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Abstract

Epidemiological studies have long recognized risky behaviors as potentially modifiable factors for the onset and flares of
inflammatory bowel disease (IBD); yet, the underlying mechanisms are largely unknown. Recently, the genetic
susceptibilities to cigarette smoking, alcohol and cannabis use [i.e. substance use (SU)] have been characterized by
well-powered genome-wide association studies (GWASs). We aimed to assess the impact of genetic determinants of SU on
IBD risk. Using Mount Sinai Crohn’s and Colitis Registry (MSCCR) cohort of 1058 IBD cases and 188 healthy controls, we
computed the polygenic risk score (PRS) for SU and correlated them with the observed IBD diagnoses, while adjusting for
genetic ancestry, PRS for IBD and SU behavior at enrollment. The results were validated in a pediatric cohort with no SU
exposure. PRS of alcohol consumption (DrnkWk), smoking cessation and age of smoking initiation, were associated with IBD
risk in MSCCR even after adjustment for PRS;gp and actual smoking status. One interquartile range decrease in PRSppiwk
was significantly associated to higher IBD risk (i.e. inverse association) (with odds ratio =1.65 and 95% confidence interval:
1.32, 2.06). The association was replicated in a pediatric Crohn’s disease cohort. Colocalization analysis identified a locus on
chromosome 16 with polymorphisms in IL27, SULT1A2 and SH2B1, which reached genome-wide statistical significance in
GWAS (P <7.7e-9) for both alcohol consumption and IBD risk. This study demonstrated that the genetic predisposition to SU
was associated with IBD risk, independent of PRSjgp and in the absence of SU behaviors. Our study may help further stratify
individuals at risk of IBD.
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Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory
disorder of the digestive tract with two major subtypes, ulcer-
ative colitis (UC) and Crohn’s disease (CD). In the past decades,
the incidence and prevalence of IBD were increasing worldwide,
especially among children (1,2). It is estimated that 568 per
100000 people in the USA are affected by IBD (249 by UC and 319
by CD) (1). The risk factors of IBD include genetic predisposition,
environmental exposure, unbalanced gut microbiome and their
complex interplays. Cigarette smoking has long been recognized
as an environmental factor modifying IBD risk (3). Interestingly,
smoking behavior is reported to have a distinct effect on UC
and CD. Specifically, UC is mostly a disease of non-smokers
and former smokers, and smoking is protective against UC,
whereas a detrimental effect of smoking on the CD risk has been
reported (3,4), with interventional studies showing the positive
effects of smoking cessation in CD patients. Moreover, alcohol
consumption has been considered as a potential trigger for IBD
flares (5) and worsening of the IBD symptoms (6); however, its
effect on IBD onset has been inconclusive (7,8). Furthermore, over
the last decade, interest in the therapeutic potential of cannabis
and its constituents in the management of IBD has escalated (9);
yet, there are no studies examining the role of cannabinoid use
to IBD risk.

It is now recognized that genetic risk of many complex traits
and diseases, including IBD and substance use (SU), for example,
alcohol, cannabis and cigarettes smoking, is driven by multiple
common genetic polymorphisms (10,11) (Table 1). A genome-
wide association study (GWAS) of nearly 60000 individuals has
identified 240 IBD susceptibility loci (Table 1) (12,13). Moreover,
the recent GWAS & Sequencing Consortium of Alcohol and
Nicotine use (GSCAN) study, that aggregated genetic association
findings across scores of studies with up to 1.2 million individu-
als (14), identified 406 loci associated with multiple phenotypes
of cigarette use as well as alcohol consumption. Furthermore, the
largest cannabis use GWAS (15) based on the analysis of 184765
subjects revealed 35 significant susceptibility loci.

Given an epidemiological link between IBD onset and disease
course and risky behaviors, and the strong polygenic predisposi-
tion to IBD and various substances use, the goal of this study was
to determine whether genetic susceptibility to SU could affect
the risk of IBD in independent cohorts of adult and pediatric IBD
cases and controls. To capture the polygenic nature of IBD and SU
risk, we calculated a series of polygenic risk scores (PRS), which
aggregate the effects of disease-associating variants across mul-
tiple loci (16,17). PRS derived from large GWASs tend to be more
powerful in predicting disease outcomes (16). Identifying genetic
correlations between IBD and SU can provide useful etiological
insights into IBD pathogenesis (18). Also, given an emerging
interestin applying PRS to improve clinical decision-making, this
study may help risk stratify individuals at a high risk of IBD.

