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Abstract

Background & Aims: Crohn’s disease is a relapsing and remitting inflammatory disorder with a 

variable clinical course. Although most patients present with an inflammatory phenotype (B1), 

approximately 20% of patients rapidly progresses to complicated disease, which includes 

stricturing (B2) within 5 years. We analyzed DNA methylation patterns in blood samples of 

pediatric patients with Crohn’s disease at diagnosis and later time points to identify changes that 

associate with and might contribute to disease development and progression.

Methods: We obtained blood samples from 164 pediatric patients (ages, 1–17 years) with 

Crohn’s disease (B1 or B2) who participated in a North American study and were followed for 5 

years. Participants without intestinal inflammation or symptoms were used as controls (n=74). 

DNA methylation patterns were analyzed at approximately 850,000 sites, in samples collected at 

time of diagnosis and 1–3 years later. We used genetic association and the concept of Mendelian 

randomization to identify changes in DNA methylation patterns that might contribute to 

development of or result from Crohn’s disease.

Results: We identified 1189 CpGs that were differentially methylated between patients with 

Crohn’s disease (at diagnosis) and controls. Methylation changes at these sites correlated with 

plasma levels of C-reactive protein. A comparison of methylation profiles of DNA collected at 

diagnosis of Crohn’s disease vs during the follow-up period revealed that, during treatment, 

alterations identified in methylation profiles at the time of diagnosis of Crohn’s disease more 

closely resembled patterns observed in controls, irrespective of disease progression to B2. We 
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identified methylation changes at 3 CpGs that might contribute to the development of Crohn’s 

disease. Most CpG methylation changes associated with Crohn’s disease disappeared with 

treatment of inflammation, and might be a result of Crohn’s disease.

Conclusions: Methylation patterns observed in blood samples from patients with Crohn’s 

disease accompany acute inflammation; with treatment, they change to resemble methylation 

patterns observed in patients without intestinal inflammation. These findings indicate that Crohn’s 

disease-associated patterns of DNA methylation observed in blood samples are a result of the 

inflammatory features of the disease and are less likely to contribute to disease development or 

progression.

Graphical Abstract

Keywords

IBD; children; epigenetic alteration; RISK study

Inflammatory Bowel Diseases (IBD) encompassing Crohn’s disease and ulcerative colitis 

arise in the context of complex interactions between genetic and environmental factors. 

While these diseases can manifest at any age, pediatric-onset Crohn’s disease has a higher 

incidence than ulcerative colitis1, 2, and patients diagnosed with Crohn’s disease in 

childhood are more likely to suffer from an aggressive and severe disease course2.

DNA methylation, occuring predominantly in the cytosine-guanine (CpG) dinucleotide 

context, is a key epigenetic mechanism that can regulate gene expression and thereby 

influence the development and progression of complex diseases. Cross-sectional studies of 

DNA methylation have begun to reveal epigenetic associations with IBD in both pediatric 

and adult populations; across a range of cell and tissue types3-11. For instance, site-specific 

DNA methylation differences in peripheral blood3 and blood-derived mononuclear cells5 of 

adult patients with IBD have been reported. Similarly, studies of mixed or purified cells from 

blood and intestinal mucosa of pediatric populations revealed distinct methylation profiles in 

relevance to IBD8, 9. Howell et al., recently reported a gut segment-specific methylation 

signature in pediatric patients with IBD in the purified intestinal epithelial cells, and its 

persistence during the course of the disease12. However, due to the relapsing-remitting 

behavior of Crohn’s disease, and the dynamic nature of DNA methylation and its resulting 

vulnerability to confounding and reverse causation, delineating the causal role of 

methylation in Crohn’s disease requires longitudinal studies along with the application of 

integrative analytical approaches. Understanding how the methylome changes during the 
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course of the disease, as a result of varying clinical characteristics, and how disease 

complications evolve may aid in the identification of potentially causal epigenetic targets, 

which could subsequently be leveraged for therapeutic benefits.

Here, we performed an epigenome-wide association analysis of DNA methylation in 

peripheral blood at ~850,000 sites and Crohn’s disease 1) at diagnosis and 2) at later stages 

(1 to 3 years after diagnosis) during which time ~33% of the patients progressed from an 

initial stage of B1 inflammatory behavior to B2 stricturing behavior. Study participants 

(summarized in Table 1) were sampled from the RISK cohort13, a pediatric prospective 

inception Crohn’s disease cohort. Since the current Crohn’s disease therapeutics 

systematically targets the peripheral immune system, and considerable genetic and cell 

biological evidence including previous epigenetic studies implicates the immune system in 

the etiology of Crohn’s disease3, 14, we investigated methylation changes in peripheral blood 

with respect to their potential causal versus consequential roles in disease.

