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Genome-wide analysis of 944 133 individuals
provides insights into the etiology of

haemorrhoidal disease
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ABSTRACT

Objective Haemorrhoidal disease (HEM) affects a large
and silently suffering fraction of the population but its
aetiology, including suspected genetic predisposition,

is poorly understood. We report the first genome-wide
association study (GWAS) meta-analysis to identify
genetic risk factors for HEM to date.

Design We conducted a GWAS meta-analysis of 218
920 patients with HEM and 725 213 controls of European
ancestry. Using GWAS summary statistics, we performed
multiple genetic correlation analyses between HEM and
other traits as well as calculated HEM polygenic risk
scores (PRS) and evaluated their translational potential

in independent datasets. Using functional annotation

of GWAS results, we identified HEM candidate genes,
which differential expression and coexpression in HEM
tissues were evaluated employing RNA-seq analyses. The
localisation of expressed proteins at selected loci was
investigated by immunohistochemistry.
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3,33

Results We demonstrate modest heritability and genetic
correlation of HEM with several other diseases from the

Gl, neuroaffective and cardiovascular domains. HEM PRS
validated in 180435 individuals from independent datasets
allowed the identification of those at risk and correlated with
younger age of onset and recurrent surgery. We identified
102 independent HEM risk loci harbouring genes whose
expression is enriched in blood vessels and Gl tissues, and

in pathways associated with smooth muscles, epithelial

and endothelial development and morphogenesis. Network
transcriptomic analyses highlighted HEM gene coexpression
modules that are relevant to the development and integrity
of the musculoskeletal and epidermal systems, and the
organisation of the extracellular matrix.

Conclusion HEM has a genetic component that
predisposes to smooth muscle, epithelial and connective
tissue dysfunction.
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Significance of this study

What is already known about this subject?

» Human haemorrhoidal disease (HEM) is a prevalent anorectal
pathology characterised by the symptomatic enlargement
and distal displacement of anal cushions.

» As a consequence of scarce research and of being a taboo
topic in society, only a few HEM non-genetic risk factors
have been suggested, thus the aetiology of the disease still
remains unclear.

> Genetic susceptibility to HEM has been suspected but was
never systematically investigated.

What are the new findings?

» Here, we report the first well-powered genome-wide
association study (GWAS) meta-analysis with a sample size
of 944133 individuals to identify genetic risk factors for HEM.

» We describe 102 novel independent HEM risk loci that are
functionally linked to pathways associated with smooth
muscles, epithelial and endothelial development and
morphogenesis.

» We show genetic correlations of HEM with several other
diseases that are classified as Gl, neuroaffective and
cardiovascular disorders.

» We report significance of computed HEM polygenic risk
scores, which were validated in independent population-
based cohorts.

» We show significant enrichment of HEM genes in tissue
coexpression modules responsible for the development of
musculoskeletal and epidermal systems, and the organisation
of the extracellular matrix.

» Based on our data, we outline HEM as a disorder of impaired
neuromuscular motility, smooth muscle contraction and
extracellular matrix organisation.

How might it impact on clinical practice in the foreseeable

future?

» The results from this GWAS provide new insights on HEM
genetic predisposition to smooth muscle, epithelial and
connective tissue dysfunction.

» HEM polygenic risk scores identify individuals at risk and
correlate with a more severe phenotype.

INTRODUCTION

Haemorrhoids are normal anal vascular cushions filled with
blood at the junction of the rectum and the anus. It is assumed
that their main role in humans is to maintain continence' but
other functions such as sensing fullness, pressure and perceiving
anal contents have been suggested given the sensory innerva-
tion.> Haemorrhoidal disease (hereafter referred to as HEM)
occurs when haemorrhoids enlarge and become symptomatic
(sometimes associated with rectal bleeding and itching/soiling)
due to the deterioration or prolapse of the anchoring connec-
tive tissue, the dilation of the haemorrhoidal plexus or the
formation of blood clots. Severe forms of HEM often require
surgical treatment and the removal of abnormally enlarged and/
or thrombosed haemorrhoids.! HEM prevalence increases with
age and shows staggering figures worldwide (up to 86% prev-
alence in some reports),” whereby a large proportion of cases
remain undetected as asymptomatic or mild enough to be self-
treated with over-the-counter treatment. HEM represents a
considerable medical and socioeconomic burden with an esti-
mated annual cost of US$800 million in the USA alone, mainly

related to the large number of haemorrhoidectomies performed
every year.”

A number of HEM risk factors have been suggested, including
human erect position. The tight anal sealing provided by the
elaborated haemorrhoidal plexus may have developed during
human evolution co-occurring with permanent bipedalism, as
shown by our histology comparison of four different mammals
(human, gorilla, baboon, mouse; online supplemental figure 1,
online supplemental material 1). Other suggested risk factors
are a sedentary lifestyle, obesity, reduced dietary fibre intake,
spending excess time on the toilet, straining during defeca-
tion, strenuous lifting, constipation, diarrhoea, pelvic floor
dysfunction, pregnancy and giving natural birth, with several
being controversially reported. The hypothetical model shown
in online supplemental figure 2 summarises the contemporary
concepts regarding the pathophysiology of HEM development.®
Until today, HEM aetiopathogenesis is poorly investigated, and
neither the exact molecular mechanisms nor the reason(s) why
only some people develop HEM are known. Genetic suscepti-
bility may play a role in HEM development, but no large-scale,
genome-wide association study (GWAS) for HEM has ever been
conducted. To evaluate the contribution of genetic variation to
the genetic architecture of HEM, we carried out a GWAS meta-
analysis in 218 920 affected individuals and 725213 population
controls of European ancestry.

METHODS
Detailed methods are provided in the online supplemental mate-
rial 1 and summarised in the online supplemental figure 3.

RESULTS

GWAS meta-analysis and fine-mapping genomic regions

We conducted a GWAS meta-analysis in 944133 individuals
of European ancestry from five large population-based cohorts
(23andMe,® UK Biobank (UKBB),” Estonian Genome Centre
at the University of Tartu,® Michigan Genomics Initiative,” and
Genetic Epidemiology Research on Aging (GERA)') including
218 920 HEM cases and 725 213 controls (online supplemental
table 1). HEM cases had higher body mass index (BMI), were
significantly older and more often women compared with non-
HEM controls; hence, age, sex, BMI (if available) and top prin-
cipal components from principal component analysis (PCA)
were included as covariates in individual GWAS (see ‘Methods’
section in online supplemental material 1, hereafter referred to
as online methods).

After data harmonisation and quality control, 8 494 288 high-
quality, common (minor allele frequency >0.01) single nucle-
otide polymorphisms (SNPs) were included in a fixed-effect
inverse variance meta-analysis using the software METAL"
(online methods). We identified 5480 genome-wide significant
associations (P, ~<5X 107%), which were mapped to 102 inde-
pendent genomic regions using FUMA' (online methods). A
summary of the association results for 102 lead SNPs is provided
in figure 1 and online supplemental table 2. Although genomic
inflation was observed (A=1.3; online supplemental figure 4),
this was likely due to polygenicity rather than population stratifi-
cation, as determined via linkage disequilibrium score regression
analysis (LDSC, intercept=1.06; online methods) and based on a
normalised A, ,=1.001. The heritability of HEM was estimated
at 5% (SNP-based heritability, hZSNP computed with LDSC),
whereby the newly identified 102 risk variants explained about
0.9% of the variance (online methods).
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Figure 1  Annotation of 102 haemorrhoidal disease (HEM) genome-wide association study (GWAS) risk loci. From left to right: Manhattan plot

of GWAS meta-analysis results, (genome-wide significance level—P

Meta

<5x10"8—indicated with vertical dotted red line); Lead single nucleotide

polymorphism (SNP)—marker associated with the strongest association signal from each locus (also annotated with a red circle in the Manhattan

plot); Effect allele—allele associated with reported genetic risk effects (OR), also always the minor allele; OR with respect to the effect allele; Effect
allele frequency—frequency of the effect allele in the discovery dataset; Number of SNPs in 95% credible set—the minimum set of variants from
Bayesian fine-mapping analysis that is >95% likely to contain the causal variant; SNP with probability >50%—single variant (if detected) with >50%
probability of being causal (coding SNPs highlighted in red); Nearest gene (#genes within locus boundaries)—gene closest to the lead SNP (if within
100kb distance, otherwise ‘na’) and number of additional genes positionally mapped to the locus using FUMA (online supplemental table 2 and
online methods). Signif. DGEx—Iocus containing HEM genes differentially expressed in RNA Combo-Seq analysis of HEM affected tissue, detected at
higher (green) and/or lower (red) level of expression (see online methods).
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Bayesian fine-mapping analysis with FINEMAP" identified
a total of 3323 SNPs that belong to the 95% credible sets of
variants most likely to be causal at each locus (online methods,
online supplemental figure 5 and online supplemental table 3).
For six loci, we pinpointed the association signal to a single
causal variant with greater than 95% certainty, including two
missense variants rs2186797 (ANO1) and rs35318931 (SRPX).
For another 24 loci, there was evidence that the lead variant is
causal with >50% certainty (figure 1).

Cross-trait analyses

A lookup of HEM association signals in previous GWAS studies
retrieved from GWAS Atlas,"* GWAS Catalog" and via Phenos-
canner v2'¢ (online methods) revealed that 76/102 loci had been
previously associated with diseases and traits across the meta-
bolic, cardiovascular, digestive, psychiatric, environmental and
other domains (online supplemental figure 6 and online supple-
mental table 4).

Other diseases of anus and rectum (ICD10 K62)

Fissure and fistula of anal and rectal regions (ICD10 K60)
Ever had bowel cancer screening

Irritable bowel syndrome (self-reported)

Medication laxatives

Medication omeprazole

Stomach/abdominal pain last month

Diverticular disease of intestine (ICD10 K57)

Medication citalopram

Anxiety disorder ever diagnosed by a professional

Traits

Medication prescribed for anxiety (>2 weeks)

Talking therapies to treat anxiety

Anxiety/panic attacks (self-reported)

Doctor visit for nerves, anxiety, tension or depression
Panic attacks ever diagnosed by a professional

Talking therapies to treat depression

Painful gums
Diseases of the circulatory system
Diseases of the genitourinary system

Diseases of the musculoskeletal system and connective tissue

Digestive traits

Psychiatric traits

Other traits

We then investigated genetic correlations with 1387 other human
traits and conditions using LDSC as implemented in CTG-VLY
(online methods). The strongest correlations (r) were observed
with diseases and traits from the GI domain, including ‘other
diseases of anus and rectum’ (rg=0.78, P =4.94% 1078, “fissure
and fistula of anal and rectal regions’ (r =0.58, P, . =2.70X 10713,
‘self-reported IBS’ (r,=0.42, P, =1.87X 1077), use of ‘laxatives’
(r,=0.42, P, ,,=2.35%10™"), and ‘diverticular disease” (r,=0.23,
P x=6.68% 107") among others (figure 2). Given these similarities,
we performed a genome-wide pleiotropy analysis for diverticular
disease, IBS and HEM, revealing 44 independent genomic regions
shared by at least two phenotypes from the group of diverticular
disease, IBS and HEM phenotypes (online supplemental table 5).
Other notable correlations were detected for psychiatric and neuro-
affective disorders (anxiety, depression and neuroticism), pain-
related traits (including abdominal pain and painful gums), diseases
of the circulatory system, and diseases of the musculoskeletal system
and connective tissue (figure 2 and online supplemental table 6).
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Figure 2 Genetic correlation between haemorrhoidal disease and other traits estimated by linkage disequilibrium score regression analysis. Genetic
correlations (r_ +se) are shown for selected traits, grouped by domain. Only correlations significant after Bonferroni correction were considered (full
list available in online supplemental table 6). ICD, International Classification of Diseases.