Results

Association between IBD outcomes and SU PRS in
MSCCR

The overall study design is illustrated in Figure 1. We computed
PRS in the 1246 Mount Sinai Crohn’s and Colitis Registry
(MSCCR) subjects (Supplementary Material, Table S1), using
linear combinations of the imputed genotype dosages and
regression coefficients from the respective summary association
statistics retrieved from previously published GWAS (Table 1), for
seven SU traits: alcohol dependency (PRSaicdep), alcohol drinks
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per week (PRSpmxwx), smoking initiation (PRSsmymit), smoking
cessation (PRSsmices), age of smoking initiation (PRSagesmk),
cigarettes per day (PRScpp) and cannabis use (PRScannabis); and
three IBD endpoint variables: IBD (PRSizp), UC (PRSyc) and CD
(PRScp, see Materials and Methods). For each disease and trait,
we calculated eight sets of PRS using GWAS P-value thresholds
of le-1, le-2, 1e-3, le-4, le-5, le-6, le-7 and 1le-8 for including
Single Nucleotide Polymorphisms (SNPs) in the PRS derivation.

Marginal associations were tested between each SU PRS and
each observed IBD diagnosis (Fig. 2 and Supplementary Mate-
rial, Table S2). Bonferroni correction was applied to account for
multiple testing and we presented adjusted P-value (i.e. Pag).
As expected, the associations between observed IBD endpoints
and PRSpp were highly significant (Supplementary Material,
Table S3). PRSpmxwk Was inversely associated with IBD risk. One
interquartile range (IQR) increase of PRSpmiwk led to lower IBD
(OR=0.61, Pog; =1.68e-3), CD (OR=0.58, P,g; =9.25e-4) and UC
risks [odds ratio (OR)=0.64, P,g; =5.37e-2] (see Supplementary
Material, Table S2). PRS for smoking behavior traits were corre-
lated with the risk of IBD, UC and CD (Fig. 2). Specifically, higher
PRSagesmk, representing an older age of smoking initiation, was
associated with higher risk of UC (P,g =4.3%e-3), but not CD.
One IQR increase of PRSsmkces Was significantly associated with
higher IBD (OR =1.73, Pog; =2.42e-5), CD (OR=1.73, Poq; =1.41e-
4) and UC (OR =1.70, P,g; =8.29e-4) risks. Of note, the smoking
cessation variable was coded as 1 for current smoker and 0
otherwise (14); therefore, our results indicate that genetic deter-
minants of inability to stop smoking significantly increase the
risk of IBD, CD and UC.

Given PRSprnkwk, PRSsmkces and PRSagesmk showed significant
association with the observed IBD diagnosis, we further exam-
ined the associations after controlling for PRSpp and observed
smoking status at enrollment (Models (1-3), see Materials and
Methods). To reduce the number of multivariate models, we
focused on the PRS that yielded the most significant association
in the univariate analysis. The multivariate analysis revealed
two key observations. First, the association between SU PRS (i.e.
PRSpmkwk, PRSsmikces and PRSagesmk) and IBD endpoints had con-
sistent direction as in univariate analysis, but of slightly smaller
effect sizes (Fig. 3 and Table 2). For example, one IQR increase
in PRSpmkwx Was associated with lower IBD (OR=0.76, P =0.038)
and CD (OR=0.73, P =0.031) risk, a smaller effect than in the
univariate model (Table 2). Second, the effect size of SU PRS on
IBD risk (even when significant) was 4-7 times smaller than that
of PRSigp (Table 2). PRScannabis Were not significantly associated
with the IBD endpoints (Supplementary Material, Table S2).