METHODS

Study Population.

We utilized a subset of pediatric subjects recruited under the Risk Stratification and 

Identification of Immunogenetic and Microbial Markers of Rapid Disease Progression in 

Children with Crohn’s Disease (RISK) study13. The RISK inception cohort study is thus far, 

the largest pediatric Crohn’s disease cohort recruited at 28 sites in the USA and Canada to 

identify genetic, clinical, microbial and immunologic factors that predispose Crohn’s disease 

patients (B1) to a complicated disease course (B2 or B3). Briefly, the RISK study recruited 

children with ages 1-17 who presented to gastroenterology clinics with suspected 

inflammatory bowel disease and followed them for a period of 5 years at regular intervals to 

determine the incidence of inflammatory bowel disorders or complications of an established 

disorder. The RISK study design, recruitment details, inclusion-exclusion criteria, disease 

behaviors, and data collection have been described in detail elsewhere13.

Study design.

The initial recruitment and follow-up have been previously described13. A subset of age-, 

sex-, and ethnicity-matched non-IBD control subjects and Crohn’s disease patients with B1 

inflammatory behavior and B2 stricturing behavior were drawn from the RISK cohort13, 

based on the availability of patient samples at two time points – at diagnosis and at a follow-

up visit 1 to 3 years after diagnosis (Table 1). Subjects who were negative for gut 

inflammation and depicted no bowel pathology on endoscopy, and remained IBD symptom-

free during the course of the follow-up period served as non-IBD controls. Peripheral blood 

DNA samples from 164 newly diagnosed, treatment-naïve pediatric patients with Crohn’s 

disease (cases) and 74 non-IBD controls (controls) were considered for baseline analysis to 

identify Crohn’s disease associated CpGs. Of these, 150 cases presented purely with an 

inflammatory phenotype (non-complicated Crohn’s disease; B1) while the remaining 14 

presented with stricturing phenotype (B2) at diagnosis. However, sensitivity analysis 

comparing 150 B1 cases or 14 B2 cases to 74 non-IBD controls versus 164 cases (150 B1, 

14 B2) to 74 non-IBD controls showed that our findings are robust to disease behavior states 
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(B1 or B2), allowing grouping of all cases (both B1 and B2) at diagnosis into a single large 

cohort.

The longitudinal analysis relied on follow-up samples taken from established cases (n = 164) 

as part of a longitudinal follow-up in the RISK study, which was 1 to 3 years from diagnosis. 

Exact details are provided in Table 1. Of the 150 B1 cases at diagnosis, 55 of them 

progressed to B2 (progressors) during the course of the follow-up period, while the rest (n = 

95) remained as B1 at the time of the follow-up sampling (non-progressors). We note that in 

order to increase statistical power to define (if any) methylomic changes involved in disease 

progression, we purposefully inflated the number of progressors by selecting more pediatric 

cases who experienced B2 complication during the course of their prospective follow-up in 

the original RISK study13. With the 14 at-diagnosis-B2 patients who also remained as B2 at 

the time of follow-up sampling, we had a total of 95 B1 and 69 B2 at the follow-up. More 

details about phenotype classification are available in Kugathasan et al.13.

Quantification of genome-wide DNA methylation and data processing.

Peripheral blood genomic DNA was extracted using the AllPrep DNA/RNA Mini Kit 

(Qiagen, Valencia, CA). 500ng of extracted DNA from each sample was subjected to 

bisulfite treatment using EZ DNA Methylation-GoldTM Kit (Zymo Research, Irvine, CA). 

Genome-wide DNA methylation was quantified in bisulfite-converted genomic DNA at 

single-base resolution using the MethylationEPIC BeadChip (Illumina, San Diego, CA). The 

initial quality control for the data set was performed with the R package CpGassoc15. CpG 

sites called with low signal or low confidence (detection P > 0.05) or with data missing for 

greater than 10% of samples were removed, and samples with data missing or called with 

low confidence for greater than 10% of CpG sites were removed. In addition, probes 

mapping to multiple locations were removed16. After the above steps, a total of 807,511 

probes and 402 samples (74 non-IBD controls and 2 samples from each of the 164 cases) 

remained. Beta values (β) were calculated for each CpG site as the ratio of methylated (M) 

to methylated and unmethylated (U) signal: β=M/(M+U). Signal intensities were then 

normalized using the module beta-mixture quantile dilation (BMIQ)17 to account for the 

probe design bias in the EPIC array data. These normalized signal intensities were used to 

perform principal component analysis to further identify sample outliers (Supplementary 

Fig. 1). Differential cell counts of the constituent cell types, CD4+ T cells, CD8+ T cells, NK 

cells, B cells, monocytes, and granulocytes were estimated for each individual from the 

methylation data using the Houseman algorithm18.

