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Abstract

Background: Approximately 40% of persons with inflammatory bowel disease (IBD) experience psychiatric comor-
bidities (PC). Previous studies demonstrated the polygenetic effect on both IBD and PC. In this study, we evaluated
the contribution of genetic variants to PC among the IBD population. Additionally, we evaluated whether this effect
is mediated by the expression level of the RBPMS gene, which was identified in our previous studies as a potential risk
factor of PC in persons with IBD.

Materials and methods: The polygenic risk score (PRS) was estimated among persons with IBD of European ances-
try (n=240) from the Manitoba IBD Cohort Study by using external genome-wide association studies (GWAS). The
association and prediction performance were examined between the estimated PRS and PC status among persons
with IBD. Finally, regression-based models were applied to explore whether the imputed expression level of the
RBPMS gene is a mediator between estimated PRS and PC status in IBD.

Results: The estimated PRS had a significantly positive association with PC status (for the highest effect: P-value
threshold =5 x 107, odds ratio=2.0, P-value = 1.5 x 10™). Around 13% of the causal effect between the PRS and PC
status in IBD was mediated by the expression level of the RBPMS gene. The area under the curve of the PRS-based PC
prediction model is around 0.7 at the threshold of 5 x 107

Conclusion: PC status in IBD depends on genetic influences among persons with European ancestry. The PRS could
potentially be applied to PCrisk screening to identify persons with IBD at a high risk of PC. Around 13% of this genetic
influence could be explained by the expression level of the RBPMS gene.

Keywords: Polygenetic risk score, Mediation causal inference, Psychiatric comorbidity, Inflammatory bowel disease,
Transcriptome-wide association analysis, Genome-wide association analysis, European ancestry

Introduction

Inflammatory bowel disease (IBD) is a chronic immuno-
logically mediated disease affecting the gastrointestinal
tract which is manifested by diarrhea, rectal bleeding,
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prevalence. Nearly 300,000 Canadians have been diag-
nosed with IBD [2, 3].

Approximately 40% of persons with IBD experience
psychiatric comorbidity (PC), such as depression and
anxiety [4], which is significantly higher than in the
general population [5]. Comorbid psychiatric illness
could lead to a higher risk of disease relapse and poorer
response to treatment [6—8]. However, the impact of
PC could be controlled by early intervention with rel-
evant psychotherapies [9, 10]. Therefore, identifying IBD
patients with a higher risk of PC could improve the long-
term treatment outcome.

Both IBD and psychiatric disorders have complex eti-
ology involving interactions between genetic and envi-
ronmental factors [11-13] and are known to be highly
polygenic [14, 15]. In IBD, over 200 single nucleotide
polymorphisms (SNPs) have been identified as risk loci
for IBD by genome-wide association studies (GWAS) [16,
17]. Each SNP only has a small effect size and explains a
small fraction of heritability. In order to account for this
genetic nature, the polygenic risk score (PRS) was used
to aggregate the effects of multiple SNPs from GWAS to
capture the associations of genetic variants with PC and
IBD. This approach has been successfully used to predict
the risk of Alzheimer’s disease [18] and pan-cancer dis-
eases [19].

Although there are many GWAS of IBD [16, 17], there
are limited GWAS analyses of PC in IBD. Recently, we
performed one of the first genome-wide copy number
variation (CNV) analysis [20] and transcriptome-wide
analysis of PC in IBD [21], which suggested that the
expression level of the RBPMS gene has an association
with PC status in persons with IBD [20, 21]. Gene expres-
sion has been considered as a mediator between genetic
variants and disease phenotype [22]. Hence, we hypoth-
esized that the genetic contribution to PC susceptibil-
ity among persons with IBD could be mediated by the
expression level of RBPMS. In this study, we focused on
persons with IBD of European ancestry. We first investi-
gated the genetic contribution to the development of PC
in IBD by constructing the genome-wide PRSs for each
individual with IBD and examining its associations with
the PC status in those persons. With a valid PRS demon-
strated, we further showed that PRS can be used to pre-
dict the risk of PC. Finally, the causal mediation analyses
were conducted to explore whether the expression level
of the RBPMS gene is a mediator between the PRS and
PC status in IBD (Fig. 1).

Methods

Study cohort

Samples for this study were collected from the Manitoba
IBD Cohort Study which was initiated in 2002 [22]. The
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Fig. 1 Flowchart of the overall analysis. The following analysis was
conducted on the 240 persons with IBD: A GWAS analysis: risk SNPs
selected at three P-value thresholds: 5 x 1072 5 x 1073, and 5 x 107%
B constructed PRS: two external GWAS summary: the IBD GWAS and
the Autism GWAS (sensitivity analysis); C risk and causal analysis