Zheng T, et al. Gut 2021,70:1538-1549. doi:10.1136/gutjnl-2020-323868

1541

1ybuAdoo Aq
pa10310Id "a160jodoIyiuy 81eUONN|OAS IN INISU|-YouR|d-XeIA Te TZ0Z ‘G 1snfiny uo /wod fwg nb//:dny woly pspeojumoq "TZ0z [Hdy g2 uo 898£2€-020Z-ulinB/9gTT 0T Se paysiignd 1sii) :IN9


https://dx.doi.org/10.1136/gutjnl-2020-323868
https://dx.doi.org/10.1136/gutjnl-2020-323868
https://dx.doi.org/10.1136/gutjnl-2020-323868
https://dx.doi.org/10.1136/gutjnl-2020-323868
https://dx.doi.org/10.1136/gutjnl-2020-323868
https://dx.doi.org/10.1136/gutjnl-2020-323868
https://dx.doi.org/10.1136/gutjnl-2020-323868
https://dx.doi.org/10.1136/gutjnl-2020-323868
http://gut.bmj.com/

3
o 3
S g
o 13 IS
g g § &
° & S &
5 & & &
% 8 & &£ N
'Q S S
3 ) g £ £ N
203 s 55 § &
% R g |2 § F & $
) 2 @ o S S o) @
% Q 2 2 Q054 — Q & & &
® N QO
% % % 3 e & F 08 A
% % % 2 ol gy &€ ST
% % 3 2 W s N s & @ ) .
b Y, % G = & & & ° Trait categories
g z'l 8g? & Q‘&Q
] 0
Yo, ’ g1 s @ @ o ICD10 chapter II: Neoplasms
My, S O o
~ W, ' P 2 N A & . )
/‘/o* s' ;,' = ‘ e X 00\‘“5 ICD10 chapter lII: Diseases of the blood and blood-forming organs
N NS T @
o & €8, L R
5/7/1,,.1”7 ' '& s° “ ) R (ec\‘“e l ICD10 chapter V: Mental and behavioural disorders
' ' <
Dicioy, [ 2 Q,vé“s“i e 2% 520" - oase
Na ' (s& .“ ‘ &7 D Vemcu\af dise? ICD10 chapter VI: Diseases of the nervous system
& ‘ K
1bUproen 7] I3 & ‘s — | fistula
[ & P> - K60 Fissure and i ICD10 chapter XI: Diseases of the digestive system
Omeprazole . B I’ — | _
l n . .— - - K62 Other diseases of anus & rectum ICD10 chapter XIII: Diseases of the musculoskeletal system and
Lansoprazole 2‘ . connective tissue
. . . K63 Other g . ; itouri
e ‘ ‘ t‘ ¥ diseases of intestine ICD10 chapter XIV: Diseases of the genitourinary system
dro! N
__atigue SY™ %,
chwoni® fald o5 ‘\ ”"\%u Msq orsa) ICD10 chapter XVIII: Other Symptoms, signs and abnormal clinical and
. i
o s.‘,ond“\ ‘ (N L y Mg Gia laboratory findings
cen¥ o a 0,
\,\\'&“5“ ‘0\\ ‘ Q\ < y 1 er sy, Self-reported conditions
@t o N,
o ( Q.
x© . Sy N % X
Y\'\Q‘\o d\\v\\‘\\\% e‘ Wmy—- -- p / 4/'990 o"/oso/ l Medications
& N %y e KN
. & <% ~ 04} }'9/; NS Non-significant associations
S & o . N %, 4.
& & o N P %, %o, S,
. %
& £ A=y PRI T TR
) @ S s D T % % %
g & & &5 2 o 2 © % g %
& F75 838 ¢ & 3% %
& < g > 2 3 3 & 3
g & S Y e o
§ £ 3 A %
> & & 03 % ¥
FRC
5y 3
D, 2, 2
L 3
53

Figure 3  Analysis of haemorrhoidal disease (HEM) genetically correlated

traits in UK Biobank (UKBB) and the Danish National Patient Registry

(DNPR). Traits and conditions identified in linkage disequilibrium score regression analyses of genetic correlation with HEM (outer ring in the circos
plot, see also figure 2 and online supplemental table 6) were studied for their differential prevalence in UKBB and DNPR, based on data extracted
from participants’ healthcare records. Significant results are reported, respectively, as ORs (log(OR), UKBB, middle ring) and relative risk (log(RR),

DNPR, inner ring) or ‘ns’ (for non-significant findings). Diseases and traits a
conditions and use of medications from questionnaire data (see online met
mapped to ICD10-codes in DNPR.

To gain further insight into potential cross-trait overlaps and
to validate the LDSC results, we assessed whether genetically
correlated traits and conditions also occur more frequently in
patients with HEM by analysing data on diagnoses and medica-
tions from UKBB. The results were highly consistent with those
obtained via LDSC (figure 3, online supplemental table 6).
Compared with controls, patients with HEM additionally suffered
more often from diverticular disease, IBS and other functional GI
disorders (FGIDs), abdominal pain, hypertension, ischaemic heart
disease, depression, anxiety, and diseases of the musculoskeletal
system and connective tissue among others. To further consoli-
date these findings, we analysed an independent population-scale
healthcare record dataset comprising 8172531 individuals from
the Danish National Patient Registry (online methods), obtaining
similar results (see inner circle of figure 3). Therefore, based on
these largely overlapping observations at the genetic and epide-
miological level, HEM appears to be strongly associated with
other diseases of the digestive, neuroaffective and cardiovascular
domains.

Polygenic risk scores (PRS)

We next exploited meta-analysis summary statistics to compute
HEM PRS and evaluate their relevance and translational poten-
tial in independent datasets. HEM PRS were calculated with
PRSice-2"® (online methods) and their performance tested in
three independent datasets: (1) the Norwegian Treondelag Health

re categorised according to ICD10 diagnostic codes or self-reported
hods). Self-reported traits in UKBB (dark blue colour) were manually

Study (HUNT" ; n=69291; 977 cases vs 68314 controls), (2)
the Danish Blood Donor Study (DBDS*® ; n=56397; 1754 cases
vs 54643 controls), and (3) 1144 HEM cases from gastroen-
terology clinics compared with 2740 cross-sectional population
controls from Germany?! (online supplemental table 1). In all
three datasets, patients with HEM showed significantly higher
PRS values compared with controls (OR=1.24, p=1.98x107"%;
OR=1.28, p=3.52x10"** and OR=1.36, p=7.64x10"",
respectively for the two population-based cohorts HUNT and
DBDS, and the German case-control cohort). In HUNT and
DBDS, HEM prevalence increased across PRS percentile distri-
butions, with individuals from the top 5% tail being exposed
to higher HEM risk compared with the rest of the population
(OR=1.68, p=1.55x10"°, and OR=1.68, p=6.11x107%,
respectively for HUNT and DBDS, figure 4). Higher HEM PRS
were also associated with a more severe phenotype as defined
by the need for recurrent invasive procedures (OR=1.03,
p=8.63%x107% in German patients) and a younger age of onset
(p=1.90x107" in DBDS; p=4.01x10"" in German patients).

Functional annotation of GWAS loci, tissue and pathway
enrichment analyses

In order to identify most likely candidate genes and relevant
molecular pathways, we used independent computational pipe-
lines for the functional annotation of GWAS results. This yielded
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Figure 4 Risk haemorrhoidal disease (HEM) prevalence across polygenic risk score (PRS) percentile distributions. PRS was derived from the

results of the association meta-analysis (see online methods). HEM prevalence (%, Y-axis) is reported on a scatter plot in relation to PRS percentile
distribution (X-axis) in the Norwegian Trandelag Health Study (HUNT) (A) and the Danish Blood Donor Study (DBDS) (B) population cohorts. The top
5% of the distribution is highlighted with a shaded area in both cohorts, and the results of testing HEM prevalence in this group versus the rest of the
population are also reported (p value and OR from logistic regression; online methods).

a total of 819 non-redundant HEM-associated transcripts (here-
after referred to as HEM genes; online supplemental table 7)
derived from alternative positional (N=540 total from FUMA,'?
DEPICT* and MAGMA?%) and expression quantitative trait
(eQTL, N=562 from FUMA) mapping efforts (online methods).
Tissue-specific enrichment analyses (TSEA) of 540 positional
candidates led to very similar results for all three approaches,
with enrichment of HEM gene expression in blood vessels,
colon and other relevant tissues (online supplemental figure 7
and online supplemental table 8). Similarly, gene-set enrichment
analyses (GSEA) highlighted common pathways important in the
development of vasculature and the intestinal tissue including
the gene ontology (GO) terms ‘tube morphogenesis and devel-
opment’, ‘artery morphogenesis and development’, ‘epithelium
morphogenesis’, ‘smooth muscle tissue morphogenesis’ and
others. Additionally, DEPICT detected enrichment for a number
of traits from the Mammalian Phenotype Ontology including
‘abnormal intestinal morphology’, ‘rectal prolapse’, ‘abnormal
blood vessel (and artery) morphology’, and ‘abnormal smooth
muscle morphology and physiology’ (online supplemental table
8). TSEA and GSEA analyses performed on all 819 transcripts
including eQTL genes from FUMA gave rise to similar results
although these did not reach statistical significance (not shown).

Gene expression in HEM tissue and gene-network analyses

The expression of HEM genes was studied in integrated mRNA
and microRNA Combo-Seq analysis of enlarged haemorrhoidal
tissue from 20 patients with HEM and normal specimens from
18 controls (online methods, online supplemental table 1). HEM
genes were examined with regard to their expression status,
differential expression between cases and controls, and their
connectivity and topology in gene coexpression networks. After

normalisation for cell-type heterogeneity in different tissues
(online methods, online supplemental figure 8), 720 out of 819
candidate genes were found to be expressed in haemorrhoidal
tissue, with 287 (39.9%) of these being among the most strongly
expressed transcripts (upper quartile) (online supplemental
table 7). Compared with normal tissue from controls, 18 HEM
candidate genes from 14 independent loci showed differential
expression in haemorrhoidal tissue (P, <0.05and |log, fold
change|>0.5), with 12 genes showing increased and 6 decreased
expression (figure SA).

To obtain further biological insight from transcriptomic
profiling, HEM candidate genes were further characterised
for their membership in coexpressed gene modules identified
via weighted gene correlation network analysis (WGCNA)**
(figure 5B; online methods). The final network consisted of
36342 genes partitioned into 41 coexpression modules, and 3
of these (M1, M4 and M7; referred to as HEM modules) were
significantly enriched (P, , <0.05) for HEM genes (figure 5C).
In total, 260 (35.7%) expressed HEM genes were members of
modules M1 (N=121), M4 (N=75) or M7 (N=64) (online
supplemental table 9). Functional annotation of these modules
revealed M1 enrichment for ‘extracellular matrix (ECM)
organisation’ (P R=5.17><10'18) and ‘muscle contraction’
(P...=7.90x10""); M4 for ‘mitochondrion organisation’
(PFDR=2.35><10_4) and ‘glycosylation’ (PFDR:5.7OX10_4); and
M?7 for ‘cornification’ (P, =3.97 107) and ‘epidermis devel-
opment’ (P, =2.07x10 " (figure 5C). The WGCNA analysis
also allowed for the identification of the most interconnected
genes, or module hub genes (ie, central nodes in the scale-
free network). Of note, several HEM candidate genes, namely
NEGR1, MRVI1, MYH11, ELN and CHRDL1, were among the
top 50 hub genes for module M1 (figure 5D). M1 is the module
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Figure 5 Analysis of mRNA and microRNA (Combo-Seq) data from haemorrhoidal disease (HEM) affected tissue, in relation to HEM genes
coexpression networks. (A) Volcano plot reporting HEM genes differentially expressed in haemorrhoidal tissue (significantly upregulated=red,

and downregulated=green); (B) schematic representation of the analytical flow for HEM genes coexpression network module identification and
characterisation; (C) upper panel (barplot): overrepresentation analysis of HEM genes in coexpression network modules, with significant enrichment
(P . <0.05) in modules M1, M4 and M7; lower panel (dotplot): top five gene ontology terms (biological process) from gene set enrichment analysis

FDR

relative to M1, M4 and M7 coexpression modules (gene counts and false discovery rate (FDR)-adjusted significance level are also reported as
indicated); (D) coexpression hub network of module M1. The network represents strength of connections (weighted Pearson’s correlation >0.7) among
the top 50 hub genes with highest values of intramodular membership (size of the node). HEM genes and the top 5 hub genes are highlighted in red

and black, respectively.

most significantly enriched for HEM genes (PFDR=6.40><10_5),
and also the largest (n=3975) coexpression module in the haem-
orrhoidal tissue (online supplemental table 9), thus pointing to
the importance of its associated GO terms ‘ECM organisation’
and muscle contraction in HEM.

Prioritised HEM genes

In order to identify genes most likely to play a causative role in
HEM, we selected candidates based on a scoring approach by
prioritising those associated with one or more of the following;:
(1) linked to a high-confidence fine-mapped variant (posterior
probability (PP)>50%), (2) differentially expressed in enlarged
haemorrhoidal tissue, (3) highlighted by pathway and tissue/
cell-type enrichment DEPICT analysis (online methods), or (4)
predicted hub of a WGCNA coexpression HEM module (M1,
M4, M7). This reduced the number of candidates from 819 to
100 prioritised genes associated with 58 independent HEM loci

(online supplemental table 7). Some notable observations were
made in relation to a subset of these prioritised genes, whose
associated evidence and known biological function(s) make them
remarkably good candidates to play a role in HEM risk.

Two genes, ANO1 and SRPX, were both linked to a single
coding variant fine-mapped as causal with very high confi-
dence (rs2186797, ANO1, p.Phe608Ser with PP=97.0%, and
rs35318931, SRPX, p.Ser413Phe with PP=87.3%, respectively).
ANO1 encodes the voltage-gated calcium-activated anion
channel anoctamin-1 protein, which is highly expressed in the
interstitial cells of Cajal (ICCs) throughout the human GI tract,
where it contributes to the control of intestinal motility and peri-
stalsis.”> The ANO1:p.Phe608Ser (F608S) variant is predicted
to destabilise local protein structure and to disturb ANO1-
activating phospholipid interactions (online supplemental figure
9). Indeed, site-directed mutagenesis and electrophysiology
experiments in vitro showed that the amino acid 608 Phe to
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Colon

Ser change leads to an increased voltage-dependent instanta-
neous Cl™ current, and a slowing of activation and deactivation
kinetics (especially at high Ca** concentrations) (online supple-
mental figurer 10). The X-linked gene SRPX codes for a Sushi
repeat-containing protein whose domain composition implies a
role in ECM, and is expressed in various ECM tissues including
colon and liver.?® The SRPX:p.Ser413Phe variant (rs35318931)
may potentially destabilise the C-terminal domain of unknown
function (DUF4174) (online supplemental figure 11), which is
conserved in various ECM proteins (online methods, section In
silico variant protein analysis).

At locus 7q22.1, the signal was fine-mapped with very high
confidence to rs4556017 (PP=96.2%), which exerts eQTL
effects on ACHE and SRRT, both showing high levels of expres-
sion in enlarged haemorrhoidal tissue, and found in the M4 and
M7 coexpression modules (figure 5), respectively. However,
while SRRT encodes a poorly characterised capped-RNA binding
protein, ACHE appears a much better candidate as the gene
encodes an enzyme that hydrolyses the neurotransmitter acetyl-
choline at neuromuscular junctions, and corresponds to the
Cartwright blood group antigen Yt.*” One more locus was fine-
mapped to single-variant resolution with high confidence, SNP
rs10956488 from locus 8q24.21 (PP=0.962), which is linked
to an eQTL for GSDMC. Gasdermin C (encoded by GSDMC)
is a poorly characterised member of the gasdermin family of
proteins expressed in epithelial cells and in enlarged haemor-
rhoidal tissue, though the mechanisms of its eventual HEM
involvement remain elusive.

