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Abstract

Inguinal hernias are some of the most frequently diagnosed conditions in clinical practice and inguinal hernia repair is the most
common procedure performed by general surgeons. Studies of inguinal hernias in non-European populations are lacking, though it is
expected that such studies could identify novel loci. Further, the cumulative lifetime incidence of inguinal hernia is nine times greater
in men than women, however, it is not clear why this difference exists. We conducted a genome-wide association meta-analysis of
inguinal hernia risk across 513 120 individuals (35 774 cases and 477 346 controls) of Hispanic/Latino, African, Asian and European
descent, with replication in 728 418 participants (33 491 cases and 694 927 controls) from the 23andMe, Inc dataset. We identified 63
genome-wide significant loci (P < 5 × 10−8), including 41 novel. Ancestry-specific analyses identified two loci (LYPLAL1-AS1/SLC30A10
and STXBP6-NOVA1) in African ancestry individuals. Sex-stratified analyses identified two loci (MYO1D and ZBTB7C) that are specific
to women, and four (EBF2, EMX2/RAB11FIP2, VCL and FAM9A/FAM9B) that are specific to men. Functional experiments demonstrated
that several of the associated regions (EFEMP1 and LYPLAL1-SLC30A10) function as enhancers and show differential activity between
risk and reference alleles. Our study highlights the importance of large-scale genomic studies in ancestrally diverse populations for
identifying ancestry-specific inguinal hernia susceptibility loci and provides novel biological insights into inguinal hernia etiology.

Introduction
Inguinal hernias are characterized by an opening in the
myofascial plane of the oblique and transversalis tis-
sues of the abdominal wall. Inguinal hernias account
for 75% of all abdominal wall hernias and can display
with a wide range of symptoms, including asymptomatic
bulge, severe pain or intestinal obstruction caused by
incarceration or strangulation (1,2). Men have a much
greater cumulative lifetime incidence of inguinal hernias
(20–27%) compared to women (3–6%) (3), and African
American men have a lower incidence of inguinal hernia
compared to non-Hispanic white men (3), however it is
not clear why these differences exist.

Patients with a known family history of an inguinal
hernia are more likely to develop an inguinal hernia
than patients with no known family history (4). Family
study and array-based heritability (array-h2) estimates

found a stronger contribution of genetic risk factors in
women (sibling standardized incidence ratio (SIR) = 2.38,
95% CI (2.30–2.47); array-h2 = 20.8–25.5%) compared to
men (SIR = 1.91, 95%CI (1.89–1.94); array-h2 = 13.2–18.3%)
(4,5), suggesting that sex-specific genetic effects may
underlie some of the difference in risk.

We have previously conducted the first genome-
wide association study (GWAS) of adult-onset inguinal
hernia, using the Kaiser Permanente Northern California
(KPNC) Genetic Epidemiology Research on Adult Health
and Aging (GERA) cohort, and identified four genetic
loci (EFEMP1, ADAMTS6, EBF2 and WT1) associated
at a genome-wide level of significance (P < 5 × 10–8)
with inguinal hernia risk in individuals of European
ancestry (5). A recent genetic study identified 24 loci
associated with inguinal hernia susceptibility at a
genome-wide level of significance by conducting a

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-9839-8667
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data


2280 | Human Molecular Genetics, 2022, Vol. 31, No. 13

transethnic meta-analysis using BioBank Japan and
UK Biobank data (6). However, none of these loci has
been independently replicated in an external cohort
and GWAS of inguinal hernia in Africa ancestry indi-
viduals and Hispanic/Latinos are lacking. Finally, to
our knowledge, no studies have yet conducted in-depth
functional studies of inguinal hernia-associated loci to
provide important biological insights of inguinal hernia
etiology.

To overcome these limitations and better understand
the genetics of inguinal hernia, we conducted the largest
multiethnic meta-analysis of GWAS of inguinal hernia
to date, with a total of 513 120 subjects, including,
35 774 inguinal hernia cases and 477 346 hernia-free
controls from two multiethnic cohorts: the GERA (7)
and the UK Biobank (UKB) (8,9). We tested the top
independently associated single nucleotide polymor-
phisms (SNPs) (P < 5.0 × 10−8) in 728 418 participants
(33 491 inguinal hernia cases and 694 927 controls)
from 23andMe research cohort. Cohort summary details
are presented in Supplementary Material, Data S1.
Conditional, ancestry-, and sex-specific analyses were
also conducted (Supplementary Material, Fig. S1), as well
as genetic correlation between inguinal hernia risk and
many disorders and complex traits (10) and Mendelian
randomization (MR) analysis to assess the nature of the
relationship between body mass index (BMI) and inguinal
hernia. Finally, we prioritize inguinal hernia-associated
genomic regions using in silico annotation tools (11–13),
and characterize the functionality of these regions using
RNA-sequencing (RNA-seq), chromatin immunoprecipi-
tation (ChIP)-seq experiments and differential enhancer
assays.