genetic profiles of the same samples were used for the
previous CNV and transcriptome-wide analysis [20, 21].
The Manitoba IBD Cohort Study enrolled participants
from the University of Manitoba IBD Research Registry.
There were 3192 participants in the Research Registry
database. The 606 of them who satisfied the following
selection criteria were eligible for the study: (1) at least
18 years of age; (2) diagnosed with IBD within the pre-
vious 7 years. Among the 606 individuals, 388 provided
baseline. Blood samples from 269 participants were avail-
able for genotyping. All participants in the Manitoba IBD
Cohort Study were followed by annual in-person inter-
views and semi-annual mail surveys for 2 years. The IBD
was diagnosed and phenotyped based on a chart review.
The psychiatric disorders (depression and anxiety) were
assessed through a structured psychiatric interview,
the Comprehensive International Diagnostic Interview
(CIDI) [23, 24] within 2 years of study enrolment. The
CIDI is based on diagnostic criteria from the Diagnostic
and Statistical Manual of Mental Disorders (DSM-IV)
published by the American Psychiatric Association [25].
This study was approved by the University of Manitoba
Health Research Ethics Board and all participants pro-
vided informed consent.

Microarray genotyping and quality control

Genotype data

Genotyping was performed by The Centre for Applied
Genomics at the Hospital for Sick Children on DNA
samples extracted from blood using the Illumina Human
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Omin2.5M-8 platform (San Diego, CA, USA). This pro-
duced the genotype data for 2,372,784 SNPs for each
individual. The quantity control (QC) was performed
by PLINK version 1.9 [26] as described in the previous
papers [20, 21]. In short, SNPs with missing rate>0.05,
minor allele frequency<0.05, and p-value<5 x 10~ for
Hardy—Weinberg equilibrium were removed. There were
1,267,826 SNPs that passed genotype data QC and were
included in the downstream analysis.

Twenty-six samples were removed by sample QC that
was conducted by a previous study [20] due to insuffi-
cient call rate, genotyping errors, non-European ancestry
(compared to The 1000 Genomes Project phase 3 data
[27]), sample relatedness, or the inconsistency between
self-reported and genotype measured sex. There were
240 participants (IBD with PC=94 and IBD without
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sex, age, disease subtypes, and marital status. The fre-
quencies of each covariate were measured and compared
between persons with IBD with PC and those without PC
by chi-square tests. Statistical analyses were conducted in
R version 3.5.1 [30].

Genome-wide association analysis

The GWAS analysis for PC status among persons with
IBD of European ancestry was conducted on SNPs that
passed QC using PLINK version 1.9 [26]. For each SNP,
the logistic model with an additive genetic model was
applied. Potential confounders, including population
stratifications measured by the first five MDS compo-
nents estimated based on genotype data that passed QC
(see “Methods” in the previous section), age, sex, marital
status, and disease subtypes were adjusted in the model.

logit (PC status in IBD) ~ SNP + MDS1 + MDS2 + MDS3 + MDS4

+ MDS5 + sex + age + marital status + disease subtypes.

(1)

PC=146) left for the downstream analysis. The QC pro-
cedure ensured there was no bias produced by sample
batch effect or genotyping quality.

Estimation of population structure

The multidimensional scaling (MDS) was used to identify
the population structure of the samples included in the
analysis. It was conducted based on the pairwise iden-
tity-by-state distance which was generated using SNPs
that passed QC and with linkage disequilibrium (LD)
below R?=0.2. The top five principal components were
extracted and included in the GWAS analysis. The analy-
sis was conducted by the PLINK v1.9 toolset [26].

Imputed expression levels of RBPMS gene
Transcriptome-wide association study of PC in IBD was
performed on the same 240 samples [21]. We identi-
fied the RBPMS gene in skeletal muscle as a top signal
with genetically regulated expression level associated
(P-value=5 x 107°) with PC in persons with IBD of
European ancestry. The expression level of RBPMS were
imputed using PrediXcan [28]. PrediXcan predicts the
gene expression data from an individual’s genetic profile
based on a reference transcriptome database GTEx [29].

Statistical analysis

Phenotypic association analyses

Exploratory analysis was performed to examine differ-
ences in the demographic characteristics between per-
sons with IBD with PC and those without PC, including

MDS is a statistical method which was used to identify
the ethnicity outliers by comparing the SNP population
frequencies in persons with IBD to the SNP frequencies
in the reference populations. It was estimated in QC pro-
cedures. The odds ratio (OR) and P-values were obtained
to assess the association between the allele counts and
the risk of PC in IBD. The risk allele is the allele associ-
ated with greater disease risk and it was subsequently
identified by comparing the ORs. The risk allele is the
minor allele if the OR is > 1 and it is the major allele if the
ORis <1.