Other genes were linked via eQTL to a variant mapped
with PP >50%and were prioritised based on additional
experimental evidence. Among these, the fine-mapped SNP
rs6498573 from locus 16p13.11 (PP=63.2%) is associated
with eQTL effects on MYHI11 (encoding muscle myosin
heavy chain 11; online supplemental table 10), a gene coding
for a smooth muscle myosin heavy chain that shows mRNA
upregulation in enlarged haemorrhoidal tissue and consti-
tutes a hub for the M1 coexpression module associated with
ECM organisation and muscle contraction. Notable priori-
tised candidates were also observed at loci that were not fine-
mapped, including ELN (encoding elastin, a key component
of the ECM found in the connective tissue of many organs,
highly expressed in enlarged haemorrhoidal tissue and hub
gene for the M1 coexpression module), COLSA2 (encoding
type V collagen protein; highly expressed in HEM tissue
and belong to M1 coexpression module), PRDM6 (encoding
a putative histone methyltransferase regulating vascular
smooth muscle cells contractility, expressed in enlarged
haemorrhoidal tissue and hub for the M1 module), and
others (online supplemental table 7).

Finally, while no candidate genes could be highlighted
from the top GWAS hit region on chr12q14.3 (rs11176001),
both the second and third strongest GWAS signals were
detected at loci linked to genes involved in the determina-
tion of blood groups, namely ABO (rs676996) and the Kell
Blood Group Complex Subunit-Related Family member
XKR9 (rs1838392). In addition, blood group antigens are
encoded at additional loci, including ACHE (rs4556017) and
XKR6 (identified by MAGMA). Imputation of human ABO
blood types from genotype data revealed the O type to be
associated with increased and A and B types decreased HEM
risk, both in UKBB and GERA datasets (online supplemental
figure 12).

Localisation of selected HEM gene-encoded proteins

A site-specific analysis of selected candidate proteins for their
localisation in anorectal tissues underlined the complex multi-
factorial nature of cellular components potentially involved in
the pathogenesis of HEM. Indeed, analysed candidates displayed
a broad spectrum of expression in intestinal mucosal, neuromus-
cular, immune and anodermal tissues (figure 6, online supple-
mental figure 13, online supplemental tables 11 and 12). They
were also directly colocalised with haemorrhoidal blood vessels,
suggesting a putative role connected with the haemorrhoidal
vasculature itself.

DISCUSSION

Given the lack of large and systematic epidemiological and
molecular studies, and despite its worldwide distribution, HEM
still can be regarded as an understudied disease. In this study,
we report the largest and most detailed genome-wide analysis
of HEM, implemented via a combination of classical GWAS
approaches and the use of minimal phenotyping, as recently
shown to be effective in boosting sample size for increased statis-
tical power.”® We demonstrate for the first time that HEM is a
partly inherited condition with a weak but detectable heritability
estimated at 5% based on SNP data. We identify 102 independent
risk loci, which were functionally annotated based on computa-
tional predictions and gene expression analysis of diseased and
normal tissue. These loci alone explain approximately 0.9% of
HEM heritability, which is of similar magnitude with respect
to the genetic contribution of other common complex traits.”’
They provide important novel pathophysiological insight, which
we discuss below in relation to individual pathways and mecha-
nisms proposed to contribute to HEM aetiology.

ECM, elasticity of the connective tissue and smooth muscle
function

The non-vascular components of the anal cushions consist of the
transitional epithelium, connective tissue (elastic and collage-
nous) and the submucosal anal muscle (muscle of Treitz).® Treitz’s
muscle tightly maintains the anal cushions in their normal posi-
tion, and its deterioration is considered one of the most important
pathogenetic factors in the formation of enlarged and prolapsed
haemorrhoids (online supplemental figure 2). Anal cushion fixa-
tion is further facilitated by elastic and collagenous connective
tissue, whose degeneration, due, for instance, to abnormalities
in collagen composition, has been involved in HEM aetiology,*
although without strong molecular evidence.

The coexpression module M1 identified from HEM tissue is
linked to ECM organisation and muscle function and is enriched
for HEM gene thus providing novel important evidence for a
role of these two interconnected processes in HEM pathogen-
esis. ELN (lead SNP rs11770437) is one of the HEM prioritised
genes, and also a main hub gene for the M1 module. ELN codes
for the elastin protein, a key component of elastic fibres that
comprise part of the ECM and confer elasticity to organs and
tissues including blood vessels. Mutations in the ELN gene have
been shown to cause cutis laxa, a disease in which dysfunctional
elastin interferes with the formation of elastic fibres, thus weak-
ening connective tissue in the skin and blood vessels. Of note,
ELN has been recently implicated also in diverticular disease,*!
a condition characterised by outpouchings of the colonic wall
at sites of relative weakness and/or defective elasticity of the
connective and muscle layers, as well as in the common skin
condition non-syndromic striae distensae (NSD, also known as
stretch marks), whose manifestation is due to lost tissue elasticity
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Figure 6 Immunohistochemistry for selected haemorrhoidal disease (HEM) candidate proteins. lllustration of the rectum and anal canal (A)

indicating the site-specific localisation of the immunohistochemical panels analysed in (B). Results of fluorescence immunohistochemistry are shown
for selected HEM candidate proteins encoded by HEM genes COL5A2 (rs16831319), SRPX (rs35318931), ANOT (rs2186797), MYH11 (rs6498573) and
ELN (rs11770437) (see also online supplemental table 11 and online supplemental figure 13). Antibody staining was performed on FFPE colorectal
tissue specimens from control individuals. Picture layers correspond to the rectal mucosa (top row, epithelial surface delimited by a white dotted

line, *=intestinal lumen), smooth musculature (second row), enteric ganglia (third row, ganglionic boundaries delimited by a white dotted line),
haemorrhoidal plexus (fourth row, endothelial surface delimited by a white dotted line, *=vascular lumen) and the anoderm (bottom row, surface

of the anoderm delimited by a white dotted line). Blue: DAPI; green: a-SMA (anti-alpha smooth muscle actin antibody) for rows 2 and 4 (smooth
musculature/haemorrhoidal plexus) and PGP9.5 (member of the ubiquitin hydrolase family of proteins, neuronal marker) for row 3 (enteric ganglia);
red: antibody for the respective candidate protein. Arrows point to respective candidate-positive cells within the vascular wall. Arrowheads point to

respective candidate-positive nucleated immune cells.

at affected skin sites.*> Hence, similar mechanisms may underly
HEM risk due to genetic variation in ELN and, notably, also
the SRPX (lead SNP rs35318931) and COLSA2 (lead SNP
rs16831319) genes. The SRPX lead SNP is also strongly associ-
ated with NSD, and is a coding variant potentially impacting the
function of an ECM protein. COL5A2 codes for type V fibril-
forming collagen that has regulatory roles during development
and growth of type I collagen-positive tissues. Mutations in this
gene are known to cause Ehlers-Danlos syndrome, a rare connec-
tive tissue disease that affects the skin, joints and blood vessels,
and for which a link to HEM has already been postulated.’® An
additional hub gene for the coexpression module M1, MYH11
(lead SNP rs6498573) encodes a smooth muscle myosin protein
that is important for muscle contraction and relaxation, and
whose dysfunction has been linked to vascular diseases® and GI
dysmotility.*® Functional studies in smooth muscle cells showed
that overexpression of MYHI11 led to a paradoxical decrease
of protein levels through increased autophagic degradation
followed by disruption of contractile signalling.*® Our transcrip-
tome analysis also showed MYH11 RNA upregulation in HEM
tissue, thus suggesting possible alterations in smooth muscle
action that may be relevant, for instance, to the Treitz’s muscle
function(s). Additional evidence for the involvement of the
muscoskeletal system may come from the associations detected

for GSDMC (lead SNP rs10956488), an uncharacterised gene
also shown to be relevant to lumbar disc herniation and back
pain®” and PRDMS6, a histone methyltransferase that acts as a
transcriptional repressor of smooth muscle gene expression.
Finally, besides individual association signals, we detected signif-
icant genetic correlation with several other complex diseases of
shared aetiology (hernia, dorsalgia), for which connective tissue
and/or muscle alterations are described.

Gut motility

Several lines of evidence link gut motility to the pathophysiology
of HEM in this study. In our UKBB analyses, patients with HEM
were found to suffer more often from IBS and other dysmo-
tility syndromes than controls, as evidenced also by the increased
use of medications including laxatives. These conditions also
showed strongest genetic correlation with HEM among all
tested traits, indicating similar genetic architecture and predis-
posing mechanisms. Moreover, given the important role of the
gut-brain axis in IBS and other FGIDs,*® it is possible that the
correlations observed for anxiety, depression and other neuroaf-
fective traits may mediate genetic risk effects at least in part via
similar mechanisms also involving gut motility. Constipation and
prolonged sitting and straining during defecation are associated
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with delayed GI transit and reduced peristalsis and are among
the proposed HEM risk factors (online supplemental figure
2). Harder stools, due for instance to infrequent defecations,
can cause difficulty in bowel emptying and therefore increase
pressure and mechanical friction on the haemorrhoidal cush-
ions, leading to excessive engorgement and stretching or tissue
damage. The relationship between HEM and gut motility is
probably best evidenced by the association signal detected at the
ANO1 locus: its lead SNP rs2186797 corresponds to the missense
variant ANO1:p.Phe608Ser (F608S) that was fine-mapped with
very high confidence and shown to impact anoctamin-1 func-
tion. Anoctamin-1 is an ion channel expressed in the ICCs, the
pacemakers of the GI tract controlling intestinal peristalsis, has
already been implicated in IBS,* and is also expressed in the
vasculature. Hence, it represents an ideal candidate to also affect
HEM risk via genotype-driven modulation of ICC function. An
additional interesting candidate is ACHE, which shows an eQTL
for the fine-mapped lead SNP rs4556017: ACHE codes for an
enzyme that hydrolyses the neurotransmitter acetylcholine at
neuromuscular junctions and is overexpressed in Hirschsprung’s
disease, a condition in which gut motility is compromised due to
the absence of nerve cells (aganglionosis) in the distal or entire
segments of the large bowel.*® Of interest, expression in the
enteric ganglia next to the haemorrhoidal plexus was observed
for several proteins encoded by HEM genes in our immunofluo-
rescence experiments.

Vasculature and circulatory system
Previous observations showed that HEM is not varicosities and
accelerated blood flow velocities were observed in afferent
vessels of patients with HEM.*' An impaired drainage or filling
of the anal cushion may contribute to cushion slippage and
may thus be considered as one of many disease-causing factors,
as already previously proposed.*' Our genetic data support
the involvement of the vasculature as an important player in
HEM pathophysiology. TSEA and GSEA results downstream of
HEM GWAS meta-analysis highlight blood vessels and artery
morphogenesis among the HEM gene-enriched tissues and
GO pathways, respectively. At the same time, moderate genetic
correlation is detected for diseases of the circulatory system
in the LDSC analyses. We identified a very strong association
signal in correspondence of the ABO locus on chromosome 9,
which determines the corresponding ABO blood group type (A,
B, AB and O). In addition to red blood cells, ABO antigens are
expressed on the surface of many cells and tissues, and have been
strongly associated with coronary artery disease, thrombosis,
haemorrhage,** GI bleeding® and other conditions related to
the circulatory system. Interestingly, increased risk for coronary
artery disease has been reported in patients with HEM in at least
some studies** and replicated in our UKBB cross-disease anal-
yses although amidst other hundreds of associations of similar
magnitude of effects. We imputed ABO blood types from geno-
type data in UKBB, and detected increased HEM risk for carriers
of the O type. O type has been reported to be protective for
coronary artery disease in UKBB, although also predisposing
to hypertension.*’ Hence, the potential mechanism(s) by which
variation at this locus impacts HEM risk remain elusive at this
stage. Blood antigens are nevertheless likely relevant, as other
genes involved in the determination of specific blood groups are
also among the 102 HEM GWAS hits (Kell blood group locus
XKR9, lead SNP rs1838392).

In summary, our data provide important new insight into
currently lacking evidence*® about HEM pathogenesis (online

supplemental figure 14). This sets the stage for more detailed
genetic and mechanistic follow-up analyses, the search for ther-
apeutically actionable genes and pathways, and the eventual
exploitation for the adoption of preventive measures based on
computed individual predisposition.
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METHODS

Histology of hemorrhoidal plexus

For histologic examination and phylogenetic comparison of the hemorrhoidal plexus,
formalin fixed anorectal specimens were obtained from Homo sapiens, Gorilla gorilla
gorilla, baboon (Papio anubis), and mouse (10-week old male C57BL/6JRj mouse).
Human tissue was retrieved from a healthy donor (female, 54 years) who was recruited
by the body donation program of the Institute of Anatomy, Kiel University. The donors
had previously given written consent to the use of their samples for teaching and
research purposes; the donors were free from diseases related to the gastrointestinal
tract and the anorectum. The gorilla specimen comes from a 43-year-old female
western lowland gorilla from Nuremberg Zoo (Germany). The animal had to be
euthanized due to a terminal metastatic adenocarcinoma of the uterus. Rectum and
surrounding tissue were removed during post-mortem examination four hours after
death, cut and fixed in 10% neutral buffered formalin. Rectum samples from the
baboon were taken from a ten year old male olive baboon kept at the German Primate
Center Goéttingen and included in a study authorized by the governmental veterinary
authority, i.e. the Lower Saxony State Office for Consumer Protection (Food Safety
Ref. No. 33.19-42502-04-18/3036 according to the regulations of the German Welfare
Act and the European Directive 2010/63/EU on the protection of animals used for
experimental and other scientific purpose). The rectal specimen was collected during
routine necropsy following a standardized necropsy protocol and fixed in 10% buffered
formalin.