Predictive value of PRS for alcohol consumption for IBD
risk

To assess the additive predictive value of SU PRS on IBD risk,
we used the multivariate model (Models (4-6), see Materials
and Methods), to simultaneously examine the effect of PRS;zp
and SU PRS, comparing the top/bottom 10th percentiles of each
PRS with the rest of the cohort. As expected, the PRSppp was
significantly associated with IBD case status, with subjects in
the top 10% of PRS;zp showing a 5.61-fold [95% confidence inter-
val (CI): 2.04-15.41] higher IBD risk than the remaining 95% of
subjects (Table 3). Importantly, PRSpmiwk provided an additional
prediction value toward IBD risk independent of PRS;p. Since
the PRSpmiwk and IBD risk were inversely associated, we focused
on subjects within the bottom 10% of PRSpmxwk, Who turned
out to have 1.84-fold (95% CI: 1.17-2.89) higher IBD risk when
comparing with the rest of the cohort. Similarly, conditional on
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Table 1. Study data sets

Study name Traits N Data type Reference
IBD data sets
MSCCR e [BD 1246 Sample-level genotypes (38)
e CD and phenotypes
* UC
RISK e CD 873 Sample-level genotypes (19,40)
and phenotypes
de Lange et al. * IBD 59957 Summary GWAS stats (12)
* CD
* UC
Substance use data sets
GSCAN * Alcohol drinks per week 1200000 Summary GWAS stats (14)
® Smoking: Initiation
® Smoking cessation
® Age of smoking initiation
® Cigarettes per day
PGC-Alcdep * Alcohol: dependence? 46568 Summary GWAS stats (36)
Cannabis-ICC-UKB e Lifetime cannabis use 184765 Summary GWAS stats (15)

20nly results from the European ancestry cohort were used in the present study; ICC: International Cannabis Consortium; UKB: UK Biobank.

Training Data: GWAS Summary
Data on 7 Substance Use [SU]
traits (smoking, alcohol, cannabis)

Training Data: GWAS
Summary Data on 3 IBD traits
(1BD, UC, CD)

7 SU PRS formula
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3 IBD PRS formula

v
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Figure 1. Analysis workflow. Seven SU GWAS: alcohol dependency, alcohol drinks per week, smoking initiation, smoking cessation, smoking age of initiation, cigarettes
per day and cannabis use. Three IBD GWASs: IBD, UC and CD.
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Figure 2. PRSs for SU traits were associated with IBD endpoints. (A) Z-scores of marginal association, estimated through logistic regression on the IBD case/control
cohort (MSCCR). Circles mark associations passing the 1% FDR cutoff. (B) Estimated effect sizes of genetically determined SU traits on IBD risk (log-OR). Circles mark
associations passing the 1% FDR cutoff. PRSs for three SU traits (alcohol drinks per week, smoking cessation and smoking age of initiation) are significantly associated
with IBD risk. We observe similar association patterns for IBD, CD and UC. Large effect sizes are observed for alcohol drinks per week and smoking cessation. Cann.,

cannabis.
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Figure 3. Multivariate regression analysis between IBD endpoints and PRSs for SU traits in MSCCR cohort. Three disease endpoints: IBD, CD and UC. The regression
model was adjusted for age, sex, observed smoking status at disease diagnosis, first 10 genetic principal components and PRS of disease endpoint (i.e. IBD, CD and UC).
The forest plot presents the OR per interquartile increase in the PRS. Circles: point estimate of log-odds ratio; horizontal error bars: 95% confidence intervals.
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Table 2. Association between IBD/CD/UC diagnosis and PRS in univariate and multivariate analyses

Dependent N& Regressor GWAS Univariate regression Multivariate regression
variable (cases + controls) P-value
threshold OR 95% CI P-value OR 95% CI P-value
IBD 1246 PRSpmxwk  1E-3 0.61 0.49-0.76 1.00E-05 0.76 0.59-0.98 0.0375
1246 PRSgmkces 1E-1 1.73 1.41-2.13 1.44E-07 1.28 0.98-1.69 0.075
1246 PRSagesmk 1E-1 1.54 1.27-1.87 1.31E-05 1.19 0.92-1.52 0.179
1246 PRSD 1E-3 4.01 3.11-5.18 1.43E-26 3.63 2.79-4.73 6.84E-22
CD 816 PRSpmkwk  1E-3 0.58 0.46-0.73 5.50E-06 0.73 0.55-0.97 0.0312
816 PRSsmkces 1E-1 1.73 1.39-2.15 8.39E-07 1.40 1.04-1.90 0.0291
816 PRSagesmk 1E-1 1.48 1.21-1.80 1.02E-04 1.06 0.82-1.38 0.636
816 PRScp 1E-3 4.48 3.37-5.95 4.74E-25 4.22 3.10-5.75 9.21E-20
ucC 618 PRSpmxwk  1E-3 0.64 0.51-0.82 3.19E-04 0.81 0.61-1.07 0.141
618 PRSgmkces 1E-1 1.70 1.35-2.13 4.93E-06 1.23 0.91-1.67 0.17
618 PRSagesmk 1E-1 1.63 1.30-2.05 2.61E-05 1.23 0.92-1.66 0.159
618 PRSyc 1E-3 3.35 2.51-4.47 2.56E-16 3.63 2.68-4.93 1.58E-16