PRS association analysis of PC status in persons with IBD

PRS is an overall measure of an individual’s genetic liabil-
ity to develop disease [31]. It is calculated as a weighted
sum of the number of risk variants as shown by the

Eq. (2)
n
PRS = " wixi, 2)
i=1

where x; is the risk allele counts of each SNP from our
study cohort, w; is the weight, which is the SNP asso-
ciation log odds ratio from external GWAS studies,
and # is the number of risk SNPs we selected. The risk
SNPs were selected at three different P-value association
thresholds: 5 x 1072, 5 x 1072 and 5 x 107%, This approach
can be considered as a parsimonious variable selection
method, conducting forward selection based on P-val-
ues since the “optimal” P-value threshold is unknown
[32]. For the selected risk SNPs, the pruning was per-
formed to account for the independent associations
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from the GWAS study (R>=0.3, window size =250 kB).
Since there is no IBD/PC related GWAS study available,
the external IBD GWAS [17] was used to compute the
genome-wide PRSs for PC status in IBD in our cohort.
The rationale for choosing the external IBD GWAS is
that the phenotype is highly related to our target popu-
lation. It contains 12,882 cases and 26,715 controls with
only European ancestry (SNP=11,555,662). In order to
match the risk SNPs between our Manitoba IBD Cohort
Study participants and the external dataset, the SNPs
with mismatched alleles were excluded. The estimated
PRS were further standardized for the comparison pur-
pose. The association between standardized PRS and PC
in IBD was then measured by logistic regression with and
without adjusting the sex, age, marital status and disease
subtypes (3, 4).

logit (PC status) ~ PRS, (3)

logit (PC status) ~ PRS + sex + age
+ marital status + disease subtypes.

(4)

The log OR, confidence interval (CI), P-value, and
McFadden pseudo-R? were reported. The analysis was
conducted in R [30].

Application of PRS to predict PC status in persons with IBD
Two machine learning methods, logistic regression and
support vector machine (SVM) with a linear kernel, were
used to construct models for predicting PC status in IBD
using PRS and other demographic covariates. Specifically,
sex, age, marital status, and disease subtypes. Predic-
tive performance was measured by the receiver operator
(ROC) curve and area under the curve (AUC) of the ROC
calculated based on the tenfold cross-validation.

Causal mediation analysis

Regression-based mediation analyses were performed to
examine whether the expression level of the RBPMS gene
is mediated by the effect of PRS on PC status in persons
with IBD of European ancestry. The analysis is based on
the counterfactual framework of causal inference [33].
In the scenario of an absent the mediator, the research
interest was the causal effect of exposure on the outcome.
However, with the presence of the mediator, the total
effect is no longer only directly coming from the expo-
sure, but rather it can be decomposed into two parts:
direct and indirect effect. The direct effect is the effect of
exposure (estimated standardized PRS) on the outcome
(PC status in IBD) with an absent the mediator (expres-
sion level of RBPMS gene). The indirect effect is the effect
of PRS on the PC status in persons with IBD through the
expression level of the RBPMS gene. The direct effect (61)
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of the PRS on the PC status in IBD was measured by a
logistic regression model, where the expression level of
RBPMS was the mediator and sex, age, marital status,
and disease subtypes were adjusted (5).

logit (PC status) = 6y + 01 * PRS + 02 « RBPMS + sex + age
+ marital status + disease subtypes

(5)

To estimate the indirect effect, model (6) was estimated

by a linear regression model which treated the media-

tor (expression level of RBPMS) as the outcome and PRS

as the exposure. Then the indirect effect is measured by

(1 * 62, where 0y is the coefficient of RBPMS in Eq. (5)
and @ is the coefficient of PRS in Eq. (6).

RBPMS = Wy + D1 * PRS + sex
+ age + marital status + disease subtypes.

(6)

The degree of mediation is measured by the propor-
tion mediated, which is the ratio of the estimated indirect
effect and the total effect (7).

#1 * Oy
% mediated = ———.
’ @1 % 02 + 61 @

The confidence interval of the direct and indirect
effect was computed based on the bootstrap of 1000
replications.

Sensitivity analysis

In order to explore whether using different external data-
sets as weight in the PRS calculation would lead to a con-
sistent result, we conducted the same set of analyses on
autism spectrum disorder GWAS (autism GWAS) [34].
The rationale for choosing autism GWAS is that autism
is one type of psychiatric disease. The dataset contains
18,381 cases and 27,969 controls for the population with
European ancestry (SNP=9,112,387).

Results

Demographic analysis

Demographic characteristics of PC group and those with-
out PC were summarized in Table 1. Among the patients
without PC, 49% were male, 58% were between 17 and
40 years of age, 47% had Crohn’s disease and 73% were
married or had common-law relationships. The group
with PC included fewer males (35%, P-value=0.054),
64% were between 17 and 40 years of age at diagno-
sis, 53% had Crohn’s disease and 70% were married or
in common-law relationships. There was no significant
enrichment of PC in any of listed covariates, but we
included all of them as potential confounders in the fol-
lowing analyses.
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Table 1 Demographic characteristics of persons with IBD by PC

status
N =240 IBD without IBD with PC P-value?
PC(N=146) (N=94)

Sex 0.054
Male 71 (486%P°) 33 (35.1%)
Female 75(514%) 61 (64.9%)

Age at diagnosis 0.4564
16 years and under 9 (6.16%) 3(3.2%)
17 t0 40 years 84 (57.5%) 60 (63.8%)
Over 40 years 53 (36.3%) 31 (33.0%)

Disease subtype 0444
Crohn's disease 69 (47.3%) 50 (53.2%)
Ulcerative colitis 77 (52.7%) 44 (46.8%)