Genotyping and data processing.

Peripheral blood DNA samples from the 238 subjects with methylation data were genotyped 

using the Infinium Multi-Ethnic Global-8 Kit (Illumina, San Diego, CA) and genotypes were 

called using the GenomeStudio software. All these subjects had call rates >95% and inferred 

gender consistent with the clinical records. We tested for relatedness among the subjects by 

calculating pairwise identity by descent based on 59,889 LD-independent SNPs (r2 < 0.1), 

which confirmed no relatedness among the subjects. The Multi-Ethnic array contained 

1,762,905 variants before quality control. Removal of (i) SNPs with low call rate (< 95%), 

(ii) SNPs not in Hardy-Weinberg equilibrium (P < 1.0×10−3), and (iii) SNPs with minor 
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allele frequency (MAF) < 5%, resulted in the retention of 1,751,369 SNPs, 1,736,281 SNPs 

and 651,370 SNPs, respectively. We further removed non-autosomal SNPs and SNPs 

mapping to multiple locations. This resulted in a data set consisting of 636,006 high quality 

SNPs. All quality control procedures were performed in PLINK19.

Genotype-based principal components.

Principal components were computed based on a pruned version of the data set consisting of 

59,889 LD-independent SNPs (r2 < 0.1) and MAF > 0.05. Unless stated otherwise, the first 3 

genotype-based principal components were used to control for population stratification in all 

analyses (Supplementary Fig. 1).

Genetic risk scores.

We used the score function available in PLINK to compute weighted genetic risk scores. 

These scores were calculated based on the observed genotypes at 93 of the genotyped 

Crohn’s disease risk SNPs and their corresponding effect sizes reported for Caucasian 

population in Liu et al.20.

Statistical and Bioinformatical analyses.

A detailed description of the statistical and bioinformatical methods used in this study can 

be found in the Supplementary Methods. Briefly, case-control DNA methylation association 

analysis was performed using the R package, CATE21, which implements a state-of-the-art 

batch correction method to remove inflation and test-statistic bias in association tests. Linear 

regression was used to analyze the association of each CpG site in blood with Crohn’s 

disease at diagnosis. Linear mixed effects models were used to analyze longitudinal changes 

in DNA methylation of Crohn’s disease patients, and to identify methylation changes 

associated with CRP and PCDAI. KEGG pathway enrichment analysis was performed using 

missMethyl22, an R/Bioconductor package. Cis- methylation quantitative trait loci (mQTL) 

analysis was performed using a linear mixed model implemented in GEMMA23. Genetic 

association and the concept of Mendelian randomization was used to clarify the causal 

versus consequential roles of methylation changes that are associated with Crohn’s disease. 

To ascertain if peripheral blood methylation could distinguish Crohn’s disease patients from 

non-IBD controls, we divided the baseline methylation dataset consisting of 238 subjects 

(164 cases and 74 controls) at random into equally weighted (cases and controls) training 

and testing datasets with 70% of the samples going into the training dataset. The training 

dataset was fit with a logistic regression model using the R package, glmnet24, and the fitted 

model was used to predict the case status for the test dataset. Diagnostic accuracy was 

assessed via area under the receiver operator characteristic curve.

Results

Differentially methylated CpGs associated with Crohn’s disease at diagnosis.

Epigenome-wide association analysis of 164 newly diagnosed, treatment naive pediatric 

patients with Crohn’s disease (150 B1, 14 B2; cases) and 74 non-IBD controls identified 

1189 CpG sites associated with Crohn’s disease in blood at diagnosis (FDR < 0.05; Fig. 1 

and Supplementary Table 1). Of these, 976 CpG sites (82%) had increased methylation in 
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cases relative to controls and 213 (18%) had decreased methylation. Because disease-

associated inflammation can influence expression within a cell population and create 

differences in total cell composition (Supplementary Fig. 2), our analysis included covariates 

to adjust for estimated proportions18 of the 6 dominant cell types (CD4+ T cells, CD8+ T 

cells, B cells, NK cells, monocytes and granulocytes) in blood (see Methods; Supplementary 

