

SNP-Based Heritability Estimation

The SNP-based heritability estimate for fibroid risk, or the proportion of phenotypic
variance that was explained by genetic variance, was /2 = 0.33+0.18, p-value 0.040 (Table
2), and this estimate was robust to a MAF threshold of 1%. The SNP-based heritability
estimates for fibroid largest dimension was /2 = 0.35+0.47, p-value 0.238, and for volume
was /2 = 0.14+0.66, p-value 0.417. These SNP-based heritability estimates for each outcome
were similar after adjusting for a range of PCs (risk #%: 0.29-0.38; largest dimension #°:
0.34-0.44; volume #°:0.12-0.35) (Supplemental Tables 3-5).

The correlation (r2) between chromosome length in base pairs and SNP-based heritability
per chromosome was 0.89% (p = 0.669) (Figure 1). Chromosome 8 explained the greatest
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proportion of variance for fibroid risk (8.76%), followed by chromosome 10 (5.57%), 11
(5.11%), and 7 (2.65%). The summation of the SNP-based heritability estimate of each
chromosome was 34%, which is not significantly different from the univariate estimate
suggesting that residual population stratification and cryptic relatedness are well
controlled[25]. In addition, there is an approximately 12 ¢cM common inversion present at a
frequency of 21% in EA populations on chromosome 8 spanning 8p23.1-8p22[24]. It is
possible that this inversion could affect the disproportionate contribution of SNP-based
heritability for chromosome 8. Because of this, we estimated fibroid SNP-based heritability
on chromosome 8 excluding 8p23.1-8p22, 8p, and 8q, respectively (Supplemental Figure 3).
We found that excluding 8p23.1-8p22 did not change the contribution of SNP-based
heritability from chromosome 8. We also found that most of the SNP-based heritability from
chromosome 8 was located in 8g. Even though fibroids are a sex-linked disease and have a
hormonal component especially with estrogen,[26] we did not observe enrichment of SNP-
based heritability on chromosome X which contributed about 1% to the overall estimate
(proportional to the number of X chromosome SNPs included in the analysis).

We also partitioned the genetic data into genic and intergenic regions resulting in 2,801,797
intergenic SNPs (62.3%) and 1,694,891 genic SNPs (37.7%) (Table 3). There was no
enrichment for intergenic or genic SNPs for the SNP-based heritability of fibroid risk
(Figure 2).

SNP-Based Heritability Explained by Known Fibroid GWAS Loci

The genomic regions that met the exclusion criteria were 10924.33-10¢25.1, 11p15.5, and
22013.1-22¢13.2 from the Cha et al. (2011) GWAS[11] and 3p26.1, 8p23.2, 8g21.11, and
22012.3-22913.1 from the Hellwege et al. (2017) GWAS[12]. Excluding genetic loci
previously associated with fibroid risk from all previous GWAS[11,12] did not attenuate the
estimated SNP-based heritability of fibroid risk (% from all studies = 0.34) (Supplemental
Table 6).

DISCUSSION

This was the first study to estimate and characterize the SNP-based heritability of fibroids
using a dataset of EA women with image-confirmed fibroid status. Estimated SNP-based
heritability of fibroid risk was 0.33+0.18. Chromosome 8 contributed the greatest proportion
of SNP-based heritability and we observed little correlation between chromosome length
and chromosomal SNP-based heritability. There was no enrichment of fibroid SNP-based
heritability for intergenic or genic regions. Finally, censoring genetic loci previously
implicated in fibroid risk did little to attenuate the estimated SNP-based heritability.

Our SNP-based heritability estimate for fibroid risk was within the range of estimates
previously reported in twin studies (26-69%)[7,8]. The first study by Snieder et al. (1998)
conducted in a sample of 98 MZ and 125 DZ twin pairs from the United Kingdom found the
heritability of fibroids to be 69%. At least one twin from each pair underwent a
hysterectomy[7]. The high heritability from this study could be because they used
hysterectomy as a criteria for selecting participants, which may results in overrepresentation
of severe fibroids and thus greater genetic liability. The second study conducted ultrasounds
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on randomly selected twin pairs (17 MZ and 16 DZ) from the Finnish Twin Cohort. They
estimated heritability of fibroid number at 26%, closer to our fibroid risk heritability
estimate[8].