The multivariate regression models (Models (1-3)) were specified in the Materials and Methods section. All PRSs were centered and scaled to have median=0 and
IQR =1. In constructing PRS, the GWAS P-value thresholds were selected to maximize significance of the association between the PRS and IBD diagnosis in univariate

regression analysis.
2Analyses for all 3 dependent variables share the same 188 HC.

Table 3. Alcohol use PRS provides independent prediction power toward IBD diagnosis

Endpoint Dichotomized PRS OR 95% CI
IBD DrnkWk (bottom 10% vs. 1.83 1.17 2.87
rest)
SmkCes (top 10% vs. rest) 1.58 0.85 2.94
AgeSmk (top 10% vs. rest) 1.59 0.85 2.97
IBD (top 10% vs. rest) 5.72 2.08 15.72
CD DrnkWk (bottom 10% vs. 1.92 1.17 3.15
rest)
SmkCes (top 10% vs. rest) 1.57 0.82 3.02
AgeSmk (top 10% vs. rest) 173 0.90 3.33
CD (top 10% vs. rest) 10.15 3.16 32.55
ucC DrnkWk (bottom 10% vs. 1.65 0.99 2.76
rest)
SmkCes (top 10% vs. rest) 1.74 0.89 3.39
AgeSmk (top 10% vs. rest) 1.51 0.76 2.97
UC (top 10% vs. rest) 4.40 1.85 10.47

We dichotomized each continuous PRS into a binary variable, for example, PRSpykwyx t0 Ipmkwk - In PRSeD, PRScp, PRSyc, PRSsmices @nd PRSpgesmy if @ given subject
was within the top 10% of the PRS, we assigned the corresponding binary variable as 1, otherwise 0. If a subject was within the bottom 10% of the PRSppwk, wWe
assigned Ipewk = 1, otherwise 0. OR, computed using multivariate model (Models (4-6), see Materials and Methods).

PRScp, subjects within the bottom 10% of PRSpmiwx had 1.94-fold
(95% CI: 1.18-3.19) higher CD risk when comparing with the rest
of the cohort (Table 3).

Replication in pediatric Crohn’s disease cohort

We validated the marginal association (i.e. without covariates
adjustment) between SU PRS and CD diagnosis in a cohort of 769
pediatric CD cases and 104 age-matched healthy controls (HC)
of Caucasian ancestry (RISK cohort, Table 1 and Supplementary
Material, Table S4) (19,20). The range and median age in cases
were 1.8-17.3 and 12.6 years and in controls were 2.3-16.9
and 12.5 years, respectively, which is below the age of alcohol
exposure. We applied the same regression model and parameter
setting as in the MSCCR cohort. We confirmed a significant,
negative effect of PRSpmxwx on the risk of CD (OR=0.78;
P =0.038). The PRS for smoking traits were not significantly
associated with CD risk.

Shared risk variants between IBD and alcohol
consumption

Comparison of IBD (12) and DrnkWk (14) GWASs revealed a
region on chromosome 16 (28.2-29.2 Mbp, hgl19) with shared,
genome-wide significant variants between the two traits
(Supplementary Material, Fig. S1). Colocalization analysis (see
Materials and Methods) supported a shared causal variant
driving both DrmnkWk and IBD (Hs =89.1%, Supplementary
Material, Table S5) and DrnkWk and CD (Hs; =87.6%). Three
genes in this region contained non-synonymous variants
associated with both IBD and DrnkWk at the genome-wide
significance (Table 4): IL27 (rs181206), SULT1A2 (rs1059491)
and SH2B1 (rs7498665). IL27 has been extensively studied in
relation to IBD, and it plays an important role in the immune
response. SULT1A2 is involved in ethanol metabolism and
appears to be a plausible gene regulating alcohol consumption.
Importantly, these three non-synonymous SNPs are in tight
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Table 4. Shared non-synonymous SNPs between GWAS on IBD and GWAS on alcohol drinks per week