Marital status
Married/common-law 106 (72.6%) 66 (70.2%) 0.799
Single/divorced/wid- 40 (27.4%) 28 (29.8%)
owed

2 P-values are based on Pearson’s chi-squared test for categorical measures

® Among the persons with IBD without PC, 48.6% of them are male

Table 2 Number of SNPs identified from GWAS at different
thresholds
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Genome-wide association analysis

GWAS on PC status adjusted by gender, age, marital
status, disease subtypes, and the top 5 MDS compo-
nents was visualized by Manhattan plot and QQ plot
which are presented in Additional file 1: Fig. S1. There
were no SNPs significantly associated with PC in IBD at
the genome-wide threshold of (5x 107%). Although the
power was limited by the sample size, which is shown in
the QQ Plot, there were still 37 SNPs that had signals at
the suggestive level (5 x 107°). These 37 SNPs with sug-
gestive significance were located at multiple chromo-
somes, which indicates the polygenic characteristic for
this phenotype.

PRS association analysis of PC status in persons with IBD

The number of risk SNPs identified at multiple P-value
thresholds (5 x 1072, 5 x 107 and 5 x 10™%) were 63,590,
5501 and 442, respectively, as shown in Table 2. The LD
pruning was conducted on these risk SNPs in order to
remove the correlated SNPs, leaving 21,748, 1104 and
72 SNPs among the three P-value thresholds respec-
tively. The remaining SNPs were further matched with
the IBD external GWAS dataset, with 9620, 471 and
33 SNPs matched at the three thresholds. For the 33
SNPs, all individuals included carried at least one risk
allele. The top gene ontology functions enriched in the

P-value Number of Number of Number of . X . o
threshold significant SNPs after LD  SNPs mapped genes associated with these risk SNPs (Additional file 1:
SNPs pruning to external Table S3) are pyrimidine ribonucleotide metabolic pro-
identified IBDGWASand — oqq (GO:0009218), toll-like receptor 2 signaling path-
from GWAS used in the PRS ’ ’ ) - 7o
under the calculation way (GO:0034134) and protein localization to axon
threshold (GO:0099612). All of them have enriched P-value =0.008
1 sx102 63500 21748 9620 ga;i]Pusted‘ II—V;flluezot.lll). Thehdetall?, (35 é?eznunglfcrid(?f
5 5102 5501 1104 471 ‘ s at rls<a‘ter eac steP 1s‘s own in Table 2 an \ 1-
3 sy a1 . 3 tional file 1: Fig. S2. The distributions of the standardized
PRS estimated based on IBD GWAS at different P-value
(a) (b) (c)
(2] o o
- ™+ ° ™
o | 5 o o
[ : ‘ (S ° :
@ i ‘ @ —
& & 5 |
g g g
T o 2 °
5 o o4
b T o - | i b
| [ S T
q ‘ A 9 ‘
IBD without PC IBD with PC IBD without PC IBD with PC IBD without PC IBD with PC
Phenotype Phenotype Phenotype
Fig. 2 Boxplot of estimated PRS based on the IBD GWAS. a PRS for the European IBD GWAS at P-value threshold of 5 x 107, b PRS for the European
IBD GWAS at P-value threshold of 5 x 107, ¢ PRS for the European IBD GWAS at P-value threshold of 5 x 107
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thresholds are shown in Fig. 2. Persons with IBD with
PC had slightly higher averaged standardized PRS than
the group that did not have PC at 5x 107 and 5 x 107*
P-value thresholds. There is no significant difference at
5x 1072 P-value threshold. The results of PRS associa-
tion between PC status in persons with IBD and the esti-
mated PRS based on external IBD GWAS are presented
in Table 3. The PRS had a significantly positive asso-
ciation with PC status at 5x 107> and 5x 10™* P-value
thresholds. The strongest and most significant effect
was at the P-value threshold of 5*10™ (OR=1.9 and
P-value=1.9 x 107°). The association was insignificant at
the threshold of 5x 107> (OR=1.1 and P-value=0.617).
After adjusting for the covariates (sex, age, marital sta-
tus, and disease subtypes), the association persisted and
the threshold of 5 x 1072 continues to have the strongest
association with OR=2.0 and P-value=1.5 x 10~°.
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Polygenetic risk analysis of PC status

With the positive association between PRS and PC status
demonstrated, we further examined the power of the PRS
to predict PC status in persons with IBD using machine
learning methods. The results are presented in Fig. 3.
The threshold of 5x 10~ had the best prediction power
among all three thresholds (AUC=0.58-0.66). The logis-
tic regression models with and without adjusting for
covariates performed better than the SVM models.