All tissue samples were taken from the anal canal at the level of the hemorrhoidal
plexus, dehydrated, embedded in paraffin wax, cut into sections (6 ym) and processed
for hematoxylin-eosin and Azan stainings. The findings were evaluated and
documented with a Keyence microscope (BZ-X800) using the integrated stitching tool

BZ-X800 Analyser software version 1.1.1.8.
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Study cohorts and patients’ material

23andMe

The 23andMe study dataset contains participants drawn from the research participant
base of the personal genetics company, 23andMe, Inc[1]. Genetic data and
comprehensive phenotypic information from health surveys were available for 402,845
unrelated individuals of European ancestry. Study participants were divided into HEM
cases and controls based on their self-completed HEM health questionnaires,
resulting in 174,785 HEM cases and 228,060 controls in the current 23andMe GWAS.
Demographic data of 23andMe samples are reported in online supplementary table
S1. 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). The full GWAS summary statistics for
the 23andMe discovery data set will be made available through 23andMe to qualified
researchers under an agreement with 23andMe that protects the privacy of the

23andMe participants. Please visit https://research.23andme.com/dataset-access for

more information and to apply to access the data.

UK Biobank (UKBB)

The UKBB is a large population-based study in the United Kingdom with extensive
phenotypic and genotype data from approximately 500,000 participants[2]. Each
individual underwent cognitive, physical assessment and sampling for DNA collection
when enrolled, and health-related information was collected including data from their
electronic health records (EHRs). The diagnoses in the EHRs are coded in the
terminology of the International Statistical Classification of Diseases and Related
Health Problems (ICD) terminology. For this GWAS study we included 408,592
individuals of European ancestry (self-reported “white” and of genetic Caucasian
descent). Of these, 23,856 samples met our criteria for HEM cases (either ICD10 code
184 or ICD9 code 455 in the medical records). The other part of the cohort (n=384,736)
served as study controls. The demographic data of the individuals are reported in
online supplementary table S1. UKBB received ethical approval from the competent
Research Ethics Committee (REC reference 11/NW/0382) and the project’'s
Application ID is 31435.
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Estonian Genome Project of University of Tartu (EGCUT)
The Estonian Biobank is a population-based cohort of the Estonian Genome Center

at the University of Tartu (EGCUT), Estonia, with a current size of app. 200,000
participants aged over 18[3]. The whole project is conducted according to the Estonian
Gene Research Act and all participants have signed the broad informed consent. Upon
recruitment, the biobank participants filled out a detailed questionnaire, covering
lifestyle, diet and clinical diagnoses (described by ICD10 codes). In this study,
individuals with any entry of the ICD10 code for HEM (184) were included as HEM
cases. Further, we selected 30,441 controls with genome-wide data as study controls,
resulting in 6,956 HEM cases and 30,441 population controls. The demographic data
of the individuals are reported in online supplementary table S1. This study has been
reviewed and approved by the Estonian Committee on Bioethics and Human

Research.

Michigan Genomics Initiative (MGI)

The Michigan Genomics Initiative (MGI) is a longitudinal cohort of participants in
Michigan Medicine, USA[4]. MGI participants were recruited primarily through surgical
procedures at Michigan Medicine and gave consent for link their EHRs and genetic
data for research purposes. We used a current data freeze of 40,000 European
individuals for GWAS analysis. Of these, 4,539 HEM cases were defined based on a
review of EHRs (either ICD10 code 184, ICD10-CM code K64 or ICD9 code 455). The
rest of the cohort with genome-wide data was defined as study controls (n=35,338).
The demographic data of the individuals are reported in online supplementary table
S$1. This study has been reviewed and approved by the Michigan Institutional Review
Board.

Genetic Epidemiology Research on Aging

The Genetic Epidemiology Research on Aging (GERA) Cohort comprises more than
100,000 adults who are members of the Kaiser Permanente Medical Care Plan,
Northern California Region (KPNC), USA. The health status of participants in the
GERA cohort was assessed using EHRs collected at Kaiser Permanente’s facilities in
Northern California from January 1, 1995 to March 15, 2013. HEM cases (n=8,813)
were those in which at least two ICD9 code diagnoses of HEM (ICD9 code 455) were

recorded on separate days. Their genome-wide data were compared with those of the
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remaining cohort (n=46,780) as controls. The demographic data of the individuals are
reported in online supplementary table S1. The GERA data access was applied for
on the dbGaP website (dbGaP Study Accession: phs000674.v3.p3) and the study was

approved by the dbGap Access Review Committee.

German case-control cohort

Initiated by the Department of General and Thoracic Surgery and the biobank
PopGen[5] of the Medical Faculty of Kiel University, Kiel, Germany, a cohort of HEM
patients with symptomatic hemorrhoids and the need of invasive treatment was newly
established. Between January 2016 and December 2017, individuals with a prior
diagnosis of high-grade hemorrhoids were identified based on the medical records of
five hospitals and practices in the North German region using German procedural
codes (OPS-301 by German Institute for medical Documentation and Information).
The main inclusion criteria were the need for hemorrhoidectomy or invasive treatment
(rubber band ligation, sclerotherapy) on high grade hemorrhoidal disease, verified by
DRG-code (Diagnosis related Groups). Patients receiving exclusively conservative
treatment were not included in this study as the aim was to recruit patients with a
strong phenotype of advanced hemorrhoidal disease. The cohort included 1,007
patients undergoing surgical/invasive treatment of a high grade hemorrhoidal disease.
In total, 1,144 cases and 2,740 controls were available for PRS analysis (section
Polygenic risk score (PRS) analysis, Methods). The demographic data of the
individuals are reported in online supplementary table S1. The study protocol was
approved by the ethics committee (ref: A156/03-1/15) of the Medical Faculty of Kiel

University and written informed consent was obtained from all study participants.

The Trondelag Health Study (HUNT)

The Trendelag Health Study (HUNT) is a large population-based cohort from the
county Nord-Trgndelag in Norway. All residents in the county, aged 20 years and
older, have been invited to participate. Data was collected through three cross-
sectional surveys, HUNT1 (1984-1986), HUNT2 (1995-1997) and HUNT3 (2006-
2008), and has been described in detail previously[6], with the fourth survey recently
completed (HUNT4, 2017-2019). All genotyped participants have signed a written
informed consent regarding the use of data from questionnaires, biological samples

and linkage to other registries for research purposes. Cases were defined as having
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an ICD10 K64 diagnosis and the reminder of the cohort were used as controls. In total,
977 cases and 68,314 controls were available for PRS analysis (section Polygenic
risk score (PRS) analysis, Methods). The demographic data of the individuals are

reported in online supplementary table S1.

Danish Blood Donor Study

The Danish Blood Donor Study (DBDS) is a large prospective cohort of nation-wide
Danish blood donors (n=56,397) and comprises both extensive phenotype data as
well as genome-wide genotyping data[7, 8]. HEM cases are defined using the ICD-8
code 455 or ICD-10 codes 184 or K64, resulting in 1,754 cases in the DBDS cohort as
registered in the National Patient Registry. In total, 1,754 cases and 54,643 controls
were available for genome-wide polygenic risk score (PRS) analysis. The
demographic data of the individuals are reported in online supplementary table S1.
This study was approved according to the Danish Blood Donor study protocol (ref:
1700407) as a part of “Genetics of healthy ageing and specific diseases among blood

donors”.

Danish National Patient Registry
The Danish National Patient Registry (DNPR) is a population-wide registry containing

all diagnoses made in hospitals in Denmark from 1977 to 2018 and includes more than
8 million patients. The diagnoses in the registry are coded in the terminology of the
International Statistical Classification of Diseases and Related Health Problems (ICD)
8th Revision (1997-1993) or 10th Revision (1994-2018) terminology. All patients with
a hemorrhoid disease code in the disease registry were identified. In the ICD-8 period
patients with ‘Hemorrhoids’ are recognized using the code 455. As the ICD-10 code
for hemorrhoids changed in 2013, we combined patients diagnosed with
‘Hemorrhoids’ (ICD-10: 184) from 1994-2012 and patients diagnosed with
‘Hemorrhoids and perianal venous thrombosis’ (K64) from 2013-2018. Information
about drugs administered in hospitals is available for more than 1.6 million patients in
the period 2006-2016 and is defined using the Anatomical Therapeutic Chemical
(ATC) Classification System of the WHO. We integrated data from two different
electronic medication modules corresponding to the administrative databases for
hospital internal drug consumption from two health regions of Denmark (Capital

Region and Region Zealand): OPUS-medicin and Elektronisk patient medicinering[9].
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The demographic data of the individuals are reported in online supplementary table
S1. This DNPR study has been approved by the Danish Data Protection Agency,
Copenhagen (ref: FSEID-00003092, FSEID-00003724 and 3-3013-1731/1).

Hemorrhoidal tissue

A group of 38 individuals undergoing surgery for hemorrhoids (n=20; cases) and anal
fissures (n=18; controls) was included in this study. Hemorrhoidal tissue samples were
obtained either by Miligan Morgan open hemorrhoidectomy or by stapled
hemorrhoidopexy for grade (Goligher) 3 and 4 hemorrhoids. Approximately 1cm? of
hemorrhoidal tissue was obtained from Milligan-Morgan-specimens just above the
dentate line. In hemorrhodopexy patients, approximately 1cm? of biopsies were taken
from the “doughnut” tissue at 3 o’clock in the prone position. Healthy hemorrhoid tissue
samples were taken from adjacent zones (1-2 cm above the dentate line) of anal
fissures. Clinical and demographic data for the sampled individuals are listed in online
supplementary table S1. This study was approved by the bioethical committee of
medical faculty, University Hospital Schleswig-Holstein Kiel, Germany. All participants

provided written informed consent.

Genotyping, quality control and genotype imputation of cohorts

included in this study
23andMe

DNA extraction and genotyping were performed on saliva samples by National
Genetics Institute (NGI), a CLIA licensed clinical laboratory and a subsidiary of
Laboratory Corporation of America. Samples had been genotyped on one of four
genotyping platforms. The V1 and V2 platforms were variants of the Illumina
HumanHap550+ BeadChip, including about 25,000 custom SNPs selected by
23andMe, with a total of about 560,000 SNPs. The V3 platform was based on the
lllumina OmniExpress+ BeadChip, with custom content to improve the overlap with
the V2 array, with a total of about 950,000 SNPs. The V4 platform is a fully custom
array, including a lower redundancy subset of V2 and V3 SNPs with additional
coverage of lower-frequency coding variation, and about 570,000 SNPs. Samples that

failed to reach 98.5% call rate were re-analyzed. Individuals who repeatedly failed
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analyses were recontacted by the 23andMe customer service to provide additional

samples.

For GWAS quality control (QC) analysis, we limited participants to a set of individuals
with 297% European descent, determined by analysis of local ancestry[10]. In brief,
the algorithm initially partitions phased genomic data into short windows of about 100
SNPs. Within each window, a support vector machine (SVM) was used to classify
each haplotype into one of 31 reference populations. SVM classifications were
translated into a hidden Markov model (HMM) that takes into account switch errors
and incorrect assignments and reports probabilities for each reference population in
each window. Finally, simulated admixed individuals were used to recalibrate the
HMM probabilities so that the reported assignments are consistent with the simulated
admixture ratios. Reference population data was derived from public datasets (the
Human Genome Diversity Project, HapMap, and 1000 Genomes) and from 23andMe
customers who reported having four grandparents from the same country. For each
analysis, a maximal set of unrelated individuals was selected using a segmental
identity-by-descent (IBD) estimation algorithm[11]. Individuals were identified as
related if they shared more than 700 cM IBD, including regions where the two
individuals share either one or both genomic segments identical-by-descent. This
degree of relatedness (about 20% of the genome) corresponds approximately to the
expected minimum proportion between cousins and first-degree cousins in an outbred
population. SNPs deviating from Hardy-Weinberg equilibrium (P<1072°), having a call
rate <95%, or with large discrepancies in allele frequency compared to the European
1000 Genomes reference data were excluded. SNPs with large differences in allele
frequency (chi squared P<107'%) were identified by computing a 2x2 table of allele
counts for European 1000 Genomes samples and 2000 randomly sampled 23andMe

customers of European ancestry.

Genotype data were imputed using the September 2013 1000 Genomes Phase1
reference haplotypes[12]. Phasing and imputation was performed separately for the
data of each genotyping platform. Phasing was performed with a phasing tool, Finch,
developed internally by 23andMe, which implements the Beagle haplotype graph-
based phasing algorithm[13] and which was modified to separate the steps of

constructing the haplotype graph and phasing. Finch extends the Beagle model to
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allow genotyping errors and recombination events to handle cases where there are no
consistent paths through the haplotype graph for the individual to be phased. From a
representative sample of genotyped individuals, haplotype graphs were generated for
European and non-European samples for each 23andMe genotyping platform.
Subsequently, an out-of-sample phasing of all genotyped individuals against the
corresponding graph was performed. In preparation for imputation, the phased
chromosomes were divided into segments of no more than 10,000 genotyped SNPs,
with overlaps of 200 SNPs. Each phased segment was imputed against all-ethnicity
1000 Genomes haplotypes (excluding monomorphic and singleton sites) using
Minimac2[14], using 5 rounds and 200 states for parameter estimation. For the X
chromosome, we created separate haplotype graphs for the non-pseudoautosomal
region and each pseudoautosomal region, and these regions were separately phased.
Then we imputed males and females together using Minimac2, as for the autosomes,
and treated males as homozygous pseudo-diploids for the non-pseudoautosomal
region. After QC and genotype imputation a total of 7,024,410 SNPs with imputation
quality score Rsg>0.8 and minor allele frequency (MAF) >1% in 174,785 cases and

228,060 controls were available for association analysis.