Fig. 3). Sensitivity analyses demonstrated that our findings are robust to disease behavior 

states (B1 or B2; Supplementary Fig. 4 and Supplementary Table 1) and manifestation in the 

bowel (L1, L2 or L3; Supplementary Fig. 5), suggesting that baseline methylomic 

contributions to Crohn’s disease do not vary strongly by disease behavior or location. The 

strongest association signals were found on chromosomes 16, 17 and 19 (Fig. 1), with CpGs 

in a long non-coding RNA, LOC100996291 (LINCO1993), showing the peak association 

with Crohn’s disease at diagnosis (Supplementary Table 1). Apart from identifying novel 

CpG sites, we replicated several findings that were previously associated with Crohn’s 

disease (including TMEM49 (VMP1), SBNO2, RPS6KA2, ITGB2, and TXK)3 

(Supplementary Table 2). CpGs annotated to prominent IBD therapeutic targets such as 

Tumor Necrosis Factor (TNF), Janus Kinase 3 (JAK3), Interleukin 12B (IL12B), Interleukin 

23 Subunit Alpha (IL23A), and Interleukin 1 Receptor Type1 (IL1R1) were amongst the 

disease-associated CpGs (Supplementary Table 1). Notably, enrichment analysis of our 

Crohn’s disease associated CpGs indicated that they are more likely to occur in gene bodies 

(OR = 1.67, P < 2.2 × 10−16) and CpG shelves (OR = 1.42, P = 5.0 × 10−4), and are less 

likely to be in gene promoters (OR = 0.35, P = 8.2 × 10−13 for less than 200 base pairs from 

transcription start site (TSS); and OR = 0.57, P = 5.9 × 10−08 for less than 1500 base pairs 

from TSS), and CpG islands (OR = 0.14, P < 2.2 × 10−16) and shores (OR = 0.59, P = 9.7 × 

10−10). Exact details of the distribution of Crohn’s disease associated CpGs in relation to 

gene regions and CpG islands are provided in Supplementary Tables 3, 4.

Gene expression profiles of differentially methylated genes in Crohn’s disease.

The 1189 Crohn’s disease associated CpGs mapped to 717 unique genes. To better 

understand how these CpGs might reflect functional processes that are perturbed during the 

diagnosis of Crohn’s disease, we examined the expression profiles of our differentially 

methylated genes in blood RNA-Seq data available from an independent data set consisting 

of 60 newly diagnosed pediatric patients with Crohn’s disease and 12 non-IBD controls25. 

Of the 585 (of 717) genes available for analysis after quality control, 162 (28%) of those 

were differentially expressed at FDR < 0.05 and 233 (40%) at the less stringent threshold of 

P < 0.05 (Supplementary Fig. 6 and Supplementary Table 5). Overlapped with these 233 

differentially expressed genes were 295 of the Crohn’s disease associated CpGs with an 

average of 1.3 CpG sites associated per gene (range = 1-4). As shown in Supplementary Fig. 

7, the direction of effects between DNA methylation and gene expression changes in relation 

to Crohn’s disease appears to be context dependent with some CpG methylation-gene 

expression probes demonstrating negative association while others showed positive 

relationship, irrespective of the position of the CpG site in the associated gene (Fisher’s test, 

P > 0.05; Supplementary Table 6). Collectively, these observations suggest the integrative 

involvement of methylomic and transcriptomic processes underlying Crohn’s disease 

pathogenesis.
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Biological processes enriched in Crohn’s disease associated CpGs.

Next, we evaluated whether the disease-associated CpGs in blood were enriched for 

biological processes relevant to Crohn’s disease. Our pathway enrichment analysis identified 

164 KEGG pathways that were more likely to occur in the Crohn’s disease associated CpGs 

than would be expected by chance (FDR < 0.05; Supplementary Table 7). Among these were 

pathways relevant to immune function including TNF-alpha, Jak-STAT, Rap1 and PI3K-Akt 

signaling; and inflammation such as the IL-17 signaling pathway, cytokine-cytokine receptor 

interaction and chemokine signaling.

Relationship between DNA methylation signatures of Crohn’s disease and inflammation.