Results
Multiethnic meta-analysis of GERA and UKB
We first undertook a GWAS analysis of inguinal hernia
risk stratified by sex and ethnic group, followed by a
meta-analysis across all strata. In the meta-analysis,
we identified 63 loci associated with inguinal hernia
(P < 5 × 10−8), of which 41 were novel (Table 1 and Supple-
mentary Material, Figs S2 and S3). The effect estimates
of 62 lead SNPs were consistent across the two studies
(Table 1, Supplementary Material, Data S2, and Supple-
mentary Material, Fig. S4), with the lead SNP rs6478957
at HMCN2 being the one exception.

Replication in the 23andMe research cohort
For replication, we used the 23andMe research cohort,
where 45 out of 63 lead SNPs replicated at a Bon-
ferroni corrected significance threshold of 7.94 × 10−4

(P-value < 0.05/63) and additional 11 lead SNPs were
associated at a nominal level (P < 0.05) with a consistent
direction of effect (Table 1, Supplementary Material, Data
S2, and Supplementary Material, Fig. S5). Taken together,
56 of the 63 SNPs tested (89%) were validated in the

23andMe Research cohort, highlighting the reliability of
our results.

Replication of previous inguinal hernia GWAS
results
We also investigated in GERA the lead SNPs within 24
loci associated with inguinal hernia at a genome-wide
significance level from the most recent and exhaus-
tive GWAS of inguinal hernia conducted to date (6). Ten
of the 23 available SNPs replicated at Bonferroni sig-
nificance (P < 0.05/23 = 2.17 × 10−3) in our GERA multi-
ethnic meta-analysis (including LYPLAL1-AS1 rs2820465,
ADAMTS6 rs7702887 and LIMK1 rs75566398) (Supplemen-
tary Material, Data S3). Further, five additional SNPs
showed nominal evidence of association.

Conditional analyses
To identify independent signals within the 63 identified
genomic regions, we performed a multi-SNP-based
conditional & joint association analysis (COJO) (14),
which revealed 14 additional independent SNPs within 10
of the identified genomic regions, including at known loci
(TGFB2/LYPLAL1, EFEMP1, ERC2, LY86/RREB1, ELN, EBF2,
BNC2 and WT1-AS) and at newly identified loci (near
ADAMTS16, and DMRT2/SMARCA2) (Supplementary
Material, Data S4).

Ancestry-specific analyses
For ethnic groups represented in each cohort, we con-
ducted ancestry-specific meta-analyses of each group. In
the non-Hispanic white/European groups, we identified
two additional loci: CMPK1 (rs150464441, P = 3.89 × 10−8),
and PLEKHM3 (rs6435401, P = 3.86 × 10−8) (Supplemen-
tary Material, Fig. S6 and Supplementary Material, Data
S5). In the African American/African British groups, we
identified two genome-wide significant loci: LYPLAL1-
AS1/SLC30A10 (rs184568680, P = 6.49 × 10−9) and STXBP6-
NOVA1 (rs148423010, P = 4.60 × 10−8). Regional associa-
tion plots of the association signals are presented in
Supplementary Material, Figure S7. The meta-analysis
of East Asian groups did not result in the identifica-
tion of genome-wide significant findings. Similarly, while
conducting a GWAS of Hispanic/Latinos in the GERA
cohort did not result in the identification of genome-
wide significant findings, we found that two loci (i.e.
WT1-AS and MIR222/AK098783—identified in the mul-
tiethnic meta-analysis of GERA and UKB) were asso-
ciated with inguinal hernia at Bonferroni significance
(P < 0.05/63 = 7.94 × 10−4) (Supplementary Material, Data
S2).

Sex-specific analyses identified additional loci
Next, we conducted separate meta-analyses by sex.
We identified two additional loci that were signifi-
cantly associated with inguinal hernia susceptibility in
women but not in men (Fig. 1). These include MYO1D
(rs138335232, P = 5.36 × 10−9 in women, and P = 0.84
in men), and ZBTB7C (rs150461228, P = 2.11 × 10−8 in
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Figure 1. Chicago plot of the sex-stratified multiethnic GWAS meta-analyses of inguinal hernia. Results from the meta-analysis combining men from
GERA and UKB are presented on upper panel, whereas results from the meta-analysis combining women from GERA and UKB are presented on the
lower panel. The y-axis represents the -log10(P-value); all P-values derived from logistic regression model are two-sided. The red dotted line represents
the threshold of P = 5 × 10−8 which is the commonly accepted threshold of adjustments for multiple comparisons in GWAS. Locus names in black are
for those previously reported. Locus names in bold (MYO1D, ZBTB7C, near VCL and FAM9A/FAM9B) are for the additional novel loci specific to women
or men (compared to the multiethnic meta-analysis (GERA+UKB)). Although novel loci significantly associated (P < 5 × 10−8) with inguinal hernia in
women are highlighted in green, those significantly associated with inguinal hernia in men are highlighted in blue.

women, and P = 0.94 in men) (Fig. 2 and
Supplementary Material, Data S6). We also identified two
additional loci, near VCL and FAM9A/FAM9B, that were
significantly associated with inguinal hernia susceptibil-
ity in men (VCL rs3955312, P = 3.60 × 10−8; FAM9A/FAM9B
rs56355307, P = 2.69 × 10−9) but not in women (rs3955312,
P = 0.52; rs56355307, P = 0.20). We then tested the 63
inguinal hernia lead variants identified in the combined
multiethnic meta-analysis for significant differences in
effects between men and women (Fig. 3). We observed
that four loci, LYPLAL1-AS1/SLC30A10, COL8A1, EBF2
and EMX2/RAB11FIP2, were significantly differently
associated with inguinal hernia susceptibility in men
and women (Supplementary Material, Data S7 and
Supplementary Material, Fig. S8).