UK Biobank

DNA samples were genotyped on custom UK Biobank (UKBB) arrays. 408,951
individuals from UKBB were genotyped for 825,927 variants using a custom Affymetrix
UK Biobank Axiom Array, and 49,626 individuals were genotyped for 807,411 variants
using a custom Affymetrix UK BiLEVE Axiom Array chip from the UK BIiLEVE
study[15], which is a subset of UKBB.

All SNPs were subjected to quality control (QC): checks, such as deviations from
Hardy-Weinberg equilibrium (P<107°), batch and plate effects, sex effects, and array
effects across control replicates. The SNPs that failed call rate <0.95 were set to
missing for all individuals. The QC was performed centrally for each sample tested for
heterozygosity and missing rates. Samples with excessive relatedness (>10
suspected third-degree relatives) were excluded. Full details of the QC of the genetic
data performed centrally by UK Biobank are available in the original publication[2]. To

identify sample outliers (i.e. subjects of non-Europeans ancestry), we performed
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principal component analysis (PCA) with FlashPCA2[16]. PCA revealed no non-
European ancestry outliers. Genotypes of 408,592 UKBB participants with European
ancestry (self-reported “white” and genetic Caucasian) were used after QC. Of these,
23,856 samples satisfied our criteria for being HEM cases (either ICD10 code 184 or
ICD9 code 455 in medical records) and the remainder of the cohort (n=384,736)
served as study controls.

Genetic variants were imputed centrally by UKBB using IMPUTE4[2] and a reference
panel that merged the UK10K and 1000 Genomes Phase 3 panel as well as the
Haplotype Reference Consortium (HRC) panel[2]. After QC and genotype imputation,
a total of 9,572,556 SNPs with an imputation quality score INFO>0.8 and MAF >1%

in 23,856 cases and 384,736 controls were available for association analysis.

Estonian Genome Project of University of Tartu (EGCUT)

The Estonian cohort originates from the population-based biobank of the Estonian
Genome Project of University of Tartu (EGCUT). The EGCUT project has been
conducted according to the Estonian Gene Research Act and all participants have
signed the broad informed consent. The current cohort size is about 200,000 aged 18
years and older, which is very close to the age distribution in the adult Estonian
population. Subjects were recruited by general practitioners and doctors in hospitals.
The persons who visited the general practitioner’s practices or hospitals were selected
at random. Each participant completed a computer assisted personal interview during
1-2 hours in a doctor’s office, which included personal data (place of birth, place(s) of
living, nationality etc.), genealogical data (family history, three generations),
educational and occupational history and lifestyle data (physical activity, dietary
habits, smoking habits, alcohol consumption, women'’s health, quality of life). Diseases
were defined according to the ICD10 coding. Illumina Human CoreExome,
OmniExpress, 370CNV BeadChip and Illlumina Global Screening Array (GSA) arrays
were used for genotyping.

QC included filtering based on sample call rate (<98%), heterozygosity (> mean +

3SD), genotype and phenotype sex discordance, cryptic relatedness (IBD >20%) and

outliers of European ancestry based on a multidimensional scaling (MDS) analysis
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including 210 HapMap reference samples[17]. SNP QC included testing for call rate
(<99%), MAF (<1%) and extreme deviation from Hardy—Weinberg equilibrium
(P<107).

Pre-phasing was performed using SHAPEIT2[18]. Genotype imputation was
performed using the Estonian-specific reference panel[19] and IMPUTEZ2[20] with
default parameters. After QC and genotype imputation, a total of 7,462,975 SNPs with
imputation quality score INFO>0.8 and minor allele frequency (MAF) >1% in 6,956
cases and 30,441 controls were available for association analysis.

Michigan Genomics Initiative (MGI)

DNA samples were genotyped on custom lllumina HumanCoreExome v12.1 bead
chips. Samples were excluded if they exhibited (1) a calling rate < 99%, (2) an
estimated contamination > 2.5% (BAF Regress)[21] or (3) deviating sex information if
the derived sex did not match the self-reported gender. Variants were excluded if they
(1) deviated from Hardy-Weinberg equilibrium (Pxwe<10), (2) had a calling rate <
99%. After quality control, 392,323 polymorphic variants were kept in the following
analyses. Next, we estimated the pair-wise relationship of the samples using the
software KING[22] and we limited the dataset within a subset of individuals without
first- or second-degree relationship. The genetic ancestry of the samples were derived
by projecting the principal components of the samples onto that of the Human Genome
Diversity Project (HGDP) reference panel (938 unrelated individuals)[23]. Principal
component analysis was performed using PLINK v1.90[24], including a subset of LD
pruned variants (r> < 0.5) with MAF >1% shared between the HGDP reference and the
MGI data. We retained only samples of recent European ancestry (defined as samples
that fell into a circle around the center of the reference HGDP populations in the PC1

versus PC2 space).

Genotype imputation was conducted using the Haplotype Reference Consortium
(HRC) panel and the Michigan Imputation Server[25]. After QC and genotype
imputation, a total of 6,536,218 SNPs with imputation quality score Rsq>0.8 and MAF

>1% in 4,539 cases and 35,338 controls were available for association analysis.
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Genetic Epidemiology Research on Aging (GERA)

DNA samples were collected from participants of the Genetic Epidemiology Research
on Aging (GERA) cohort and genotyped on high-density custom designed Affymetrix
Axiom arrays. Genetic variants with >5% of missing data, MAF <1% in either disease
sets or in controls or deviating from Hardy-Weinberg equilibrium (P<107°) were
excluded. Samples with >2% missing data and overall increased/decreased
heterozygosity rates were removed. For robust duplicate/relatedness testing (IBS/IBD
estimation) and population structure analysis, a pruned subset of 144,799
independent SNPs was used. Pair-wise percentage IBD values were computed using
PLINK. By definition, Z0: P(IBD=0), Z1: P(IBD=1), Z2: P(IBD=2), Z0+Z1+Z2=1, and
PlI_HAT: P(IBD=2) + 0.5 * P(IBD=1) (proportion IBD). One individual (the one showing
greater missingness) from each pair with PI_HAT>0.1875 was removed. To identify
sample outliers (i.e. subjects of non-Europeans ancestry), we performed principal
component analysis (PCA) using the smartpca program[26], based on a set of 144,799
“high-performing” markers after exclusion of SNPs that had an r? value greater than
0.5, were within 5 MB of each other, within the MHC region, had a call rates lower than
99.5% and that were located in regions with inversions on chromosomes 8p23 and
17q921.

Genotype data were pre-phased with SHAPE-IT v2.5[18], and then imputed with
IMPUTEZ2 v2.3.1[27] using the 1000 Genomes Phase 3 data as a reference panel.
After QC and genotype imputation, a total of 6,897,996 SNPs with imputation quality
score INFO>0.8 and MAF >1% in 8,813 cases and 46,780 controls were available for

association analysis.

German case-control cohort

DNA samples were genotyped using lllumina’s Global Screening Array version 1.0.
Patients with a reported “migration background” were excluded. 3,505 eligible patients
were contacted by their treating physician by mail. The initial submission rate was
40%. After consent to participate, the Popgen Biobank sent a study kit with a
questionnaire on clinical and socio-demographic characteristics and a set of blood
tubes, so that a blood sample could be collected at the family doctor's office and

returned to the study center. In addition, a subset of study participants were asked to
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complete a comprehensive questionnaire on their dietary habits and usual physical
activity. Patients were excluded from the study in the absence of informed

consent/blood sample or after withdrawal of consent.

Variants that had >2% missing data, a minor allele frequency <0.1% in either of the
different disease sets or in controls, had different missing genotype rates in affected
and unaffected individuals (Prisher<107%) or deviated from Hardy-Weinberg equilibrium
(PHwe<10°) were excluded. Samples that had >2% missing data and overall
increased/decreased heterozygosity rates (with an average marker heterozygosity of
15 s.d. away from the sample mean) were removed. For robust duplicate/relatedness
testing (IBS/IBD estimation) and population structure analysis, we used a pruned
subset of 100,596 independent SNPs (MAF>0.05) SNPs excluding X- and Y-
chromosomes, SNPs in LD (leaving no pairs with r>>0.2), and 11 high-LD regions as
described by Price et al.[28]. Pair-wise percentage IBD values were computed using
PLINK2. By definition, Z0: P(IBD=0), Z1: P(IBD=1), Z2: P(IBD=2), Z0+Z1+Z2=1, and
PlI_HAT: P(IBD=2) + 0.5 * P(IBD=1) (proportion IBD). One individual (the one showing
greater missingness) from each pair with PI_HAT>0.1875 was removed. To identify
sample outliers (i.e.subjects of non-Europeans ancestry), we performed principal
component analysis (PCA) with FlashPCA2[16], on the basis of a set of 100,596

independent markers (described above).

Genotype imputation was conducted using the Haplotype Reference Consortium
(HRC) panel and the Sanger Imputation Service[25]. After QC and genotype
imputation, a total of 7,117,385 SNPs with imputation quality score INFO>0.8 and MAF
>1% in 1,144 cases and 2,740 population controls were available for association

analysis.

The Trondelag Health Study (HUNT)

DNA was extracted from whole blood from HUNT2 and HUNT3. Genotyping was a
research collaboration between researchers from the Norwegian University of Science
and Technology (NTNU) and the University of Michigan. Each individual with a DNA

sample of an appropriate DNA concentration was selected for genotyping. Samples
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were taken at random and genotyped in batches. All genotyping was performed at the
Genomics-Core Facility (GCF) at NTNU.

Genotype quality control and genotype imputation were conducted by the K.G. Jebsen
Center for Genetic Epidemiology, Department of Public health and Nursing, Faculty of
Medicine and Health Sciences, NTNU. In total, DNA from 71,860 HUNT samples was
genotyped using one of three different Illumina HumanCoreExome arrays:
HumanCoreExome12 v1.0, HumanCoreExome12 v1.1 and UM HUNT Biobank v1.0.
Samples were excluded if they did not achieve a 99% call rate, had a contamination
>2.5% as estimated with BAF Regress[29], had large chromosomal copy number
variants, a lower call rate of a technical duplicate pair and a twin pair, gonosomal
constellations other than XX and XY, or whose derived sex was inconsistent with the
reported sex. Samples that passed quality control were analyzed in a second round of
genotype calling following the Genome Studio quality control protocol described
elsewhere[30]. Genomic position, strand orientation and the reference allele of
genotyped variants were determined by aligning their probe sequences against the
human genome (Genome Reference Consortium Human genome build 37 and
revised Cambridge Reference Sequence of the human mitochondrial DNA,;
http://genome.ucsc.edu) using BLAT. Variants were excluded if their probe sequences
could not be perfectly mapped to the reference genome, cluster separation was <0.3,
Gentrain score was <0.15, showed deviations from Hardy-Weinberg equilibrium in
unrelated samples of European ancestry with P-value <0.0001), their call rate was
<99%, or another assay with higher call rate genotyped the same variant. Ancestry of
all samples was inferred by projecting all genotyped samples onto top principal
components of the Human Genome Diversity Project (HGDP) reference panel (938
unrelated individuals; downloaded from
http://csg.sph.umich.edu/chaolong/LASER/)[23, 31], using PLINK v1.90. Recent

European ancestry was defined for samples that fell into an ellipsoid spans European

populations of the HGDP panel. The different arrays were harmonized by reducing
them to a set of overlapping variants and excluding variants that had frequency
differences >15% between data sets, or that were monomorphic in one data set and
had a MAF >1% in another data set. The resulting genotype data were phased using
Eagle2 v2.3[32].
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Imputation was performed on the 69,716 samples of recent European ancestry using
Minimac3 (v2.0.1, http://genome.sph.umich.edu/wiki/Minimac3)[33] with default
settings (2.5 Mb reference based chunking with 500kb windows) and a customized
Haplotype Reference consortium release 1.1 (HRC v1.1) for autosomal variants and
HRC v1.1 for chromosome X variants[25]. The customized reference panel
represented the merged panel of two reciprocally imputed reference panels: (1) 2,201
low-coverage whole-genome sequences samples from the HUNT study and (2) HRC
v1.1 with 1,023 HUNT WGS samples removed before merging. After QC and genotype
imputation, over 24.9 million SNPs with imputation quality score R*2 >=0.3 in 977

cases and 68,314 population controls were available for association analysis.

Danish Blood Donor Study

DNA samples were genotyped at deCode genetics, Iceland, using lllumina’s Global
Screening Array as described elsewhere[7]. Details on genotype quality control and
imputation are available in Hansen et al., 2019[7]. First- and second-degree relatives
were excluded from the analysis. The phenotypic data used in this project includes
sex, age, self-reported BMI and selected diagnoses from the Danish National Patient
Registry. Participant where classified as having HEM using the ICD-8 code 455 or
ICD-10 codes 184 or K64 from the National Patient Registry, resulting in the
identification of 1,754 HEM cases in the DBDS cohorts.