Causal mediation analysis

In order to understand how different PRS will result in
different PC status in persons with IBD of European
ancestry, we further examined whether the association
between PRS and PC status was mediated by the expres-
sion level of the RBPMS gene. We believe that differ-
ent PRS will lead to the distinctive expression levels of

Table 3 Association analyses between PC status in persons with IBD and PRS estimated based on the IBD GWAS

P-value threshold Log OR SE P-value R%
PC~PRS 5% 107 0.07 0.13 6.17E—01 0.001
5% 107 0.65 0.15 1.86E—05*** 0.065
5x 107 0.61 0.15 3.64E—05*** 0.059
PC~PRS + sex+ age + marital sta- 5% 1077 0.06 0.14 6.41E—01 0.023
tus +disease subtypes 5% 107 069 016 1 46E—05*+* 0.090
5x 107 0.67 0.15 1.50E—05*** 0.089
2 R?is the McFadden's pseudo R?
b PC stands for PC status in persons with IBD
***P-value <0.001
(a) (b) (c)
o e Q
@ | @ | ©
o o o
2 g 1 2 g b 2 g
= 2 2
& o | AUC: 0.578 8 < | AUC: 0.639 8« AUC: 0.653
c AUC: 0.518 c AUC: 0.630 c AUC: 0.658
AUC: 0.519 AUC: 0.552 AUC: 0.579
o | AUC: 0.505 o | AUC: 0.639 o AUC: 0.632
o o o
— PC~PRS (LR) — PC~PRS (LR) —— PC~PRS (LR)
—— PC~PRS+adjusted variables (LR) —— PC~PRS+adjusted variables (LR) —— PC~PRS+adjusted variables (LR)
° — PC-~PRS (SVM) o —— PC~PRS (SVM) ° —— PC~PRS (SVM)
= —— PC~PRS+adjusted variables (SVM) = —— PC~PRS+adjusted variables (SVM) = —— PC~PRS+adjusted variables (SVM)
0.0 0.2 0.4 056 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity 1 - Specificity 1 - Specificity
Fig. 3 Receiver operator curves for PC status prediction at different P-value threshold estimated based on the IBD GWAS. a ROC for the European
IBD GWAS at P-value threshold of 5 x 1072 b ROC for the European IBD GWAS at P-value threshold of 5 x 107, ¢ ROC for the European IBD GWAS at
P-value threshold of 5 x 107
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(@) RBPMS

PRS Direct effect =0.145™"" PC Status
Total effect = 0.167**"
(b)
P-value | Direct Indirect %
threshold| effect P-value d effect P-value d mediated P-value a

5*102 |0.003 | 0.900 [(-0.054,0.060)| 0.009 | 0.330 |(-0.008,0.030)| 72.46% | 0.680 |(-4.813,3.590)

5*10° | 0.145 | <0.001***|( 0.087,0.210)| 0.022 |0.010"*|(0.004,0.050) 12.99% | 0.010 |(0.026,0.290)

5*10* | 0.147 | <0.001***|(0.076,0.210) | 0.012 | 0.190 |(-0.007,0.040)| 7.84% 0.190 ((-0.053,0.240)

Fig. 4 Casual mediation model. a Causal diagram between PRS estimated based on IBD GWAS, expression of RBPMS gene and PC status in IBD. b
Causal mediation model result. *P-value < 0.05; **P-value <0.01; ***P-value <0.001

the RBPMS gene and further result in different PC sta-
tus. The diagram of the causal mediation models at the
threshold of 5x 10~ are presented in Fig. 4a, and the
result at all P-value thresholds are presented in Fig. 4b.
For the PRS based on IBD GWAS, the results followed
the same pattern as the previous section, with the P-value
thresholds of 5 x 107 and 5 x 107 both having a strong
significant direct effect. The P-value threshold of 5 x 1073
also had a significant indirect effect. The estimated direct
and indirect effects were 0.15 (95% CI 0.09, 0.21) and
0.022 (95% CI 0.004, 0.05), respectively. Around 13% of
the total effect was mediated by the expression of the
RBPMS gene.

Sensitivity analyses

PRS based on the autism GWAS also resulted in a sig-
nificant association with PC status in persons with IBD
which verifies the robustness of our previous finding.
The details of the results are shown in the Additional
file 1. The association analysis between PRS and PC sta-
tus in IBD was also conducted at three P-value thresh-
olds (5x 1072, 5x 1073 and 5 x 107%). The details of the
number of SNPs at risk after mapping with external
autism GWAS are shown in Additional file 1: Table SI.
Over 96% of the identified SNPs were overlapped with
the SNPs identified from the external IBD GWAS. The
top gene ontology functions enriched in the genes asso-
ciated with these risk SNPs at P-value threshold of
5x 107* in the external autism GWAS (Additional file 1:
Table S3) are also pyrimidine ribonucleotide metabolic

process (GO:0009218), toll-like receptor 2 signaling
pathway (GO:0034134) and protein localization to axon
(GO:0099612). All of them have enriched P-value =0.007
(adjusted P-value=0.10). The estimated PRS had sig-
nificant associations with PC status in IBD among all
thresholds of P-values with the exclusion of the thresh-
old of 5 x 10~* (Additional file 1: Table S2). The estimated
PRS had a similar prediction power compared to the PRS
estimated based on IBD GWAS (Additional file 1: Figs.
S3 and S4). In the causal mediation analysis, the direct
effects were significant at both the thresholds of 5 x 1072
and 5 x 1073 and the indirect effects were not significant
at any thresholds (at the threshold of 5x 107% direct
effect=0.14, P-value <0.001, 95% CI 0.072, 0.210; at the
threshold of 5 x 1073 direct effect =0.12, P-value <0.001,
95% CI 0.049, 0.190) (Additional file 1: Fig. S5).