To further evaluate the shared genetic basis of inguinal
hernia between women and men, we compared the
GWAS results from the two sex-specific meta-analyses
for each ethnic group by performing a LD score regression
(LDSC). We observed a positive genetic correlation (rg)
between women and men for inguinal hernia among
European ancestry individuals (rg = 0.63, P = 4.70 × 10−18),
which is the largest group of individuals in the current
study. However, we were unable to assess the shared
genetic basis of inguinal hernia between women and
men in other ethnic groups (i.e. Hispanic/Latinos, East
Asians and African ancestry individuals), due to the

limited sample size (and the lack or limited of significant
signals) in these groups.

Gene and pathways prioritization and
tissue-enrichment analysis
Data-driven expression prioritized integration for com-
plex traits (DEPICT) (11) gene prioritization analysis
identified 12 genes after false-discovery rate (FDR)
correction, of which five (i.e. WNT2B, LMCD1, COL8A1,
ADAMTS16 and RBPMS) were within novel inguinal
hernia-associated loci (Supplementary Material, Data
S8). Prioritized genes at identified loci included genes
involved in crosslinking of collagens, elastin and elastic
fibers (COL8A1, ELN, LOX), transforming growth factor-
β (TGF-β) signaling pathway (SPSB1, WNT2B), protein–
protein interactions (LMCD1, EFEMP1, SPSB1, ADAMTS16).
DEPICT (11) tissue-enrichment analysis highlighted
17 significantly associated (FDR < 0.05) tissues or cell
type annotations; four annotations pertained to the
musculoskeletal system such as joint capsule, joints,
synovial membrane and cartilage (Supplementary
Material, Data S9). Additional annotations included
mesenchymal stem cells, chondrocytes, stromal cells,
fibroblasts and adipocytes/adipose tissue; or involved the
urogenital or digestive system, including, myometrium,
genitalia or pancreas. DEPICT (11) gene-set enrichment

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
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Figure 2. Locus Zoom plots of regions showing differential association with inguinal hernia across women and men. Multiethnic combined (GERA + UKB)
meta-analysis stratified by sex identified: two regions significant in women (P < 5 × 10−8) but not significant (P > 0.05) in men: (A) MYO1D, and (B) near
(or within) ZBTB7C (according to the ZBTB7C transcript); and two regions significant in men (P < 5 × 10−8) but not significant (P > 0.05) in women: (C)
near VCL, and (D) FAM9A/FAM9B

analysis detected nine pathways to prioritize after
FDR correction, including those involved in the mor-
phogenesis of epithelial tube and tissue, and cellular
response to nutrient (Supplementary Material, Data
S10). To provide tissue-enrichment visualization, we
used FUMA (12) integrative web-based platform that
accommodates expression quantitative trait loci (eQTL)

data for 53 tissues from the Genotype Tissue Expression
Project (GTEx) v7 (15). FUMA (12) tissue eQTL specificity
analysis highlighted the esophagus gastroesophageal
junction, esophagus muscularis and uterus, as the main
tissues for which expression were affected by inguinal
hernia-associated variants (Bonferroni significance
P < 9.43 × 10−4) (Supplementary Material, Fig. S9).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
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Figure 3. Correlation of effect sizes for inguinal hernia between women and men for the lead 63 SNPs identified in the combined (GERA + UKB) GWAS
multiethnic analysis. Here we report the locus names for the lead SNPs that have a significantly different OR between the women- and men-specific
analysis. The effect sizes were compared using a correlation test (R2 = 0.35, two-sided P-value = 1.17 × 10−7). Locus names in dark pink color are for the
loci specific to women and the ones in navy color are for the loci specific to men.

To prioritize which cell types are more relevant for
inguinal hernia, we also conducted a cell type-specific
analysis using chromatin data from multiple tissues (16)
and using stratified LD score regression (S-LDSC) with
the baseline-LD model v2.0 (17). We found that fetal
muscle and fetal stomach were the most relevant cell
types for inguinal hernia based on statistical significance
(P < 1.02 × 10−4 corresponding to 0.05/489 cell type-
specific chromatin annotation tested) (Supplementary
Material, Data S11). We then used S-LDSC with the
baseline-LD model to partition the heritability of inguinal
hernia in order to evaluate the contribution of the cell
type-specific chromatin annotations to this condition.
Notably, we conducted cell type-specific analyses
using ‘GastroIntestinal system’-, ‘SkeletalMuscle’- and
‘Connective/Bone’- specific chromatin annotations, as
those were the most relevant for inguinal hernia. We
found that inguinal hernia had significant enrichment
for several annotations (Supplementary Material, Data
S12–S14).