The DBDS Genomic Consortium is represented by the following scientists: Andersen
Steffen, Department of Finance, Copenhagen Business School, Copenhagen,
Denmark; Banasik Karina, Novo Nordisk Foundation Center for Protein Research,
Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen,
Denmark; Brunak Saren, Novo Nordisk Foundation Center for Protein Research,
Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen,
Denmark; Burgdorf Kristoffer, Department of Clinical Immunology, Copenhagen
University Hospital, Copenhagen, Denmark; Erikstrup Christian, Department of
Clinical Immunology, Aarhus University Hospital, Aarhus, Denmark; Hansen Thomas
Folkmann, Danish Headache Center, department of Neurology Rigshospitalet,
Glostrup, Denmark; Hjalgrim Henrik, Department of Epidemiology Research, Statens
Serum Institut, Copenhagen, Denmark; Jemec Gregor, Department of Clinical

Medicine, Sealand University hospital, Roskilde, Denmark;
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Jennum Poul, Department of clinical neurophysiology at University of Copenhagen,
Copenhagen, Denmark; Johansson Per Ingemar, Department of Clinical Immunology,
Copenhagen University Hospital, Copenhagen, Denmark; Nielsen Kasper Rene,
Department of Clinical Immunology, Aalborg University Hospital, Aalborg, Denmark;
Nyegaard Mette, Department of Biomedicine, Aarhus University, Denmark; Mie
Topholm Bruun, Department of Clinical Immunology, Odense University Hospital,
Odense, Denmark; Pedersen Ole Birger, Department of Clinical Immunology,
Naestved Hospital, Naestved, Denmark; Petersen Mikkel, Department of Clinical
Immunology, Aarhus University Hospital, Aarhus, Denmark; Serensen Erik,
Department of Clinical Immunology, Copenhagen University Hospital Copenhagen,
Denmark; Ullum Henrik, Department of Clinical Immunology, Copenhagen University
Hospital, Copenhagen, Denmark; Werge Thomas, Institute of Biological Psychiatry,
Mental Health Centre Sct. Hans, Copenhagen University Hospital, Roskilde, Denmark;
Gudbjartsson Daniel, deCODE genetics, Reykjavik, Iceland; Stefansson Kari,
deCODE genetics, Reykjavik, Iceland; Stefansson Hreinn, deCODE genetics,
Reykjavik, Iceland; Porsteinsdottir Unnur, deCODE genetics, Reykjavik, Iceland.

GWAS association analysis for discovery cohorts
23andMe

For comparisons between cases and controls, association test results were performed
by logistic regression analysis assuming additive allelic effects. For tests using
imputed data, imputed allelic dosages were used rather than best-guess genotypes.
Age, biological sex, BMI, the top five principal components from principal component
analysis (to account for potential residual population structure) as well as indicators
for genotype platforms (to account for genotype batch effects) were included as
covariates in the regression analysis. The association test P-value was computed
using a likelihood ratio test. Results for the X chromosome are computed similarly,
with male genotypes coded as if they were homozygous diploid for the observed allele.
For chromosome X association analysis, haplotypic allele calls in males outside
pseudoautosomal regions (PAR) are converted to homozygous calls by doubling the
haplotypic allele (assuming inactivation of large parts of one of the two female X

chromosomes[34] and sex was used as a covariate for association testing.

18

Zheng T, et al. Gut 2021;0:1-12. doi: 10.1136/gutjnl-2020-323868



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

Association summary statistics were adjusted for an estimated genomic control

inflation factor Acc=1.200.

UK Biobank (UKBB), Estonian Genome Project of University of Tartu (EGCUT),
Michigan Genomics Initiative (MGl), Genetic Epidemiology Research on Aging
(GERA)

For each individual case-control data set, association testing was performed using a
linear mixed model (LMM) under an additive genetic model for all measured and
imputed genetic variants in dosage format using BOLT-LMM[35] (UKBB, GERA) or
SAIGE[36] (MGI). Within association analysis, we adjusted for the following
covariates: sex, age, BMI (available for UKBB and GERA), the top ten principal
components from principal component analysis and a binary indicator variable for
genotyping platform (e.g. UKBB Axiom Array vs. UK BiLEVE Axiom Array) to account
for the different genotyping chips. For GWAS data set from EGCUT, association
testing was carried out with EPACTS [https://github.com/statgen/EPACTS], adjusting
for age, sex, binary indicator variable for genotyping platform and top four principal
components from principal component analysis. For chromosome X association
analysis, see text above. The genomic control inflation factors for UKBB, EGCUT, MGl
and GERA were Agc=1.0966, 1.0263, 0.9822 and 0.9541, respectively. For GWAS
meta-analysis across discovery cohorts (23andme, UKBB, EGCUT, MGl and GERA).

GWAS meta-analysis across discovery cohorts

Prior to GWAS meta-analysis, separate GWAs analyses for discovery cohorts were
performed either via logistic regression or mixed linear model association analysis
using BOLT-LMM[35] or SAIGE[36] including sex, age, BMI (where available), top
principle components (PCs) from principal component analysis (PCA; to control for
potential residual population stratification) and genotyping array (if relevant) as
covariates. File-level QC of the five individual GWAS summary statistics and meta-
level QC from discovery cohorts were carried out using the R package “EasyQC”
(v9.2)[37]. In short, the QC process verified data integrity and harmonized both SNP
marker IDs and allele coding across the datasets. We only included markers with

imputation quality metrics (INFO or Rsq)>0.8 and MAF>1% in the meta-analysis.
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Markers with deviating allele frequency (difference >20% from the Haplotype
Reference Consortium (HRC) genome reference panel v1.1 comprising 32,488
reference individuals of European ancestry[25]) were removed along with indels and
multi-allelic markers. The resulting summary statistics of the five discovery cohorts
(with a total of 218,920 HEM cases and 725,213 controls) were meta-analyses via
fixed-effect meta-analysis based on METAL’s inverse-variance weighted
approach[38]. We used the generally accepted threshold of 5x10-® for meta-analysis
P-values to define statistical significance (Pwea<5%10%). Genome-wide summary
statistics of our analyses are publicly available through our web browser

(http://hemorrhoids.online) and have been submitted to the European Bioinformatics

Institute (www.ebi.ac.uk/gwas) under accession number GCST90014033.

Annotation of HEM GWAS risk loci and gene mapping

We used independent computational pipelines for the functional annotation of GWAS
meta-analysis results, using FUnctional Mapping and Annotation of Genome-Wide
Association Studies (FUMA v1.3.5)[39], Data-driven Expression-Prioritized Integration
for Complex Traits (DEPICT)[40], and Multi-marker Analysis of GenoMic Annotation
(MAGMA, also implemented in FUMA)[41]. The 102 newly identified genome-wide
significant risk loci were defined in FUMA (using default parameters and eQTL
databases including GTEx v7) as non-overlapping genomic regions that extend a
linkage disequilibrium (LD) window (r? = 0.6) around each lead SNP association signal
with Puea<5%108. Annotation of these regions with FUMA resulted in 712 transcripts
mapped to risk loci (415 positional and 562 eQTL candidates), while 217 genes were
identified using DEPICT, and 255 in MAGMA independent gene-based tests, bringing
the total of non-redundant HEM candidate genes to 819 (online supplementary table
S7). Regional association plots of all 102 risk loci were generated using

LocusZoom[42].

Bayesian fine-mapping analysis

A Bayesian fine-mapping analysis was carried out using FINEMAP[43] for the 102
genome-wide significant risk loci in order to calculate the posterior inclusion probability
(PIP) for each lead SNP as causal and to determine a credible set for each risk locus,

i.e. a minimum set of variants containing all causal variants with certainty 20.95%. As
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input for fine-mapping we extracted all genetic variants located within the 102 risk loci
(as defined by FUMA) and calculated the local LD structure using genotypes from

UKBB samples (online supplementary table S1) serving as a reference population.

Heritability analysis via linkage disequilibrium score regression
(LDSC)

Narrow-sense heritability (h’sne) for HEM and the genetic correlation (ry) between
HEM and other traits were estimated using LD score regression, as implemented in
the online platform CTG-VL[44]. This platform integrates summary statistics of 1,387
traits from multiple resources such as UKBB, the Psychiatric Genomics Consortium
(PGC) and the Genetic Investigation of ANthropometric Traits (GIANT) consortium.
Significantly correlated pairs of traits were reported after FDR correction for multiple

comparisons at a=0.05.

Genome-wide pleiotropy analysis

We conducted cross-phenotype association analysis based on subsets (ASSET)
methodology[45] across association summary statistics from diverticular disease[46],
irritable bowel syndrome (IBS)[47] and HEM to identify shared risk loci. The subset-
based meta-analysis (SBM) method maintains similar type-I error rates as for standard
meta-analysis and identifies the best subset of non-null studies while in parallel
accounting for multiple-hypothesis testing and shared individuals. This method offers
a substantial power increase (sometimes approaching between 100-500%)[45]
compared to standard univariate meta-analysis approaches, where the
(heterogeneous) effect of a specific SNP is not exclusively restricted to a single
phenotype. Under the assumption that association signals from shared risk loci based
on positional overlap are tagging same causal variant for different phenotypes, the
SBM approach improves power compared to standard fixed-effects meta-analysis

methodology.

Tissue and pathway enrichment analyses

Gene-set and tissue-specific enrichment analyses (respectively GSEA and TSEA) of
HEM genes were carried out using integrated default pipelines in FUMA, and DEPICT
implemented in the CTG-VL platform[44][40]. HEM gene lists were derived from three
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alternative approaches including positional and/or eQTL mapping in FUMA, MAGMA
gene-based analyses (also implemented n FUMA), and DEPICT functional
annotations, and teste against Gene Ontology (GO) terms and 30 GTEx v7 general

tissue types. Statistical significance was defined using Pgenjamini-Hochberg<0.05.

Polygenic risk scores (PRS) analysis

The analysis of polygenic risk scores (PRS) was performed on the basis of a pruning
and thresholding approach, using the P value and LD-driven clumping procedure as
implemented in PRSice-2[48]. Effect estimates and corresponding standard errors
from GWAS meta-analysis results were used as the base dataset to generate weights
over a range of P values (0.5 to 5x1078) and r2 0.1 LD thresholds, with the most
appropriate thresholds selected as those that include SNPs with the highest
Nagelkerke's R? value. The selected model was then applied to the QCed genetic
datasets from the German case-control cohort, HUNT and DBDS, respectively.
Logistic regression was used to test HEM PRS distribution in cases and controls,
taking into account sex, age, BMI and the top 10 PCs from PCA. For HUNT and DBDS
we also studied HEM prevalence across PRS percentile distributions. PRSs were
binned into percentiles and HEM prevalence from the top 5% of PRS distribution was
compared to the reminder of the population in a logistic regression adjusting for sex,
age, BMI and the top 10 PCs. Additional analyses were performed to evaluate the
relationship between HEM PRS and age at diagnosis (Spearman’s correlation test)
and need for invasive treatments (number of surgeries and/or rubber-band ligation;

tested with linear regression correcting for sex, age, BMI and the top 10 PCs).

Phenome-wide association studies (PheWAS)

For each of the 102 GWAS risk loci, we queried the lead SNP and its LD proxies
(r>>0.8, from 1000 Genomes Project samples of European descent) using
PhenoScanner v2[49], and manually inspecting the GWAS catalog[50] and GWAS
ATLAS[51]. Only genome-wide significant associations (P<5x10%) were taken into
account, and those from GWAS ATLAS were collapsed by trait categories and plotted

with the R package “ggforce” into an alluvial diagram.
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Cross-trait analyses

Traits genetically correlated with HEM (from LDSC analyses) were tested for their
prevalence in HEM patients vs controls in UKBB and DNPR. In UKBB, we derived the
ICD10 diagnoses from data-fields “41202” (primary diagnosis) and “41204”
(secondary diagnosis), self-reported medical conditions from data-field “20002”, and
self-reported medication use from data-field “20003”. Differential prevalence was
tested using a logistic regression model adjusted for sex and age, including FDR
correction for multiple comparisons. For DNPR, a previously published method[52]
was used to identify diseases that significantly co-occur more often with HEM
diagnoses. Each combination of pair-wise disease co-occurrences was compared to
a comparison group matched by sex, age, type of hospital encounter and week of
discharge. The relative risk (RR) is used to evaluate the strength of the correlation
between significant disease pairs (disease A followed by disease B and vice versa).
Here, we have used this method to evaluate the temporal co-occurrence of selected
diseases and medications with the HEM diagnosis in the DNPR, including FDR

correction for multiple comparisons.

RNA library preparation and RNA-sequencing.

The RNA-Sequencing (RNA-Seq) libraries were prepared from 20 ng of total RNA
from freshly frozen tissue extracted with the mirVana miRNA Isolation Kit according to
the manufacturer’s protocol (Ambion). The NEXTFLEX Combo-Seq Kit (Perkin Elmer)
was used to generate combined mMRNA and microRNA libraries following
manufacturer’s instructions. In short, poly-A-tailed RNA species were reverse
transcribed to generate DNA:RNA duplexes whose RNA molecules were specifically
sheared by RNase H, resulting in RNA fragments containing 5’-monophosphate and
a 3’-hydroxyl groups. These mRNA fragments were 3’-polyadenylated together with
small RNAs and then 5’ 4N adapters were ligated to their 5’ ends. Finally, first strand
synthesis followed by PCR amplification were used to add sequences required for
lllumina sequencing. The generated RNA libraries were quality-controlled using the
Agilent 2200 TapeStation (Agilent Technologies), randomized and then deep
sequenced (5 samples per lane), 1x50bp using the Illlumina HiSeq 4000 platform.
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Mapping and quality assessment of RNA-Seq data

The sequenced reads were demultiplexed and obtained as fastq files for each sample.
Data pre-processing, quality control, mapping to genome (build hg38) and
transcriptome annotation (miRBase v21, Ensembl 83) were performed using the
exceRpt[53] pipeline. More precisely, reads were trimmed for 3’ adapter sequences,
4N nucleotides at 5’ end and low-quality bases (<Q20). The trimmed sequences
shorter than 15 bp were discarded and only high-quality reads were then mapped to
genome (with minimum sequence match of 15 nucleotides), annotated and quantified.
All RNA-Seq libraries were quality controlled for library size (>10M of mapped reads),
transcriptome genome ratio (> 0.95) and outliers for number of detected unique genes
and microRNAs (< Q1-1.5 IQR). Low abundant gene-level and microRNA arm level
counts that were expressed below 0.1 RPM in less than 25% of the samples per trait
were removed from downstream analyses. The generated quality-controlled counts
and raw sequencing reads have been deposited at NCBI Gene Expression Omnibus
(GEO)[54] under the accession number GSE154650.