1sID chr Position Gene Alleles Amino acid IBD Alcohol drinks per week
(hg19) symbol change
ref alt ref/alt Beta P-value Beta P-value
15181206 16 28513403 IL27 A G L/P 0.0945 9.07e-12 -0.0121 7.67e-09
151059491 16 28603 655 SULT1A2 T G N/T 0.0886 4.22e-12 -0.0124 7.9e-10
157498665 16 28883241 SH2B1 A G T/A 0.0965 3.5e-14 -0.0132 2.4e-11

ref: Reference allele; alt: Alternative allele

linkage disequilibrium (LD) (rs181206 vs. rs1059491: r? =0.74;
rs7498665 vs. rs181206: 1> =0.55; rs7498665 vs. rs1059491:
r2 =0.66), and further functional studies are necessary to dissect
their functional roles.

Discussion

IBD is believed to result from the complex interactions between
the patient’s genome and environmental exposures (21). While
the associations of smoking and alcohol consumption with
IBD diagnosis and activity have been extensively reported, the
contribution of genetic predisposition to SU, which is now well
established (14), to IBD pathogenesis has not been explored.
In this study, we demonstrated that genetic determinants of
alcohol consumption and smoking behavior, summarized as
PRS, are predictors of IBD risk independent of PRSpp. Specifically,
individuals at the bottom 10% of PRSpmiwk had 1.8-fold higher
IBD risk when compared with the remaining 90% individuals
after accounting for all covariates. The association between
CD and PRSpmiwk Was replicated in a pediatric IBD cohort
where the subjects were below the age of alcohol exposure.
The data sets consistently indicate that SU PRS influence IBD
risk without necessarily modifying SU behavior, which is also
supported by a Mendelian randomization study demonstrating
that smoking behavior does not affect the risk of developing
IBD (22).

Both IBD and SU are polygenic phenotypes, whereby numer-
ous common genetic variants with small effect sizes located
in or near various genes contribute to the disease risk or trait
variability. PRS assesses the cumulative genetic burden across
these susceptibility loci with potential clinical applications for
a number of traits (11,23,24). As expected, our study demon-
strated a very strong correlation between PRS and a respective
diagnosis across various GWAS P-value thresholds (P <4.9e-16
between PRS;zp and IBD, P < 5.0e-17 between PRS¢p and CD, and
P < 2.9e-9 between PRSyc and UC; Supplementary Material, Table
S3). Individuals at the top 10% of PRS;zp, PRScp or PRSyc had
at least a 4-fold increased risk of IBD, CD or UC, respectively,
further supporting the predictive value of PRS. Moreover, lower
PRSpmkwx Was associated with a higher risk of IBD, CD and
UC at certain GWAS P-value thresholds (i.e. inverse associa-
tion), with being at the bottom 10% PRSpmxwik increased the
risk of the disease by >80% (statistically significant for IBD and
CD, Table 3). Importantly, the association remained significant
for IBD and CD after the adjustment for respective PRSpp or
PRScp. Same direction of the effect, though with lower magni-
tude, was detected in the pediatric cohort of CD patients who
did not reach the age of alcohol or nicotine exposure, further
indicating that genetic determinants of alcohol use are nega-
tively associated with CD risk in the absence of actual alcohol
consumption.

Also, a positive association was found between PRSgmyces and
risk of IBD, CD or UG, but the significance only remained for CD

after adjustment for PRS¢p. Smoking cessation was a binary vari-
able contrasting current versus former smoking (14), therefore,
indicating a higher risk of the disease associated with the inabil-
ity to quit smoking, which is consistent with the epidemiological
data linking CD risk to nicotine exposure (3). Moreover, higher
PRSagesmk, representing an older age of smoking initiation, was
associated with higher risk of IBD, CD or UC. However, among
all smoking PRS, only those of the associations between CD and
PRSsmices survived the adjustment for the respective disease PRS
(Table 2). Further, PRScannabis Was not in association with IBD risk.