To further evaluate the relationship between the disease-associated methylation signatures 

and inflammation, we tested the 1189 CpG sites for association with plasma C-reactive 

protein (CRP) levels, a marker of inflammation, and compared the estimated effects of 

methylation changes on CRP versus Crohn’s disease at diagnosis. The relationship was 

extremely strong (R = 0.91, P < 2.2 × 10−16) suggesting that the methylation signatures of 

Crohn’s disease either cause the inflammatory status of the patient, or directly result from it 

(Fig. 2a). 1155 (97%) of the 1189 Crohn’s disease CpGs exhibited directional consistency, 

and 872 (73%) showed statistically significant association with CRP (P < 0.05; Fig. 2a and 

Supplementary Table 8).

Next to assess the relevance of these methylation signatures to Crohn’s disease related 

inflammation, we compared the effect sizes of Crohn’s disease associated CpGs on Crohn’s 

disease and CRP in our dataset to a recently published meta-analysis of epigenome-wide 

association of CRP in subjects that were not selected for any particular disorder26. These 

meta-analyses comprised of 8863 participants that were sampled from 9 different 

prospective cohort studies with a wide-range of focus from cardiometabolic phenotypes to 

physical activity, intelligence, and aging. Surprisingly, we noted an extremely strong 

correlation between the estimated effects of Crohn’s disease associated CpGs on Crohn’s 

disease and chronic low-grade inflammation that is associated with a broad range of 

complex diseases, including diabetes and cardiovascular disease (Fig. 2b,c). To validate this 

inference, we examined the overlap and directional consistency of previously reported 

Crohn’s disease CpGs3 with the CRP meta-analysis26, obtaining consistent results 

(Supplementary Table 2).

Longitudinal dynamics of DNA methylation in Crohn’s disease.

In order to establish the direction of causality of this strong association, we next examined 

the longitudinal dynamics of inflammation and disease-associated methylation profiles 

during the course of the disease. Since frontline treatment of IBD attempts to lower 

inflammation in the patients, and as expected, CRP levels in patients at follow-up 1 to 3 

years after diagnosis were dramatically lower than at diagnosis (P = 8.4 × 10−9; 

Supplementary Fig. 8), the direction of causality seems obvious. The patients received 

treatment known to lower inflammation, and the primary marker for inflammation was much 

lower. Next to assess the dynamics of DNA methylation pre- and post-treatment, we 

compared the methylation profiles at follow-up to the profiles at diagnosis. Here the effects 

at diagnosis reflect differences between newly diagnosed patients and controls, and the 
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effects at follow-up reflect differences in patients before and after treatment. At 1179 

(99.2%) of the 1189 sites associated with Crohn’s disease at diagnosis, the sign of the effect 

had reversed, while the magnitude of the change remained the same, generating a strong 

negative correlation (R = −0.93, P < 2.2 × 10−16; Fig. 3a and Supplementary Table 8). In 

fact, after treatment, methylation at these sites is largely indistinguishable in patients versus 

controls (Supplementary Figs. 9,10). We noted similar results even after stratifying patients 

based on disease progression to B2 (R = −0.91, P < 2.2 × 10−16 for progressors; R = −0.90, 

P < 2.2 × 10−16 for non-progressors; Fig. 3b,c). Collectively, our data establish that during 

the course of the disease, methylation patterns that are disrupted at the diagnosis of Crohn’s 

disease revert back to the levels seen in non-IBD controls, irrespective of the disease 

behavior states (B1 or B2). Only 10 (0.8%) CpGs had the same sign of effect during 

diagnosis versus follow-up; these CpGs corresponded to 8 unique genes (RORC, CXXC5, 

GMNN, GPR183, DIDO1, SMARCD3, ESPNL, and EPS8L3; Supplementary Table 8). 

Interestingly, genes such as RORC, SMARCD3 and EPS8L3 have previously been linked 

with IBD, including in genome-wide association studies and gene expression studies27-31. 

For instance, RORC encodes a key transcription factor for the Th17 pathway involved in 

transcriptional regulation of the effector cytokines IL17A, IL17F, IL21, IL22, IL26 and 

CCL2032 and was previously reported to be differentially expressed in peripheral blood and 

intestinal Crohn’s disease samples compared to healthy controls28.

Relationship between DNA methylation signatures of Crohn’s disease and disease activity.