Genetic correlation between inguinal hernia
and other traits
To estimate the pairwise genetic correlations (rg) between
inguinal hernia and >700 diseases/traits from different
publicly available resources/consortia, we used the LD
Hub web interface (10), which performs automated
LD score regression. We detected significant genetic

correlations between inguinal hernia and 26 other
diseases/traits after Bonferroni correction. In particular,
we found a negative genetic correlation between inguinal
hernia and BMI (rg = −0.14, P = 1.99 × 10−8) and a positive
genetic correlation between inguinal hernia and mod-
erate physical activity (rg = 0.15, P = 5.55 × 10−5) (Supple-
mentary Material, Data S15 and Supplementary Material,
Fig. S10), both of which have previously been identified
as inguinal hernia risk factors in observations studies
(18–20). We found an additional 137 nominal genetic
correlations (P < 0.05) with inguinal hernia, including
for tobacco smoking status, and diverticular disease of
intestine.

MR analyses
To investigate whether BMI causally influences inguinal
hernia risk, we conducted a two-sample MR analysis
using established genetic variants from a GWAS of
BMI conducted in the UK Biobank European sample
(21), to proxy the BMI exposure (see Methods). Using
444 independent genetic variants previously reported
as genome-wide significant (P < 5.0 × 10−8) as genetic
instruments for BMI (Supplementary Material, Data S16),
we found evidence for a causal effect of BMI on the risk of
inguinal hernia, such as lower BMI was associated with
an increased risk of inguinal hernia (Inverse variance-
weighted (IVW) model: OR [95% CI] 0.78 [0.69–0.89],

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
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Figure 4. Phenome-wide association matrix of inguinal hernia top variants. PheWAS was carried out for the 48 lead SNPs in our loci of interest identified
in the combined (GERA + UKB) multiethnic analysis. SNPs were queried against 778 traits ascertained for UKB participants and reported in the Roslin
Gene Atlas (21), including other hernia types, diverticular disease of the intestine, anthropometric traits, hematologic laboratory values and skin related
traits. Among the 71 lead SNPs in our loci of interest (63 from the combined multiethnic analysis + 4 ethnic-specific + 4 sex-specific), 48 were available
in Gene Atlas database. We reported SNPs showing genome-wide significant association with at least one trait (in addition to inguinal hernia). As a note,
a few lead SNPs were located in intergenic regions, and for those, we reported the nearest gene as the locus name preceded with ‘near’.

P = 1.65 × 10−4) (Supplementary Material, Data S17–
Supplementary Material, Fig. S11). These 444-SNP genetic
instruments explained close to 3.5% of the phenotypic
variation in BMI in the GERA non-Hispanic white sample.

Pleiotropic analyses
We next performed a phenome-wide association study
(PheWAS), which can determine whether a genetic vari-
ant is associated with other phenotypes, by testing asso-
ciations between 48 lead SNPs (out of 71 lead SNPs in our
loci of interest: 63 from the combined multiethnic anal-
ysis + 4 ethnic-specific + 4 sex-specific) that were avail-
able in GeneATLAS, and 778 traits (21). We found that
16 of the top inguinal-associated variants were signifi-
cantly associated (P < 5.0 × 10−8) with additional traits
(Fig. 4). Although variant rs2820441, near LYPLAL1-AS1,
was associated with femoral, umbilical, and ventral her-
nias, variant rs4140413 at WT1-AS was associated with
diaphragmatic and hiatus hernias (Supplementary Mate-
rial, Data S18). Moreover, variants at EFEMP1 and HMGA2
were significantly associated with endocrine/metabolic
traits, such as basal metabolic rate, and anthropometric
traits such as whole body fat-free. Variants at THADA
and ERC2, and RBPMS, were significantly associated with
blood cells traits, such as platelet crit and mean corpus-
cular hemoglobin.

Variants prioritization and annotations
To prioritize genes for follow-up functional evaluation
based on causal variants, we used a Bayesian approach
(CAVIARBF) (13). For each of the associated signals,
we computed each variant’s capacity to explain the
identified signal within a 2 Mb window (±1.0 Mb with
respect to the original top variant) and derived the
smallest set of variants that included the causal variant
with 95% probability. Seven sets included a unique
variant (Supplementary Material, Data S19). These
included PNPT1 rs7584120, LMCD1 rs165177, ST13P4-
DLEU7 rs573666, MFAP4 rs139356332, BMP7 rs6123685,
SRPX rs35318931 and MIR222-ZNF673 rs56976399 with
>95.0% posterior probability of being the causal variants,
suggesting that those variants could be causal.

Functional characterization
As many of the hernia-associated genes have connective
tissue roles, we analyzed H3K27ac ChIP-seq, a marker
for active promoter and enhancer regions (22,23), in
mouse connective tissue generated by our lab (24) to
identify putative regulatory elements that overlap with
our hernia-associated SNPs (Supplementary Material,
Data S20). We mapped these elements to hernia risk
loci identified in the CAVIARBF analysis and selected
segments of DNA containing both associated genetic

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
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variants and H3K27ac ChIP-seq peaks from our con-
nective tissue H3K27ac ChIP-seq or from ENCODE (25)
H3K27ac from a variety of human cell lines for enhancer
assays.