Our results suggest that SU PRS possess effects on IBD risk,
which are both independent of and overlapping with PRSjp.
PRSpmkwx and PRSgmices €xplained an additional genetic risk
associated with IBD diagnosis not captured by PRSpp, likely
because the GWAS that informed the SU PRS derivations (GSCAN
study, sample size up to 1.2 million subjects) (14) was much
larger than the GWAS used for IBD PRS calculation (sample
size ~ 60000 subjects) (12). It has been previously shown that
combining PRS and environment/life-style parameters achieves
better prediction than PRS alone (11,24). Our findings showcase
the ability to improve disease risk prediction by leveraging PRS
of predisposition to life-style behaviors (see Fig. 3 and Table 3),
which has been studied using a much larger sample. The effect
of alcohol use and smoking on IBD incidence should be system-
atically investigated in future prospective studies since incorpo-
rating alcohol use and/or SU PRS may improve the performance
of prediction models toward IBD risk.

There are two possible mechanisms that can explain the
genetic overlap between SU and IBD risk. One is a mediation
model where the genetic determinants of SU lead to SU behavior
which in turn modified the IBD risk. Second is an independent
effect model when the genetic determinants of SU affect the IBD
risk independent of influencing smoking or drinking behavior.
In the MSCCR cohort, smoking status at the time of cohort
enrollment was available, and we found that controlling for
the observed smoking status did not change the association
between smoking PRS and IBD endpoints. Moreover, the RISK
cohort subjects (Supplementary Material, Table S4) were below
the age of smoking/drinking exposure; however, PRSpwx Was
still significantly associated with CD diagnosis. Taken together,
this evidence supports the independent effect of SU PRS on
IBD risk without necessarily modifying SU behavior. Our conclu-
sion is also supported by Mendelian randomization study that
smoking behavior does not affect the risk of developing IBD (22).

The pathophysiological mechanisms underlying the connec-
tion of SU and IBD are of great importance. In the SU GWAS,
Liu et al. (14), in addition to reporting enrichment for nervous
system cell types, and more specifically pathways involved into
dopaminergic and glutamatergic transmission, among the top
SU susceptibility loci, also found enrichment for the immune
system and liver cells, though those findings were not confirmed
across different analytical methods. Our genetic colocalization
analysis identified the Chr16 locus with multiple variants, in
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moderate or high LD with each other, which played a causal
role in both predisposition to alcohol drinking and IBD risk.
Polymorphisms in the three genes in this locus, IL27, SULT1A2
and SH2B1, reached genome-wide statistical significance for
both phenotypes (Table 4). Variations in IL27, which encodes an
immunomodulatory cytokine that regulates adaptive immunity
responses, and in SULT1A2, which encodes sulfotransferases
that catalyze sulfate conjugation of catecholamines, phenolic
drugs and neurotransmitters, have been linked to early onset IBD
(25). Deleterious mutations in SH2B1 have been detected using
whole exome resequencing of candidate gene in IBD patients
with severe early onset IBD (26). At the same time, SULT1A2 is
involved in ethanol metabolism and appears to be a plausible
gene associated with alcohol consumption, while SH2B1 reg-
ulates liver lipid metabolism, which is significantly perturbed
by ethanol (27). Moreover, significant implications of the innate
immune and complement systems in responses to alcohol have
been reported (28-32). Strong links can be also drawn between
the variations in these loci and obesity, as all three variations
reported here in Table 4 also show a strong, positive association
with body mass index (BMI) in a large GWAS meta-analysis
of about 700 thousands individuals of European ancestry (P-
values all smaller than 1E-34) (32). This last observation might
help explain the findings of a positive association between obe-
sity and IBD risk from a recently published meta-analysis of
15.6 million individuals (HR=1.20, 95% CI: 1.08-1.34) (33). These
Chr16 locus genes could be the high-priority candidate genes
in future functional studies to determine their role as potential
drug targets to treat IBD, especially in individuals with genetic
predisposition to SU or obesity.