Gene signature-based determination of anal canal zones

Histologically, the anal canal can be divided into three zones according to the epithelial
lining. The upper part is of the mucosal type (intestinal) and the lower part is of the
squamous keratinized (anoderm), while the middle part, where the epithelium varies,
is called the anal transitional zone[55, 56]. Due to the gradient nature of the anal canal
epithelium, keratinocyte and sebocyte marker gene signatures from the xCell
catalog[57] were used to discriminate the different histological zones. More
specifically, the quality-controlled gene counts were normalized using the variance
stabilizing transformation (VST) implemented in the DESeg2 R package[58]. The
normalized gene counts were then ranked according to their expression level using
the rank() function from the base R package and submitted to single sample gene set
enrichment analysis (ssGSEA)[59] implemented in the GSVA R package[60]. The
obtained normalized enrichment scores (NES) of keratinocytes and sebocytes were
used to cluster samples into 3 groups (in accordance to the number of histological
zones) by employing the base R function kmeans() with k=3 and nstart=20 as
parameters. The obtained clusters were assigned to histological zones by the relative

abundance of keratinocytes and sebocytes (i.e. sebum-producing epithelial cells), and
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further confirmed by the expression levels of previously defined marker genes,
including KRT4, KRT8, KRT13 and KRT20[56, 61] genes (online supplementary
figure S8). Multidimensional scaling (MDS) analysis using Spearman’s rank
correlation distance (1-correlation coefficient) was performed on VST normalized

expression data and was used to explore the results.

Differential gene expression analysis

The quality-controlled count data were further analyzed using edgeR[62] workflow for
differential expression analysis. Negative binomial generalized log-linear models were
fitted to the trimmed mean of M-values (TMM) normalized count data of HEM genes
using gimFit() function with trended dispersion estimates and the offsets for GC-
content correction generated by EDASeq (default parameters). The gImLRT() function
was used to calculate log-likelihood-ratio statistics and P-values of differential
expression. The models were adjusted for BMI and histological zones of anal canal
(see the previous paragraph). The nominal P-values were corrected for multiple
testing according to Benjamini and Hochberg. Transcripts with an FDR corrected P-
value < 0.05 and a logz fold change > 0.5 (in either direction) were considered to be

significantly differentially expressed.

Identification and characterization of enriched co-expression

modules

Weighed gene co-expression network analysis of hemorrhoid-specific tissue was
performed using the automated WGCNA[63] pipeline implemented in the
CEMiTool[64] R package. The quality-controlled and VST normalized data (36,342
genes in 20 samples) was used to calculate signed scale-free topology overlap matrix,
which was subsequently used to define gene co-expression modules in an
unsupervised manner. More specifically, Pearson correlation coefficients for each
gene-gene comparison (including miRNAs) were used to calculate adjacencies
defined as following: a; = |0.5 + 0.5 x cor(x;, x))|®, where x; and x;are expression values
of /" and j" genes and where [ is a soft threshold power based on scale-free topology,
which was identified by employing pickSoftThreshold() function from the WGCNA R
package. The generated adjacencies were then used to compute topological overlap

measures (TOM) and their dissimilarity measures (1-TOM) were further used for
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average linkage hierarchical clustering and dynamic tree cutting (cutoff value of 0.995)
to identify gene co-expression modules. Each gene co-expression module contained
a minimum of 50 genes and was summarized into eigengene, which is the first
principal component of their expression values. Highly similar modules were identified
by correlation of their eigengenes (>0.7 Pearson’s r) and merged together. The
intramodular connectivity of each gene was measured by Pearson's correlation of
module eigengene and its expression value. The top 10% of genes having the highest
connectivity values were considered as being module hub genes (central nodes in the
scale-free network). A Fisher's exact test was used to identify modules with
significantly (Pror< 0.05) overrepresented in HEM genes. The ClusterProfiler[65] R
package was used to identify gene ontology (GO) terms “biological process” pathway

enrichments for HEM-significant modules.

ABO blood group analysis

The association between ABO blood types and HEM was tested on 408,592 and
55,593 individuals from UKBB and GERA, respectively. We first imputed ABO blood
group information individually based on genotypes at the ABO locus on chromosome
9g34.2. We extracted the genotypes of three SNPs: rs8176719, rs41302905 and the
adjacent rs8176747 and inferred blood group status based on these SNPs as
previously described[66]. Next, the risk of HEM was assessed on samples from each
blood groups of the ABO blood group system (“A”, “B”, “AB” and “O”). An association
test based on logistic regression was employed to test for significant HEM association
for each of the four blood groups, adjusting for sex, age, BMI and the top 10 PCs from

PCA. FDR correction was applied for multiple testing.

Fluorescence Immunohistochemistry

Fluorescence immunohistochemistry was performed as previously described[46, 67].
Briefly, anorectal specimens were fixed in 4% paraformaldehyde for 24 hours.
Paraffin-embedded tissue sections were pre-treated with citrate buffer and primary
antibodies were incubated overnight. Used primary and secondary antibodies are
listed in online supplementary table S13. All antibodies were diluted in antibody
diluent (ThermoFisher Scientific). Nuclei were counterstained with DAPI (Roche,

Mannheim, Germany). Image acquisition was performed on a fluorescence inverted
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microscope (Axiovert 200 M, Zeiss, Gottingen, Germany) coupled to an AxioCam MR3

camera (Zeiss) using Axiovision software (version 4.7, Zeiss).

In silico variant protein analysis

To construct a first hypothetical model of whether SRPX and ANO1 missense lead
variants (shown in red in figure 1) are likely to interfere with functionally active
domains at the protein level, we conducted protein domain analyses for SRPX and
ANO1.

ANO1 (also TMEM16A) is an anion channel protein that enables the passive flow of
Cl anions through the membrane as a result of increased intracellular Ca?* levels. The
decrease in an anion flow occurs over time after prolonged stimulation eventually
leads to complete desensitization to saturated Ca?*. In addition to elevated Ca-levels,
ANO1 function is regulated by the PIP2 (Phosphatidylinositol(4,5)-bisphosphate)
signal lipid which binds at the cytoplasmic membrane interface[68]. The Interaction
with PIP2 has been shown to slow down the ANO1 regulatory process, probably by
hindering the gradual collapse of the ion conduction pore[69].

The ANO1 protein functions as a homodimer, with each subunit consisting of ten
transmembrane helices and its own anion conduction pore (online supplementary
figure S9) which is composed of helices 3-7 and contains a conserved Ca?* binding
site[70, 71]. lon flow through the pore is made possible by local structural
rearrangements that open the channel in response to Ca?* binding[70].

The variant F608S is located at the beginning of the transmembrane helix 5, i.e. near
the cytoplasmic interface (online supplementary figure S9). Although helix 5 is part
of the ion conduction pore, the sidechain of F608 points in the opposite direction to
the dimer interface and is located near the predicted PIP2 binding residues. Adjacent
K609 forms a stabilizing salt bridge with E594 in the TM4-TM5 linker which is
conserved in all members of the TMEM16 protein family. Mutation of this salt bridge
results in a rapid Ca?* desensitization, similar to a direct mutation of the predicted PIP2
binding residues[69].

F608 and its sequential and structural neighbors are conserved among ANO1
orthologs (online supplementary figure S$9). The variant causes a change from the
aromatic and very hydrophobic phenylalanine to the smaller and polar/hydrophilic

serine. All members of the TMEM16 superfamily conserved a non-polar residue at this
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position, suggesting that the polar sidechain of the serine may cause a structural
conflict in the region. The variant could interfere with the K609-E594 salt bridge which
stabilizes the PIP2 binding. F608S may thus interfere with the PIP2 binding and
consequently accelerates ANO1 degradation, similar to the rapid desensitization that
was demonstrated by mutational analyses of basic amino acids in the vicinity and the
salt bridge[69].

The SRPX (also DRS, ETX1, SRPX1) variant rs35318931 causes a Ser413Phe
exchange at the C-terminal domain of unknown function (online supplementary
figure S11). The protein is further composed of three Sushi domains, and one HYR
domain. Sushi domains are components involved in extracellular protein-protein
interactions and are often found in complement control proteins[72]. The HYR (hyalin
repeat) domain is predicted to contribute to cell adhesion since the domain enables
the hyalin protein to bind to the receptor[73]. The SRPX C-terminal domain is a
phylogenetically widespread protein domain that is well-conserved in vertebrates
(online supplementary figure $11) and also in many bacteria, and has been named
the DUDES domain (DRO1-URB-DRS-Equarin-SRPX)[74]. Protein structural
analyses assign a thioredoxin-like fold to this domain, although the location of potential
functional cysteines seem unique for SRPX and SRPX2 proteins[75]. Therefore, the
conserved structural core allows fold recognition, but the lack of suitable structural
templates including loops and termini complicates in-silico functional prediction for
SRPX (online supplementary figure S11). SRPX was originally identified as a tumor
suppressor[76] and, in this context, to the induction of apoptosis[77] and
downregulation of glucose metabolism via Lactate dehydrogenase-B[78]. Proteomics
studies found SRPX expression in the extracellular matrix (ECM) of different tissues
(lung[79], cartilage[80] and colon and liver[81]) and is upregulated in the ECM during
cardiac remodeling[82]. Further, SRPX was also shown to interact with PELO at the
actin cytoskeleton[83].

Other members of the DUDES protein family were shown to localize in the extracellular
matrix, e,g, SRPX2 in brain[84], equarin in chick lens[85]. CCDC80 is a remote
homologous that binds activated JAK2 and is consequently more abundant in the
extracellular matrix. JAK2-binding was also detected by the paralog SRPX2, and
interaction is therefore also predicted for SRPX[86]. CCDCB80 is composed of three
DUDES domains, that are independently able to bind JAK2, assuming the SRPX
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DUDES domain is responsible for protein association with the ECM. The ECM
provides structural integrity for tissues, and involves in cell differentiation, activation
and migration. HEM tissue is less stable and show abnormalities in the ECM collagen
composition (compared to healthy tissue[87]).

The variant Ser413Phe locates at the beginning of strand 3 in the central beta sheet.
The preceding loop is highly variable among homologs[75] but the following strand is
one of the best conserved regions within the protein family, including an invariant
F414. The change from the polar and small amino acid serine to the larger, aromatic
and hydrophobic phenylalanine potentially destabilizes the domain structure due to its
location adjacent the conserved hydrophobic core of the protein fold.

The SRPX domain structure was derived from the UniProt database and by search
against the NCBI Conserved Domains Database (CDD). SRPX and SRPX2 protein
sequences were derived from UniProt, Ensembl and the consensus sequence of
pfam13778 from the CDD. Sequence alignments were conducted using Muscle. The
sequence alignment was visualized using JalView applying the Clustal coloring
scheme. Protein sequence identifiers UniProt or Ensembl: SRPX: human, P78539;
mouse, Q9ROM3; cow, F1MQX1; zebrafish, Q58ED3; xenopus tropicalis,
ENSXETT00000018780.4. SRPX2: human, O60687; mouse, Q8R054; cow, Q5EA25;
zebrafish, E7F8XO0, xenopus tropicalis, ENSXETT00000014699.4.

The structure-based alignment for modeling the SRPX C-terminal domain of unknown
function (DUF4174/pfam13778, 332-451) is based on secondary structure predictions,
structural alignments of two templates (PDBs 3drn/chain A, 3cmi/chain A) and multiple
sequence alignment including the consensus sequence of pfam13778. Structural
models of SRPX and ANO1 were visualized using PyMOL.

Site-directed ANO1 mutagenesis and whole-cell electrophysiology

F608S (F671S in NM_018043) variant was introduced into the full-length human
ANO1 gene with exon 0 (123 bp[88, 89]) and exon b (66 bp[90]) by a single nucleotide
change (c.2012 T—C), using the QuikChange Lightning Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s
instructions. The integrity of the construct and presence of the F608S mutation were
verified by DNA sequencing. The primer sequences were: (forward) 5'-

cttccgcagggaggagta-3® and (reverse) 5’-cagcaggaaagccttiggagatcagcctctecte-3'.
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HEK293 cells were co-transfected with pEGFP-C1 plus either wild-type ANO1 or
F608S-ANO1 by Lipofectamine 3000 (Thermo Fisher Scientific, MA). Ca?*-activated
CI~ currents were recorded by whole-cell electrophysiology as previously described by
Strege et al.[91]
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SUPPLEMENTARY FIGURES

B

Homo sapiens

Gorilla gorilla

Papio anubis

Mus musculus

Online Supplementary Figure S1. Histological analysis of the anorectum in four
different species.

The left panel (A) shows the section plane of the anal canal at the level of the
hemorrhoidal plexus. Panel (B) shows the hemorrhoidal plexus of 4 different species:
Homo sapiens (top row), Gorilla gorilla (second row), baboon (Papio anubis; third row),
and mouse (10-week-old male C57BL/6JRj mouse; bottom row). While the human

anorectum shows a well-developed hemorrhoidal plexus with densely packed blood
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vessels of large diameters, the gorilla sample displays a rudimentary hemorrhoidal
plexus with fewer and smaller blood vessels. Both baboon and mouse samples exhibit
only small-sized and scattered blood vessels which resemble normal vascularization
patterns of the regular rectal mucosa. Azan staining with visualization of connective
tissue (blue) as well as cell nuclei, erythrocytes and smooth muscle (all purple red).
Magnifications for human and gorilla (left 2x, right 10x), for baboon and mouse (left
10x, right 20x). Scale bars: 500 ym. White arrows: hemorrhoidal/submucosal blood

vessels, SM = submucosa, CM = circular muscle layer/internal anal sphincter.
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Online Supplementary Figure S2. Suggested integrated model that summarizes
the contemporary thinking on the pathophysiology of HEM (figure and legend

are mainly taken from Figure 2 in Nikolaos Margetis’ review[92]).