We next selected 30 ChIP-seq peaks that had CAVIRABF
SNPs in them to test for enhancer activity using a
luciferase reporter assays. We cloned all 30 sequences in
front of a minimal promoter and luciferase reporter gene
and transfected them into human male fibroblast cells
(BJ cells), as fibroblasts are the most common cell type in
connective tissue, and this is an easy to transfect cell line.
We found 15 (50%) to be functional enhancers (Fig. 5A).
We then cloned the alternate allele for eight of these
functional enhancer regions, chosen by the strength
of their associations with inguinal hernia in the GWAS
analyses, and found that six of them, including at EFEMP1
and LYPLAL1-SLC30A10, show significant differential
enhancer activity between the reference and risk allele
(Fig. 5B).

Discussion
In summary, we reported a large multiethnic meta-
analysis GWAS for inguinal hernia that identified 41
novel loci as contributing to the pathophysiology of
this common disease. Importantly, we reported, for the
first time of our knowledge, two genetic loci (LYPLAL1-
SLC30A10 and STXBP6-NOVA1) associated at a genome-
wide level of significance with inguinal hernia risk
in African ancestry individuals. Additionally, eight
loci showed sex-specific effects on inguinal hernia
susceptibility. Finally, the functional characterization of
inguinal hernia-associated regions (i.e. at EFEMP1 and
LYPLAL1-SLC30A10) supports effects of genetic variants
on gene regulation.

Our study also reported, for the first time to our
knowledge, sex-specific loci associated with inguinal
hernia susceptibility. Although intronic variants at
MYO1D and ZBTB7C were associated with inguinal
hernia risk in women but not in men, intergenic
variants near VCL and at FAM9A/FAM9B were associated
with inguinal hernia in men but not in women. The
MYO1D gene on chromosome 17 encodes a member
of the class I myosin family which is produced in the
intestinal epithelium. In mice, MYO1D has been shown
to maintain epithelial integrity and protect against
intestinal homeostasis abnormalities such as colitis (26).
The ZBTB7C on chromosome 18 encodes the zinc finger
and BTB domain containing 7C protein and is broadly
expressed in the esophagus. Zbtb7c is involved in the
regulation of fatty acid biosynthesis, gluconeogenesis
and adipocyte differentiation (27,28). The VCL (vinculin)
gene on chromosome 10 encodes a cytoskeletal protein
associated with cell–cell and cell-matrix junctions and
is crucial for the regulation of force transduction in cells
(29). Thus, even though our findings provide important
insights into the biological mechanisms underlying
inguinal hernia susceptibility, future studies will help

to elucidate whether those genes are causal and how
they contribute to this condition.

In this study, we also found evidence for shared genetic
influences between BMI and inguinal hernia, as well as
potential causal effects of BMI on inguinal hernia risk.
Future investigations could benefit from genetic instru-
mental variable analyses for mechanism-specific BMI
risk. Indeed, numerous biological processes underlying
BMI variation have been reported (e.g. linked to adipose
cell impairment, including the adipogenesis and insulin
signaling pathways) and may have distinct consequences
on inguinal hernias development. Thus, BMI genetic sub-
scores related to each of the biological processes could
be used to elucidate aspects of BMI physiology that may
influence risk of inguinal hernias development.

In this study, we also found evidence for shared genetic
influences between physical activity and inguinal hernia.
In observational studies, the impact of occupation, heavy
lifting, exercise and physical activity is controversial (30–
33). Future studies would be needed to clarify further the
nature of the relationship between physical activity and
inguinal hernia risk.

Interestingly, our genetic correlation results also
indicate that inguinal hernia was significantly correlated
with diverticular disease of intestine. Some of the
inguinal hernia-associated loci reported here were
previously associated with diverticular disease (i.e.
LYPLAL1, EFEMP1, CWC27/ADAMTS6, ELN and CRISPLD2)
(34). ELN encodes elastin which confers elasticity to
tissues; altered ELN can lead to structural changes of
the colonic wall observed in diverticular disease (35).
In parallel, our PheWAS findings demonstrate that
inguinal hernia-associated variants at LYPLAL1-AS1 and
WT1-AS are also associated with other subtypes of
hernia (i.e. femoral, umbilical or ventral). Our PheWAS
findings are consistent with a recent study (36), which
reported a high-level of genetic correlation among
hernia subtypes. Future large and ethnically diverse
studies will determine whether the identified loci
contribute to different hernia subtypes (i.e. femoral,
umbilical, ventral, diaphragmatic or hiatus) and the
extent to which these loci display shared effects across
subtypes.