This study has several limitations. Only individuals of
European ancestry were included in our analysis limiting the
generalizability of our results. However, the largest GWAS
have been conducted in Europeans, and PRS derived using
regression coefficients from these GWAS do not perform
well in non-Europeans (17,34). We argue the reason that
PRSpmxwk and PRSgmices €xplained an additional genetic risk
associated with IBD diagnosis not captured by PRSpp is
because the SU GWAS is much larger (i.e. up to 1.2 million
subjects) (14) than the IBD GWAS to date (sample size~60000
subjects) (12). This rationale should be examined in the
future when the size and power of IBD GWASs further
increase.

In summary, in this study, we found that genetic determi-
nants of alcohol consumption and smoking behavior strongly
correlated with IBD risk independent of genetic predictors
of IBD. Individuals at the bottom 10% of PRSpmxwx having
their IBD risk increased by over 80%. We also identified
shared genetic effects between SU and IBD diagnosis through
the chromosome 16 locus, which encodes genes involved in
the IBD pathogenesis and ethanol-related metabolism. Our
study demonstrates the value of SU PRS to better understand
disease etiology and to help stratify individuals at high risk
of IBD.

Materials and Methods
Summary-level GWAS data

We curated three sets of GWAS results: IBD GWAS reported by
de Lange et al. (deLange-IBD) (12), GSCAN (14) and Psychiatrics
Genomics Consortium-Alcohol Dependency Study (PGC-Alcdep)
(35) (Table 1). In total, summary-level data for nine traits were
used, including three IBD traits: IBD diagnosis (12), UC diagnosis

(12) and CD diagnosis (12); and six SU traits: alcohol use, defined
as drinks per week (14); alcohol dependence, defined as a binary
trait (35), smoking initiation, smoking cessation, age of smok-
ing initiation, smoking cigarettes per day (14,36) and lifetime
cannabis use (15) (Table 1).

Individual-level IBD genotype and phenotype data sets

Patients UC or CD and unaffected controls (ages 18 and older)
were recruited into the MSCCR between December 2013 and
September 2016 via a protocol approved by the Icahn School of
Medicine at the Mount Sinai Institutional Review Board. Study
participants were enrolled during an office visit at the Susan and
Leonard Feinstein IBD Center for a routine colonoscopy, while
the majority of controls were undergoing endoscopy as part
of colon cancer screening. All patients gave written informed
consent to participate in the study. The clinical and demo-
graphic information was obtained through an extensive ques-
tionnaire. UC or CD diagnoses were confirmed by chart reviews
of electronic medical records. Blood samples were obtained, DNA
were extracted and genotype data were generated using the
high-density llumina Multi-Ethnic Global Array (MEGA®X) and
Infinium ImmunoArray-24 v2 BeadChip arrays, as reported else-
where (37). Genotypes were further imputed using the Michigan
Imputation Server (38) and using the 1000 Genomes reference
panel. A summary of the study cohort demographics, clinical
variables and smoking behavior is reported in Supplementary
Material, Table S1.

The Crohn’s and Colitis Foundation-sponsored RISK study is
a prospective inception cohort study, which enrolled pediatric
patients with IBD from 28 sites in North America between 2008
and 2012 (20,39). We used the CD cases and controls of Caucasian
ancestry (Supplementary Material, Table S4) to replicate the
association between SU PRS and CD diagnosis.

PRS construction

The overall study design is illustrated in Figure 1 and is fur-
ther described in the Results section. The PRS construction was
carried out in two steps:

(1) We assembled the PRS formula based on regression coeffi-
cients from the respective summary association statistics
retrieved from previously published GWAS (Table 1) and
thresholding-pruning workflow (40). The GWAS summary
data were filtered using eight predefined GWAS P-value
thresholds for variant inclusion in the formula (<1e-1, <1le-
2, <le-3, <le-4, <le-5, <le-6, <le-7 and < 1e-8). Then, we
pruned the SNPs to reduce the inter-correlations (using LD
threshold of r? > 0.1) as implemented in PLINK software (41),
using the 1000 Genomes European reference. In total, we
constructed PRS formulas for 10 traits: PRSajcqep (alcohol
dependency), PRSpmiwk (alcohol drinking per week), PRScpp
(cigarettes per day), PRSsmkces (Smoking cessation, where
higher score indicates current smoking), PRSagesmk (age of
smoking initiation), PRSgmkmit (Smoking initiation, which
denotes ever smoking), PRScannabis, PRSisp, PRSyc and PRScp.
We created eight sets of PRS for each trait, corresponding to
eight GWAS P-value thresholds:

(2) Individual-level PRS values for the 10 traits (seven SU traits
and three IBD outcome traits) were computed for the MSCCR
and RISK subjects using linear combinations of the imputed
genotype dosages and regression coefficients from the
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respective GWASs; each PRS value was standardized to
median=0 and IQR=1.