Discussion

In this analysis, we examined the association between
estimated PRS and the PC status in persons with IBD of
European ancestry and assessed the predictive power of
the estimated PRS. In addition, we constructed a causal
mediation model and understand the role of the expres-
sion level of the RBPMS gene among the association
between the PRS and the PC status in IBD.

Our results showed that the PRS was significantly asso-
ciated with the PC status in IBD at P-value thresholds of
5x 1073 and 5 x 10™* when PRS was estimated based on
the IBD GWAS. The positive odds ratio indicated that a
higher PRS will result in a higher chance of having PC
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among persons with IBD. Our sensitivity analysis, using
the autism GWAS as the weight to estimate PRS, also con-
firmed this result. The PRS based on the autism GWAS
also had a positive association among all P-value thresh-
olds, excluding the threshold of 5 x 10~%. The negative and
nonsignificant association at the threshold of 5 x 10~ for
PRS estimated based on the autism GWAS may have two
explanations. The first potential reason could be that only
a small number of risk SNPs were used in the PRS calcula-
tion. We had 72 risk SNPs in our Manitoba IBD Cohort
Study after LD and only 31 of them were in common with
autism GWAS study. These 31 SNPs were used in the PRS
calculation. However, the PC status in IBD is a polygenic
phenotype which reflects the influence of many SNPs of
small effect. Therefore, 31 SNPs may only capture a frac-
tion of the effect that explains the nonsignificant P-value
and an opposite direction of effect we observed. Secondly,
both the IBD GWAS and the autism GWAS study are not
directly related to our phenotype, which may account for
the difference in the results.

PRS can potentially be used to predict the risk of PC
status in persons with IBD of European ancestry. The
highest AUC among all the models was 0.66, which sug-
gested that PRS had power to predict PC status in IBD
to some extent. The non-ideal prediction result could be
due to the PRS being estimated based on using weights
from indirectly related GWAS. Clinically, PRS could
potentially be used for patient screening. Persons with
high PC risk could receive psychiatric interventions such
as cognitive behavioural therapy (CBT), medical hypno-
sis, mindfulness mediation, or pharmacotherapy [35].
Some studies have shown that CBT could improve qual-
ity of life, coping skills, and medical adherence [9]; medi-
cal hypnosis and mindfulness meditation could help to
reduce gastrointestinal symptoms in persons with IBD.
Therefore, early psychiatric interventions on persons pre-
dicted to have high PC risk could reduce the impact of
mental ill-health and help to improve the long-term out-
come of the course of IBD.

In the causal mediation analysis, we found that a small
proportion of the effect of PRS on PC status in persons
with IBD was mediated through the expression level of
the RBPMS gene. RBPMS is an RNA binding protein and
genetic variants on the RBPMS gene have been shown to
be associated with psychiatric outcomes. From a meta-
analysis of bipolar disorder GWAS, Nurnberger et al.
[36] identified the RBPMS gene as one of the 226 genes
associated with bipolar disorder. The RBPMS gene is also
associated with optic nerve hypoplasia, hordeolum, and
retinal ischemia. Therefore, it is possible that SNPs affect-
ing PC status partially overlap with the gene RBPMS.
Other unidentified genes may exist to explain the rest of
the genetic contributions.
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The present study has several limitations. First, the
external GWAS study related to PC status in IBD is not
available for the PRS calculation. Although the genetic
variants in PRS calculation was selected based on the
direct association of our IBD PC phenotype, the weights
were borrowed from the external GWAS studies with
other indirectly related phenotypes. This may lead to
a reduced performance of the prediction model of PC
status in IBD. Second, the sample size of our study is
relatively small. The GWAS for IBD with PC is currently
poorly studied. Our work can be considered as one of the
first studies aiming to examine the association between
PRS and PC among persons with IBD of European ances-
try and to identify the mediation role of the RBPMS gene.
We hope that our promising results will promote other
large-scale studies on the topic in the future. Thirdly,
since the analyses were restricted to individuals with
European ancestry, the generalizability of the findings to
other ethnic populations may be limited.

Conclusion

We found a significantly positive association between
PRS and PC status among persons with IBD, and around
13% of the effect could be explained by the expression
level of the RBPMS gene. We also demonstrated that PRS
can be used to predict the risk of PC among persons with
IBD which could further be used for PC risk screening.
Earlier diagnosis and treatment of PC can lead to better
outcomes regarding mental health and course of IBD.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-022-03242-9.