HEM is a complex and multifactorial disease, most likely resulting from separate
origins and combinations thereof. Different origins and causes have been suggested
(orange), which force the hemorrhoidal plexus in different abnormal directions and
probably converge in four central pathophysiological events (green). Different
consecutive pathophysiological stages (grey) connect the primary causes and the 4
central events. These pathophysiological stages are interconnected, interdependent,
and mutually reinforcing, creating a vicious cycle. This multidirectional network is

continuously auto-reinforced, as shown by the arrows, and over time provides only
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one outcome, with the hemorrhoids deteriorating. Ultimately, symptoms (blue) and

complications (red) occur. For further details we refer to Margetis’ review[92].
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Online Supplementary Figure S3. Schematic overview of the study workflow.

The flowchart shows the study design and analytic strategy of both the discovery phase and the downstream analyses, which includes
the study aims, cohorts and numbers of samples of each analytic stage. HEM: hemorrhoids disease. BMI: body mass index, UKBB:UK
Biobank, EGCUT: Estonian Genome Center at the University of Tartu, MGI: Michigan Genomics Initiative, GERA: Genetic
Epidemiology Research on Aging, HUNT: The Trgndelag Health Study, DBDS: Danish Blood Donor Study, DNPR: Danish National
Patient Registry. QC: quality control. IBD: identity by descent. ICD: International Classification of Diseases. Rsq: R square. MAF:

minor allele frequency. SNP: Single nucleotide polymorphisms. PC: principal component. LD: linkage disequilibrium. HRC: haplotype

reference consortium.
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Online Supplementary Figure S4. Quantile-quantile (QQ) plot of GWAS meta-

analysis results.

Only markers that passed the imputation quality score R>0.8 and MAF>1% were used
for the plot. The genomic inflation factor lambda (A) is defined as the ratio of the
medians of the sample x2 test statistics and the 1-d.f. x2 distribution (0.455)[93].
Lambda inflation statistics are influenced by the sample size. To facilitate comparison
with other studies, A1ooo converts a given lambda from n cases and m controls so that
the value corresponds to an analysis with 1000 cases and 1000 controls. Although
genomic inflation was observed (A=1.303) this was probably due to polygenicity rather
than population stratification as determined by linkage disequilibrium score regression
analysis (LDSC, intercept=1.059)[94].
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Online Supplementary Figure S5. Regional association plots of HEM GWAS risk

loci.

Shown are the -log1o P-values from meta-analysis with regard to the physical location
of markers and the degree of linkage disequilibrium (r?). Purple circle: lead SNP; line:
recombination intensity (cM/Mb). Positions and gene annotations are according to
NCBI’s build 37 (hg19). Plots were generate using LocusZoom([42], also reporting the

95%-fine mapped credible sets at each locus.
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Online Supplementary Figure S6: Previously reported associations of HEM risk

loci with other traits and diseases, clustered by biological areas.

The plot shows associations with other traits, extracted from the GWAS ATLAS for the
102 lead SNPs (and/or their r>>0.8 LD proxies) ordered by chromosome and

chromosomal position. Associations are grouped by domain and represented with

different colors. The ribbon size is proportional to the number of traits associated at

the genome-wide significance level (Pueta<5%10-8). Columns from left to right: Lead

SNP — marker showing strongest association signal from each locus; Chr —

chromosome; Pos — SNP position on chromosome (genome build hg19); Nearest

gene (#genes within locus boundaries) — gene closest to the lead SNP (if within 100 kb

distance, otherwise “na”) (Methods).
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Online Supplementary Figure S7. Gene set enrichment analyses of HEM genes.
Tissues and pathways are shown, which resulted significantly enriched in at least 2/3
analyses (using FUMA, MAGMA or DEPICT generate HEM gene lists; Methods).
Gene Ontology Biological Processes (GOBP) and Molecular Function (GOMF)
categories are reported; ns=non-significant; some tissues/pathways were not

available in all analyses (missing bars).

52

Zheng T, et al. Gut 2021;0:1-12. doi: 10.1136/gutjnl-2020-323868



Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims al liability and responsibility arising from any reliance

placed on this supplemental material which has been supplied by the author(s)

Gut

A Trait B Keratinocyte NES C Sebocytes NES D K-means of NES (k=3)
0.10 ©® cases 0.10 0.1 0.4 0.10
® controls 03 e 1
0.05 0.05 0.05 03 0.05 ° 2
o o 0.2 o 02 o e 3
L 0.00 2 0.00 ‘ i 8 00 ‘ 2 .00 . .‘-f
= S - s 4 (AT 4
-0.05 3 -0.05 s 00 -0.05 *q 00 -0.05 ’
~0.10 -0.10 o 0.1 ! ~0.10
-02 61 00 01 02 -02 61 00 01 02 62 01 00 01 02 62 61 00 01 02
MDS1 MDS1 MDS1 MDS1
E KRT4 F KRT8 G KRT13 H KRT20
0.10 0.10 o 0.1 0.10 0
10 1.0
0.05 0.05 0% 0.05 05 0.05 0s
o ° 05N *% 00 oy ’ I e 00
2 .00 . ‘ 00 & o000 ‘-. <5 &8 o0 l oo B 400 '0.' 05
= L o5 = 4 -0 = o5 = ®
-0.05 . ’ -0.05 . 15 -0.05 . o -0.05 o -0
-1.0 -
-2.0
-0.10 -0.10 -0.1 -0.10
-02 61 00 01 02 -02 61 00 01 02 -62 01 00 01 02 -62 01 00 01 02
MDS1 MDS1 MDS1 MDS1

Online Supplementary Figure S8. Gene signature-based determination of anal
canal zones.

Multidimensional scaling (MDS) analysis of the transcriptome data using Spearman’s
correlation distance (1 — correlation coefficient); (A) Colored by trait status, where the
cases are enlarged hemorrhoidal tissue samples and controls are healthy
hemorrhoidal tissue; (B) Colored by normalized enrichment score (NES) of
keratinocyte cells; (C) Colored by NES of sebocytes; (D) Colored by clusters obtained
by applying the k-means algorithm; (E-H) Colored by normalized expression values of
anal canal marker genes, including KRT4, KRT8, KRT13 and KRT20.
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Online Supplementary Figure S9. ANO1 Alignment of TM4-5 and ANO1

structure.

(A) Protein sequence alignment of ANO1 transmembrane helices TM4 and TM5

including the intracellular linker connected to TMS via a salt bridge. Blue diamonds
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mark conserved amino acid positions next to and in close proximity to the F608S
variant. Green spheres mark PIP2-binding positions K597 and R605, whose mutation
has been shown to lead to rapid channel inactivation through increased
desensitization to Ca?*. The same effect was observed with the mutation of E594 or
K609 which form a stabilizing salt bridge[69]. Only hydrophobic amino acids (blue) are
conserved at the site of the F608S variant. It is therefore predicted that the mutation
to the polar serine destabilizes the local protein structure and affects the integrity of
this salt bridge. Accelerated desensitization of the anion channel may result from
conformational changes of the putative PIP2 binding site due to a disruption of the salt
bridge[69]. Consequently, F608S may be able to down-regulate ANO1 activity.
(B) Structural model of the ANO1 dimer and localization of the F608S variant. The
F608S variant (red spheres) is located at the beginning of transmembrane helix 5 and
thus at the membrane-cytosolic interface and a predicted PliP2 interaction site[69]
(yellow spheres). The exchange of the hydrophobic sidechain of phenylalanine (F) to
a polar serine (S) within a conserved hydrophobic region is expected to destabilize the
structure by disrupting the stability conducted by the salt bridge of K609 and E594
(orange spheres), which could accelerate the down-regulation of ANO1 by a faster
channel inactivation by desensitization to Ca?*. This effect was shown by an alanine
mutation of the salt bridge[69]. The ANO1 structural model is based on cryo-electron
microscopy of the murine homolog (PDB ID 50yb[70]) The two monomers are
distinguished by representation as ribbons and cartoons, respectively.

Extracellular and intracellular domains are colored dark and light grey, the
transmembrane domain is blue. The CI anion channel is highlighted as teal spheres.
The Ca?*-binding site is colored pink, the calcium atoms are shown as yellow-green
spheres. Predicted PIP2-interacting residues (R481, K597 and R605[69]) are depicted
as yellow spheres. Protein sequences were derived from the UniProt sequence

database and visualized using JalView[95] with the Clustal X color scheme.
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Online Supplementary Figure S10. F608S mutant of ANO1 has high
instantaneous current but slow voltage-dependent activation and deactivation

kinetics in vitro.

(A) Representative CI™ currents recorded from HEK293 cells transfected with wild-type
ANO1 (left) or F608S-ANO1 (right), elicited by stepping for 1 s from -100 mV holding
voltage to 100 through +100 mV. (B-F) Left, voltage-dependence at 1000 (e) or 100
nM [Ca?*]i (o); or right, [Ca®*]-dependence at +100 (e) or =100 mV (o); of CI~ current
parameters from HEK293 cells expressing WT- (gray) or F608S-ANO1 (black): CI~
current densities at the 1-s plateau (B, IACT), tail currents immediately upon
deactivation (C, IpeacT), ratios of the instantaneous CI~ current at 20 ms versus the
plateau current at 1 s (D, linst/lacT), time constants of CI~ current during activation (E,
TacT) or deactivation (F, Toeact) (*P < 0.05, F608S vs. WT, by unpaired two-tailed t-
test; n = 5-27 cells per [Ca?*]).

To determine the functional impact of F608S on human ANO1, we recorded whole-
cell voltage-dependent Ca?*-activated CI~ currents from HEK293 cells expressing
wild-type or F608S-ANO1 at 100-1000 nM intracellular Ca?* ([Ca?*])). Ca?*-activated
CI~ current densities of F608S-ANO1 were similar to WT for both activation (B) and
deactivation (C) at all tested voltages and [Ca?*] concentrations. However, the kinetics
of the two constructs were different. F608S-ANO1 CI~ currents had a larger ratio of
instantaneous-to-plateau current (Iinst/lact) at high [Ca?*]i (D). Moreover, F608S-
ANO1 activated and deactivated slower than WT, as reflected in an increase in the
time constants of activation (Tact, E) and deactivation (TpeacT, F) at positive voltages
(+20 to +100 mV) and high [Ca?*]; (500-1000 nM).
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Online Supplementary Figure S11. Sushi repeat-containing protein (SRPX)
structure und alignment.

(A) SRPX domain structure and the predicted protein fold of the C-terminal domain.
The N-terminal signal peptide is shown as a green dashed line. Predicting the 3D
location of the Ser413Phe variant is based on a model with lower confidence, with
loop and helical structures being less reliable than the central beta sheet. In this model
it is predicted that the polar Ser413 stabilizes loops originating from strands 1, 3 and
4, and a mutation to a hydrophobic phenylalanine could interfere with this function (B)
Multiple sequence alignment with predicted secondary structures. Conserved
sequence positions are largely consistent with the pfam13778 family, in particular with
the central beta sheet, which enhances the confidence of the core regions in the above
structural model. Ser413Phe is located adjacent to the conserved beta strand 3 and
the invariant Phe414 which supports an important structural role of the variant. For

further details see Methods, section In silico variant protein analysis.
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Online Supplementary Figure $12. ABO blood groups and HEM risk in UKBB
and GERA.

The plot shows odds ratios (and 95% confidence intervals) form testing ABO blood
groups vs HEM risk in UKBB and GERA (Methods). An association test based on
logistic regression is used to test for a significant HEM association for each of the four
blood groups, taking into account sex, age, BMI and the top 10 PCs from PCA. FDR
correction was applied to correct for multiple testing. FDR: false discovery rate.
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Online Supplementary Figure S13. Immunohistochemistry for selected HEM candidate proteins.

lllustration of the rectum and anal canal (A) with indication the site-specific localization of the immunohistochemical panels analyzed
in (B). Fluorescence immunohistochemistry (B) for selected HEM candidate proteins (see also online supplementary table S11),
encoded by candidate genes within our 102 identified genome-wide significant loci, are shown. SRPX (rs35318931), ANO1
(rs2186797) and MYH11 (rs6498573) were determined as prioritized HEM genes in our study. ANO7 and SRPX are interesting HEM
candidate genes since the lead SNPs at these loci are (missense) coding variants. MYH11 is also a main hub gene within the M1
co-expression module of our transcriptome analysis. Given the ABO blood group association observed in our study in HEM patients
(online supplementary figure S12), we have included ABO as further target for immunohistochemistry.

Antibody staining was performed on colorectal FFPE tissue specimens from control individuals. The rows correspond to the rectal

mucosa (top row, epithelial surface delimited by dashed line,*: intestinal lumen), smooth musculature (second row), enteric ganglia
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(third row, ganglionic boundaries delimited by dashed line), hemorrhoidal plexus (fourth row, endothelial surface delimited by dashed
line, *: vascular lumen), and the anoderm (bottom row, border of the anoderm delimited by dashed line). Blue: DAPI; green: a-SMA
(anti-alpha smooth muscle actin antibody) for row 2 and 4 (smooth musculature/hemorrhoidal plexus) and PGP9.5 (member of the
ubiquitin hydrolase family of proteins, neuronal marker) for row 3 (enteric ganglia); red: antibody for the respective candidate protein.
Arrows point to corresponding candidate-positive cells within the vascular wall. Arrowheads point to corresponding candidate-positive

nucleated immune cells.
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Online Supplementary Figure S14. Graphical abstract of the study.
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