Marginal association between SU PRS and observed IBD
outcomes

Marginal association tests (i.e. without adjusting for covariates)
were conducted in MSCCR between each pair of SU PRS and
observed IBD endpoints (IBD, CD and UC). In total, 168 tests were
performed and Bonferroni correction was applied. Associations
of adjusted P <0.01 were considered significant and used in
further downstream analysis (Fig. 2). As a positive control, we
also tested associations between the observed IBD diagnoses and
the respective PRSyp, PRSyc, and PRScp.

Multivariate analysis between SU PRS and observed IBD
diagnoses

In the multivariate analysis, we focused on PRSprmiwk, PRSsmkces
and PRSagesmk, Which showed significant associations in univari-
ate analysis after Bonferroni correction. The genetic determi-
nants of IBD, UC and CD were represented by PRSzp, PRSyc and
PRScp, respectively. From the eight sets of PRS corresponding
to various GWAS P-value thresholds, we only used those that
yielded the most significant association in univariate analysis
(Supplementary Material, Tables S2 and S3). We fit regression
models as follows:

logit(IBD) ~ PRSpmiwk + PRSsmkces + PRSagesmk + PRSmp

+SmKgps +Z (1)
logit(CD) ~ PRSpmkwk + PRSsmkces + PRSagesmk + PRScp
+SmKgps +Z 2
loglt(UC) ~ PRSDrnk\}\/k + PRSSkaes + PRSAgeSmk + PRSUC
+SmKkops +2Z (3)

where Z represents other covariates, including age at enrollment,
sex and the first five genetic principal components. Importantly,
Smkps denotes observed smoking status at the time of enroll-
ment. We fit Models (1-3) on the MSCCR data to dissect the inde-
pendent effect of SU PRS, while conditioning on PRSpp as well
as on observed smoking behavior. Observed drinking behavior
was not available for the MSCCR data set and thus could not be
included in the regression models.

It is of clinical significance to quantify the IBD risk for sub-
jects with extreme SU PRS values. We dichotomized each con-
tinuous PRS into a binary variable, for example, PRSpmiwk to
Iprmkwk, PRSsmkces to Ismkces, PRSAgeSmk to IAgeSmk, PRSpp to Iip,
PRSCD to ICDy and PRSUC to Iuc. In PRSIBD, PRSCD, PRSUc, PRSSkaeS
and PRSpagesmy, if a given subject was within the top 10% of
the PRS, we assigned the corresponding binary variable as 1,
otherwise 0. Since PRSpmiwk Was negatively associated with IBD
risk, subjects within the bottom 10 percentile of the PRSprmiwk
were assigned Ipmkwx = 1, otherwise 0. We then fit multivariate
logistic regression model as follows:

loglt(IBD) ~ IDrnka + ISkaes + IAgeSmk + IIBD + Smkobs + Z, (4)
10g1t(CD) ~ Ipmkwk + Ismkces + IAgeSmk +Iep + Smkobs +Z, (5)
10g1t(UC) ~ IDrnka + ISkaes + IAgeSmk + IUC + Sl’nkobs +Z. (6)

Genetic colocalization analysis

Genetic colocalization between IBD and SU endpoints was tested
using coloc, version 3.1 (42), using publicly available summary
GWAS statistics in a region with genome-wide significant loci
shared by alcohol dependence and IBD, CD and UC, in turn:
Chr16:28.2Mbp-29.2Mbp (hg19). Default prior parameter settings
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were used, as provided by the software package. In total, five
hypotheses were evaluated: Hy: no genetic association with
either trait; H;: association with trait 1 only; H,: association
with trait 2 only; Hs: association with both trait 1 and trait 2, but
with different causal loci and Hy: association with both trait 1
and trait 2, with a shared underlying causal variant.

Supplementary Material
Supplementary Material is available at HMG online.
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