Our SNP-based heritability estimate was higher than previous SNP-based heritability
estimates from genome-wide SNP data by Ge et al. (2017) [9]. This study had a sample size
of 57,151 composed of women from the UK Biobank aged 40 to 69 with self-reported
outcomes[9] and a fibroid prevalence of only 2.77%. When compared to the general
population this prevalence rate is low suggesting potential misclassification in phenotype
definition[9]. For example, a study by Baird et al. (2003) observed that the cumulative
incidence of fibroids to be approximately 70% for white women aged 49 years in a study
where women were systematically screened by ultrasounds [2]. The large discrepancy
between prevalence estimates between the two studies could signal potential
misclassification for fibroid controls resulting in a lower SNP-based heritability estimate in
their study.

While we estimated the SNP-based heritability for fibroid largest dimension and volume, our
same sizes were too small to get reliable estimates. Future studies with larger sample sizes
are needed to evaluate the SNP-based heritability of fibroid size. In addition, while our
phenotyping algorithm is improved with regard to outcome classification of cases and
controls [17], our sample size was on the minimum threshold for performing such SNP-
based heritability estimates.

We present the first estimate of fibroid SNP-based heritability using a dataset of EA women
with image-confirmed fibroid status using genotype data. We observed that fibroid SNP-
based heritability in our study was higher than a previous genetic estimate using GWAS data
which we believe is due to including only image-confirmed cases and controls in our
analysis. In addition, we observed that our fibroid SNP-based heritability estimate was not
significantly attenuated when censoring genetic loci previously associated with fibroid risk,
suggesting that many of the genetic loci that are associated with fibroid risk in EA women
are yet to be discovered. Larger future studies on fibroid risk are needed to understand the
genetic underpinnings of fibroid SNP-based heritability in EA women.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Estimated Heritability Explained by Each Chromosome
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Figure 1.
Estimated SNP-based heritability of each chromosome by chromosome length in Mb. /2 is

0.89%, and the p-value of the model is 0.669.
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Figure 2.
Proportions of SNP-based heritability estimates and percentage of SNPs pie charts for SNPs

that were partitioned into intergenic and genic SNPs.
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Table 1.

Demographics table of BioVU European American women

Demographic Characteristics N BioVU

Age (mean+SD)

2,109 50.8+16

BMI (kg/m?) (mean+SD) 2,109 28.6+7
Fibroid Risk 2,109
Control (%) 1,042 49
Case (%) 1,067 51
Fibroid Volume (cm®) median (IQR) 373 9.6 (2.3-39.0)

Largest Fibroid Dimension (cm) median 551 2.6 (1.6-4.4)

(IQR)

Page 12

BMI-body mass index; kg/mz-kilograms per meters squared; cm3-cubic centimeters; cm-centimeters; SD-standard deviation; IQR-interquartile

range.
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Table 2.

SNP-based heritability estimates for fibroid risk using European Americans within BiovVU

Outcome SNP-Based Heritability  P-value
Estimate + (Std. Err.)

Fibroid Risk 033+(0.18) 0.040%
Largest Fibroid Dimension  0.35 + (0.47) 0.238
Largest Fibroid Volume 0.14 + (0.66) 0.417

Model: Adjusted for age, BMI, and 5 PCs.
SNPs are limited to 25% MAF.

a: Prevalence estimates of fibroid risk is set at 70%.

a., .. .. -
Statistically significant
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Table 3.

SNP-based heritability estimates from partitioned SNPs into ntergenic and genic regions

Location = SNP-based Heritability Estimate  Number of SNPsa

+ (Sth. Err.)
Intergenic  0.21 +0.15 2.80
Genic 0.12+0.14 1.69

Model: Adjusted for age, BMI, and 5 PCs.
SNPs are limited to 25% MAF.
Prevalence estimates of fibroids are set at 70%.

a: In 1,000,000 SNPs
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