Our study should be interpreted within the context of
its limitations. First, although all of the inguinal hernia
cases in GERA and 99.6% of the UKB cases were based
on diagnosis or procedure codes (e.g. ICD-10 diagnosis
or CPT-4 procedure codes), inguinal hernia cases in
23andMe research cohort were based on self-reported
data. This may result in phenotype misclassification,
however, the associations identified in our meta-analysis
combining GERA and UKB were well validated in the
23andMe research cohort. Second, we recognize that the
analysis of large cohorts, such as GERA, for which pheno-
types are mainly derived from electronic health records
(EHR) could lead to substantial case–control imbalance
that could result in elevated Type 1 error rates (false
positives) (37,38). However, when we applied REGENIE
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Figure 5. Luciferase enhancer assays for hernia-associated sequences. (A) Relative luciferase activity after 72 h post transfection for 27 hernia-associated
sequences, normalized for transfection efficiency with Renilla. Fold changes were calculated compared to negative control (NC). Loci names are written
below. PC = positive control, ∗ = P-value < 0.05 and ∗∗ = P-value < 0.01 for a Student T-test. (B) Comparison of differential enhancer activity between the
reference allele (Ref) and hernia risk allele (Risk). Loci names are written below. Negative control (NC), PC = positive control, ∗ = P-value < 0.05 and ∗∗ = P-
value < 0.01 for a Student T-test comparing between both alleles.

and an approximate Firth regression approach, which
has been shown to efficiently control for case–control
imbalance (38), we found almost identical genetic asso-
ciations with inguinal hernia, compared to standards
approaches. Third, the difference in study participation
(i.e. relatively active participant engagement in UKB and
23andMe versus more passive participant involvement

in GERA) and sex-differential participation have the
potential to impact our genetic results due to study
participation bias (39) and could be considered as a study
limitation. Finally, while our functional experiments
demonstrate that several of the associated regions
function as enhancers and show differential activity
between alleles, further research is needed to fully



Human Molecular Genetics, 2022, Vol. 31, No. 13 | 2289

understand the causal variant at those loci and their
underlying mechanism.

Our findings provide a biological foundation for under-
standing the etiology of ancestry- and sex-differences
in inguinal hernia susceptibility, and, more generally,
identify potential targets for the development of non-
surgical treatment of inguinal hernias.

Materials and Methods
Populations and participants
GERA cohort

The GERA cohort contains genome-wide genotype,
clinical and demographic data of over 110 000 adult
members from mainly four ethnic groups (non-Hispanic
white, Hispanic/Latino, East Asian and African American)
of the KPNC Medical Care Plan (7,40). The Institutional
Review Board of the Kaiser Foundation Research Institute
has approved all study procedures. Patients eligible
for inclusion were identified from clinical diagnoses
captured in the KPNC EHR system. These clinical
diagnoses and procedures were recorded in the EHR
system as International Classification of Diseases, Ninth
or Tenth Revision (ICD-9 or ICD-10) codes, or as Current
Procedural Terminology, 4th Edition (CPT-4) procedure
codes. We defined inguinal hernia cases as having
any evidence of inguinal hernia, based on diagnosis
codes (ICD-9: 550.X; ICD-10: K40.X), procedure codes
(ICD-9: 53.0X, 53.1X, 17.1X, 17.2X; CPT-4: 49491, 49492,
49495, 49496, 49500, 49501, 49505, 49507, 49520, 49521,
49525, 49650, 49651, 49659), and post-operative diagnosis.
After excluding subjects who have any evidence of
any type of hernia, our control group included all the
non-cases. In total, 9861 inguinal hernia cases and
74 249 controls from GERA were included in this study.
Protocols for participant genotyping, data collection
and quality control have been described in detail (40).
Briefly GERA participants’ DNA samples were extracted
from Oragene kits (DNA Genotek Inc., Ottawa, Ontario,
Canada) at KPNC and genotyped at the Genomics
Core Facility of UCSF. DNA samples were genotyped at
over 665 000 genetic markers on four ethnic-specific
Affymetrix Axiom arrays (Affymetrix, Santa Clara,
CA, USA) optimized for European, Latino, East Asian
and African American individuals (41,42). Genotype
quality control (QC) procedures and imputation were
conducted on an array-wise basis (40). For imputation,
we additionally removed variants with call rates <90%,
by array. Genotypes were then pre-phased with Eagle
(43) v2.3.2, and then imputed with Minimac3 (44) v2.0.1,
using two reference panels. Variants were preferred if
present in the EGA release of the Haplotype Reference
Consortium (HRC; n = 27 165) reference panel (45), and
from the 1000 Genomes Project Phase III release if not
(n = 2504; i.e. indels) (46).

UK Biobank

The UKB is a large prospective study following the
health of ∼500 000 participants from five ethnic groups

(European, East Asian, South Asian, African British and
mixed ancestries) resident in the UK aged between
40- and 69 years old at the baseline recruitment visit
(9,47). Demographic information and medical history
were ascertained through touch-screen questionnaires.
Participants also underwent a wide range of physical
and cognitive assessments, including blood sampling.
The inguinal hernia phenotype was assessed through
diagnosis codes (ICD-10: K40.X), procedure codes (code
1563 in operation data field 20004, and codes T19, T20,
T21 in procedure data field 41200) or self-report data
(code 1513 in self-reported data field 20002), and cases
were defined as having any evidence of inguinal hernia.
The control group included the non-cases and excluded
individuals with any evidence of any type of hernia.
Phenotyping, genotyping and imputation were carried
out by members of the UK Biobank team. Imputation to
the Haplotype Reference Consortium reference panel has
been described (www.ukbiobank.ac.uk). Following QC,
over 10 million variants in 429 010 individuals were tested
for adjusting for age, and genetic ancestry principal
components. The analyses presented in this paper were
carried out under UK Biobank Resource project #14105.