Additional file 1: Figure S1. GWAS P-value results. (a) Manhattan Plot of
GWAS P-value results. Figure S2. Distributions of the number of risk alleles
of the SNPs that constitutes PRS carried by the tested samples (N = 240).
Figure S3. Boxplot of estimated PRS based on the Autism GWAS. Figure
S4. Receiver operator curves for PC status prediction at different P-value
threshold estimated based on the autism GWAS. Figure S5. Casual media-
tion model. Table S1. Number of SNPs identified from GWAS at different
thresholds and the number of SNPs used in the PRS calculation based on
the Autism GWAS. Table S2. Polygenic association analyses between PC
status in persons with IBD and PRS estimated based on the Autism GWAS.
Table S3. A Genes associated with the identified risk SNPs (33) at P-value
threshold of 5 x 10~ based on external IBD GWAS. B Genes associated
with the identified risk SNPs (N =31) at P-value threshold of 5 x 10~*
based on external Autism GWAS.

Acknowledgements

We acknowledge the participants in the Manitoba IBD Cohort Study. That
study was funded by the Canadian Institutes of Health Research. This work
was supported in part by Health Sciences Centre Foundation, Mitacs and
University of Manitoba. We thank Ms. Leann Lac and Mr. Judah Zammit for
proofreading the English writing of the manuscript.


https://doi.org/10.1186/s12967-022-03242-9
https://doi.org/10.1186/s12967-022-03242-9

Li et al. Journal of Translational Medicine (2022) 20:43

Authors’ contributions

Conceptualization: PH, CB; methodology: YL, PH and WX ; investigation: YL, PH,
WX and CB; writing—original draft preparation: YL and PH; writing—review
and editing: YL, PH, WX and CB; visualization: YL; supervision: PH and WX. All
authors have agreed to the published version of the manuscript. All authors
read and approved the final manuscript.

Funding
This work was supported in part by Health Sciences Centre Foundation, Mitacs
and University of Manitoba.

Data availability
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study has been approved by the University of Manitoba Health Research
Ethics Board.

Consent for publication
Informed consent was obtained from all individual participants in the study.

Competing interests

Dr. Charles Bernstein has consulted to Abbvie Canada, Amgen Canada,
Janssen Canada, Pfizer Canada, Roche Canada, Bristol Myers Squibb Canada,
Sandoz Canada, Takeda Canada and Mylan Pharamceuticals, and has received
unrestricted educational grants from Abbvie Canada, Janssen Canada, Pfizer
Canada and Takeda Canada. He has been on speaker’s bureaus of Abbvie
Canada Janssen Canada, Takeda Canada and Medtronic Canada. All other
authors declare no conflict of interest.

Author details

'Department of Biochemistry and Medical Genetics, University of Manitoba,
Room 308-Basic Medical Sciences Building, 745 Bannatyne Avenue, Winnipeg,
MB R3E 0J9, Canada. *Dalla Lana School of Public Health, University of Toronto,
Toronto, ON M5T 3M7, Canada. >Department of Internal Medicine and The
University of Manitoba IBD Clinical and Research Centre, University of Mani-
toba, Winnipeg, MB, Canada. “Biostatistics Department, Princess Margaret Can-
cer Centre, Toronto, ON M5G 2M9, Canada. *CancerCare Manitoba Research
Institute, Winnipeg, MB R3E 0V9, Canada.

Received: 23 August 2021 Accepted: 10 January 2022
Published online: 27 January 2022

References

1. Rosen MJ, Dhawan A, Saeed SA. Inflammatory bowel disease in children
and adolescents. JAMA Pediatr. 2015;169:1053-60.

2. Molodecky NA, et al. Increasing incidence and prevalence of the inflam-
matory bowel diseases with time, based on systematic review. Gastroen-
terology. 2012;142:46-54.e42.

3. Kaplan GG, et al. The impact of inflammatory bowel disease in Canada
2018: epidemiology. J Can Assoc Gastroenterol. 2019;2:56-16.

4. Bannaga AS, Selinger CP. Inflammatory bowel disease and anxiety: links,
risks, and challenges faced. Clin Exp Gastroenterol. 2015;8:111-7.

5. Graff LA, Walker JR, Bernstein CN. Depression and anxiety in inflamma-
tory bowel disease: a review of comorbidity and management. Inflamm
Bowel Dis. 2009;15:1105-18.

6. Bernstein CN, et al. Increased burden of psychiatric disorders in inflam-
matory bowel disease. Inflamm Bowel Dis. 2019;25:360-8.

7. Long MD, et al. Risk factors for depression in the elderly inflammatory
bowel disease population. J Crohns Colitis. 2014;8:113-9.

8. Persoons P, et al. The impact of major depressive disorder on the short-
and long-term outcome of Crohn’s disease treatment with infliximab.
Aliment Pharmacol Ther. 2005;22:101-10.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 9 of 10

Taft TH, Ballou S, Bedell A, Lincenberg D. Psychological considerations
and interventions in inflammatory bowel disease patient care. Gastroen-
terol Clin N Am. 2017;46:847-58.

Gonzéalez-Moret R, et al. The effect of a mindfulness-based therapy on
different biomarkers among patients with inflammatory bowel disease: a
randomised controlled trial. Sci Rep. 2020;10:6071.