23andMe research cohort

Replication analysis of 63 loci identified in the combined
(GERA+UKB) meta-analysis was conducted using self-
reported data from a GWAS including 33 491 inguinal her-
nia cases and 694 927 controls of five ethnic groups (i.e.
European, Latino, East Asian, South Asian and African
American), from 23andMe, Inc., customer database. All
individuals included in the analyses provided informed
consent and answered surveys online according to
the 23andMe human subject protocol, which was
reviewed and approved by Ethical & Independent Review
Services, a private institutional review board (http://
www.eandireview.com). Participants provided informed
consent and participated in the research online, under
a protocol approved by the external AAHRPP-accredited
IRB, Ethical & Independent Review Services (E&I Review).
Participants were included in the analysis on the basis
of consent status as checked at the time data analyses
were initiated. Cases were defined as those who reported
having inguinal hernia; controls were defined as those
who reported not having no hernia. Those with other
hernia types are excluded from the control definition.

Statistical analyses
GWAS and adjustment in GERA. We first analyzed men and
women separately for each ethnic group (non-Hispanic
white, Hispanic/Latino, East Asian and African Amer-
ican). We ran a logistic regression of inguinal hernia
and each SNP using PLINK (48) v1.9 (www.cog-genomics.
org/plink/1.9/) adjusting for age, and ancestry principal
components (PCs), which were previously (7) assessed
within each ethnic group using Eigenstrat (49) v4.2. We
included as covariates the top 10 ancestry PCs for the
non-Hispanic whites, whereas we included the top six

www.ukbiobank.ac.uk
http://www.eandireview.com
http://www.eandireview.com
www.cog-genomics.org/plink/1.9/
www.cog-genomics.org/plink/1.9/
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ancestry PCs for the three other ethnic groups. To adjust
for genetic ancestry, we also included the percentage of
Ashkenazi (ASHK) ancestry as a covariate for the non-
Hispanic white sample analyses (7). As a sensitivity anal-
ysis, we have also conducted a GWAS of inguinal hernia
adjusted for BMI and this analysis produced relatively
similar results compared to the analysis without adjust-
ing for BMI (Supplementary Material, Data S21–Supple-
mentary Material, Fig. S12). The GWAS analyses were
also conducted using a recent approach accounting for
relatedness that fits a whole-genome regression model,
implemented in REGENIEv2.0.2 (38) (https://rgcgithub.
github.io/regenie/). The GWAS results generated using
REGENIE were similar compared to the results generated
using PLINK (Supplementary Material, Data S22–Supple-
mentary Material, Fig. S13).

GWAS meta-analyses. First, a meta-analysis of inguinal
hernia was conducted in GERA to combine the results of
men and women and the results of the four ethnic groups
using the R (50) (https://www.R-project.org) package
‘meta’. Similarly, a meta-analysis was conducted in UKB
to combine the results of men and women and the results
of the five ethnic groups. Three ethnic-specific meta-
analyses were also performed: (1) combining European-
specific samples (i.e. GERA non-Hispanic whites and
UKB Europeans); (2) combining Asian-specific samples
(i.e. GERA and UKB East Asians); and (3) combining
African-specific samples (i.e. GERA African Americans
and UKB Africans). Two sex-specific meta-analyses were
also performed: (1) combining women from GERA and
UKB; and (2) combining men from GERA and UKB.
A last meta-analysis was conducted to combine the
results from GERA and UKB. Fixed effects summary
estimates were calculated for an additive model. We
also estimated heterogeneity index, I2 (0–100%) and
P-value for Cochrane’s Q statistic among different
groups, and studies. For each locus, we defined the
top SNP as the most significant variant within a 2 Mb
window. Novel loci were defined as those that were
located over 1 Mb apart from any previously reported
locus (5).

COJO analysis. A multi-SNP-based COJO analysis (14)
was performed on the combined European-specific
(GERA non-Hispanic whites + UKB Europeans) meta-
analysis results to potentially identify independent
signals within the 63 identified genomic regions. To
calculate linkage disequilibrium (LD) patterns, we used
10 000 randomly selected samples from GERA non-
Hispanic white ethnic group as a reference panel. A
P-value < 5.0 × 10−8 was considered as the significance
threshold for this COJO analysis.

Post-GWAS analyses
DEPICT prioritization

To prioritize genes and highlight gene-set and tissue/-
cell enrichments within the 63 inguinal hernia genomic
regions identified in the multiethnic combined (GERA +

UKB) meta-analysis, we used DEPICT (11). This integra-
tive tool considers multiple lines of complementary evi-
dence to systematically prioritize the most likely causal
genes at associated loci, highlight enriched pathways,
and identify tissues/cell types in which genes from asso-
ciated loci are highly expressed. Genes, gene-sets, tissue/-
cell annotations that achieved a nominal significance
level of 0.05 after FDR correction were subsequently
prioritized.

FUMA tissue eQTL specificity

To highlight and visualize tissue eQTL enrichments
within the 63 inguinal hernia-associated genomic regions
identified in the combined multiethnic (GERA + UKB)
meta-analysis, we used FUMA (12) integrative tool.
FUMA is an integrative web-based platform (https://
fuma.ctglab.nl/) that accommodates eQTL, and provides
tissue-enrichment results for each of 53 tissue types
based on the genotype-tissue expression (GTEx) v6 RNA-
seq data (15).

Genetic correlations

To estimate the genetic correlation of EF phenotype with
>700 diseases/traits, including hernia phenotypes, from
different publicly available resources/consortia, we used
the LD Hub web interface (http://ldsc.broadinstitute.org/)
(10), which performs automated LD score regression. In
the LD Score regressions, we included only HapMap3
SNPs (51) with MAF > 0.01. Genetic correlations were con-
sidered significant after Bonferroni adjustment for mul-
tiple testing (P < 6.5 × 10−5 which corresponds to 0.05/770
phenotypes tested).

Genetic instruments for BMI

Genetic variants as instrumental variables for BMI
(exposure) were extracted from one GWAS conducted
in 499 421 UK Biobank participants of European ancestry
from GeneATLAS (http://geneatlas.roslin.ed.ac.uk/) (21).
In the current study, we used the following set of genetic
instruments: lead SNPs previously reported as genome-
wide significant (P < 5.0 × 10−8). Genetic instruments
were then clumped using a window of 10 Mb and
maximal LD of r2 = 0.001 between instruments to ensure
that genetic variants were independent. After clumping,
a total of 444 genetic instruments for BMI (P < 5.0 × 10−8)
were used for the MR analyses (Supplementary Material,
Data S16). The proportion of phenotypic variance in BMI
explained by those variants was calculated in the GERA
non-Hispanic white sample to assess the strength of
genetic instruments.

Two-sample MR analyses

All two-sample MR analyses were conducted in the R
computing environment V.4.0.1. using the ‘TwoSampleMR’
package. This package makes causal inference about
an exposure on an outcome using GWAS summary
statistics, generates LD pruning of exposure SNPs and
harmonizes exposure and outcome data sets (e.g.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://rgcgithub.github.io/regenie/
https://rgcgithub.github.io/regenie/
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data
https://www.R-project.org
https://fuma.ctglab.nl/
https://fuma.ctglab.nl/
http://geneatlas.roslin.ed.ac.uk/
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac003#supplementary-data


Human Molecular Genetics, 2022, Vol. 31, No. 13 | 2291

direction of association effects). We used the IVW
method as our primary source of MR estimates. This IVW
method essentially translates to a weighted regression of
SNP outcome effects on SNP-exposure effects where the
intercept is constrained to zero.

PheWAS analyses

PheWAS was carried out for the 71 lead SNPs in our
loci of interest (63 from the combined multiethnic anal-
ysis + 4 ethnic-specific + 4 sex-specific). SNPs were
queried against 778 traits ascertained for UKB partici-
pants and reported in the Roslin Gene Atlas (21), includ-
ing anthropometric traits, hematologic laboratory values,
ICD-10 clinical diagnoses and self-reported conditions.
Among the 71 lead SNPs, 48 were available in Gene
Atlas database. We reported SNPs showing genome-wide
significant association with at least one trait (in addition
to inguinal hernia).

Variants prioritization

To prioritize variants within the identified genomic
regions for follow-up functional evaluation, a Bayesian
approach (CAVIARBF) (13) was used, which is available
publicly at https://bitbucket.org/Wenan/caviarbf. Each
variant’s capacity to explain the identified signal within
a 2 Mb window (±1.0 Mb with respect to the original
top variant) was computed for each identified genomic
region. Then, the smallest set of variants that included
the causal variant with 95% probability (95% credible set)
was derived. Out of the 2198 total variants, 48 variants
had >20% probability of being causal (including 34 lead
SNPs), prioritizing 23 genes.

Functional experiments
Luciferase assays

All sequences were PCR amplified (for primers see
Supplementary Material, Data S14) and cloned into
the pGL4.23 enhancer assay plasmid (Promega) using
the NEBuilder HIFI DNA Assembly Master Mix (New
England Biolabs). Inserts were Sanger sequence verified
for having the proper sequence and allele and were
purified using the QIAprep Spin Miniprep Kit (Qiagen).
BJ (ATCC, CRL-2522) cells were cultured using Eagle’s
Minimum Essential Medium (ATCC) supplemented with
10% Fetal Bovine Serum and 1% Penstrep. Cells were
subcultured ∼every 3 days. Cells were plated on 24
well plates at 3.0 × 104/ml. One thousand three hundred
and fifty nanograms of plasmid was transfected into
cells along with 150 ng Renilla luciferase vecto to
correct for transfection efficiency, at a 10:1 ratio for
each triplicate (pGL4.73; Promega) using X-tremeGENE
HP DNA Transfection Reagent (Roche) according to the
manufacturer’s protocol. Three independent replicate
cultures were carried out for each plasmid and two
independent biological replicates. After 72 h, the cells
were washed with PBS and lysed in buffer PLB (Promega).
Firefly and Renilla luciferase activities were measured on

a Glomax microplate reader (Promega) using the Dual-
Luciferase Reporter Assay System (Promega). Enhancer
activity was calculated as the fold change of each
plasmid’s firefly luciferase activity normalized to Renilla
luciferase activity.

Supplementary Material
Supplementary Material is available at HMG online
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