. Okou DT, Kugathasan S. The role of genetics in pediatric inflammatory

bowel disease. Inflamm Bowel Dis. 2014;20:1878-84.

Cerdd M, Sagdeo A, Johnson J, Galea S. Genetic and environmental influ-
ences on psychiatric comorbidity: a systematic review. J Affect Disord.
2010;126:14-38.

Uher R, Zwicker A. Etiology in psychiatry: embracing the reality of
poly-gene-environmental causation of mental illness. World Psychiatry.
2017;16:121-9.

Wang D, et al. Comparison of methods for correcting population
stratification in a genome-wide association study of rheumatoid arthritis:
principal-component analysis versus multidimensional scaling. BMC Proc.
2009;3:5100.

Bahrami S, et al. Genetic loci shared between major depression and intel-
ligence with mixed directions of effect. Nat Hum Behav. 2021. https://doi.
0rg/10.1038/541562-020-01031-2.

Jostins L, et al. Host-microbe interactions have shaped the genetic archi-
tecture of inflammatory bowel disease. Nature. 2012;491:119-24.

Liu JZ, et al. Association analyses identify 38 susceptibility loci for inflam-
matory bowel disease and highlight shared genetic risk across popula-
tions. Nat Genet. 2015;47:979-86.

Leonenko G, et al. Polygenic risk and hazard scores for Alzheimer’s dis-
ease prediction. Ann Clin Transl Neurol. 2019;6:456-65.

Kachuri L, et al. Pan-cancer analysis demonstrates that integrating poly-
genic risk scores with modifiable risk factors improves risk prediction. Nat
Commun. 2020;11:6084.

Frenkel S, et al. Copy number variation-based gene set analysis

reveals cytokine signalling pathways associated with psychiatric
comorbidity in patients with inflammatory bowel disease. Genomics.
2020;112(1):683-93.

Bruinooge A, et al. Genetic predictors of gene expression associated with
psychiatric comorbidity in patients with inflammatory bowel disease—a
pilot study. Genomics. 2021;113:919-32.

Shao Z, et al. IUSMMT: survival mediation analysis of gene expression
with multiple DNA methylation exposures and its application to cancers
of TCGA. PLoS Comput Biol. 2021;17: €1009250.

Graff LA, et al. The relationship of inflammatory bowel disease type and
activity to psychological functioning and quality of life. Clin Gastroenterol
Hepatol. 2006;4:1491-501.

Haro JM, et al. Concordance of the composite international diagnostic
interview version 3.0 (CIDI 3.0) with standardized clinical assessments

in the WHO world mental health surveys. Int J Methods Psychiatr Res.
2006;15:167-80.

Diagnostic and statistical manual of mental disorders: DSM-1V; includes
ICD-9-CM codes effective 1. Oct. 96. (1998).

Purcell S, et al. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am J Hum Genet. 2007,81:559-75.
Auton A, et al. A global reference for human genetic variation. Nature.
2015;526:68-74.

Gamazon ER, et al. A gene-based association method for mapping traits
using reference transcriptome data. Nat Genet. 2015;47:1091-8.
Carithers LJ, et al. A novel approach to high-quality postmortem tissue
procurement: the GTEx project. Biopreserv Biobank. 2015;13:311-9.

R Development Core Team. R: a language and environment for statistical
computing. 2012.

Dudbridge F. Power and predictive accuracy of polygenic risk scores.
PLoS Genet. 2013;9: €1003348.

Choi SW, Mak TS-H, O'Reilly PF. Tutorial: a guide to performing polygenic
risk score analyses. Nat Protoc. 2020;15:2759-72.

Robins JM, Greenland S. Identifiability and exchangeability for direct and
indirect effects. Epidemiology. 1992;3:143-55.

Grove J, et al. Identification of common genetic risk variants for autism
spectrum disorder. Nat Genet. 2019;51:431-44.


https://doi.org/10.1038/s41562-020-01031-2
https://doi.org/10.1038/s41562-020-01031-2

Li et al. Journal of Translational Medicine (2022) 20:43

35. SunY, et al. Stress triggers flare of inflammatory bowel disease in children
and adults. Front Pediatr. 2019;7:432.

36. Nurnberger JI, et al. Identification of pathways for bipolar disorder: a
meta-analysis. JAMA Psychiatry. 2014;71:657-64.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Polygenic risk and causal inference of psychiatric comorbidity in inflammatory bowel disease among patients with European ancestry
	Abstract 
	Background: 
	Materials and methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Study cohort
	Microarray genotyping and quality control
	Genotype data
	Estimation of population structure
	Imputed expression levels of RBPMS gene

	Statistical analysis
	Phenotypic association analyses
	Genome-wide association analysis
	PRS association analysis of PC status in persons with IBD
	Application of PRS to predict PC status in persons with IBD
	Causal mediation analysis

	Sensitivity analysis

	Results
	Demographic analysis
	Genome-wide association analysis
	PRS association analysis of PC status in persons with IBD
	Polygenetic risk analysis of PC status
	Causal mediation analysis
	Sensitivity analyses

	Discussion
	Conclusion
	Acknowledgements
	References