Next, to test whether our finding of methylomic and inflammatory reversion extends to other 

clinical and laboratory measurements, we examined the measures of the pediatric Crohn’s 

disease activity index (PCDAI), a multi-item index which incorporates clinical symptoms, 

laboratory parameters, and endoscopic findings33 and noted higher PCDAI scores (median 

score of 30; n = 159) during diagnosis which were significantly lower during the follow-up 

(median score of 5; n = 149; P < 2.2 × 10−16; Supplementary Fig. 11). Following association 

analysis of PCDAI with the 1189 sites (n = 308 samples; see Methods), estimated effect 

sizes demonstrated a strong correlation with their estimated effects on Crohn’s disease (R = 

0.91, P < 2.2 × 10−16), suggesting a potential relationship between disease activity (based on 

PCDAI) and DNA methylation in blood (Supplementary Table 8 and Supplementary Fig. 

12).

Role of medication in DNA methylation reversal.

To evaluate the potential impact of therapy on the reversal of Crohn’s disease associated 

methylation signatures, we stratified patients based on the class of medications they were 

taking at the time of the follow-up sampling (Table 1). Comparative analysis of methylation 

levels in blood at the time of the follow-up did not reveal any genome-wide significant 

differences between subsets of patients who received biologics, immunomodulators, 

biologics plus immunomodulators, or other drugs, except for one CpG, cg24052338 (in the 

3’UTR region of ZNF837), that showed significant association with other drugs (FDR < 

0.05; Supplementary Tables 9-12), indicating that the medication is probably not the primary 

contributor to the methylomic reversion during the course of the disease. Boxplots depicting 

methylation beta values of follow-up patients’ samples stratified based on the class of 

medications at the top 5 disease-associated CpGs were shown in Fig. 4. However, it is 
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possible that the medication-induced reductions in inflammation and consequently disease 

activity may account for the reversal of the disrupted methylomic signatures in blood. 

Consistent with our interpretation, a study of site-specific methylation differences in 

peripheral blood mononuclear cells10 and a different study of 2 colonic mucosa samples9, 

both showed methylomic reversion in response to treatment and/or disease remission via 

modulation of the disease-specific inflammatory characteristics. In contrast, another study 

reported stable methylation differences in patients with newly diagnosed (treatment-naïve) 

versus established IBD (exposed to IBD medications)3. However, our finding that the 

reversion of disease-associated methylation patterns associates with clinical characteristics 

of the disease (CRP, PCDAI) rather than medication underscores the importance of having 

prospectively followed inception cohorts with well-documented disease measures.

Understanding the causal versus consequential roles of DNA methylation in Crohn’s 
disease.

Given the methylomic reversion occurring during the course of the disease, and its strong 

relationship with plasma CRP levels, it appears that Crohn’s disease associated methylation 

signatures are tightly linked to inflammation rather than the disease development itself. 

However, if methylation at specific sites plays a role in disease development, their 

identification would provide valuable therapeutic targets. To distinguish sites that may have 

causal versus consequential roles in Crohn’s disease, we employed the concept of Mendelian 

randomization as operationalized by Wahl et al.34. As shown in Supplementary Fig. 13, 

CpGs that emerge on the path between the instrumental variable and the outcome (Crohn’s 

disease; Model 1), where methylation appears to mediate genetic risk of Crohn’s disease, are 

interpreted to be causal rather than being the consequence (Model 2) of the disease. 194 out 

of the 1189 Crohn’s disease CpGs at diagnosis associated with DNA sequence variation in a 

cis methylation quantitative trait loci (mQTL) analysis (FDR < 0.05; Supplementary Table 

13). Of these, 174 CpGs with genetic data available for the associated mQTL SNPs from a 

large meta-analysis of genome-wide association studies (GWAS) of Crohn’s disease20 were 

evaluated for potential causal relationships between methylation in blood and Crohn’s 

disease. For each CpG, we identified the most significantly associated SNP (sentinel mQTL) 

and applied the concept of Mendelian randomization using the sentinel mQTL SNP as the 

instrumental variable, CpG as a mediator, and Crohn’s disease as the outcome for 

methylation cause of Crohn’s disease (Model 1, Supplementary Fig. 13).

Causal role of DNA methylation in Crohn’s disease.

Using this set of sentinel SNP-CpG pairs, we first investigated SNP to DNA methylation (β 
coefficient; β1) and DNA methylation to Crohn’s disease (β2) relationships to obtain 

predicted effects (β1 × β2) of the corresponding SNPs on Crohn’s disease via DNA 

methylation (Fig. 5a). Subsequently, genetic effect sizes of SNPs on Crohn’s disease were 

obtained from large GWAS meta-analyses of Crohn’s disease20 to assess the observed 

effects of genotypes at these SNPs on Crohn’s disease (β3). If methylation contributes 

causally to Crohn’s disease, we would expect the observed effect of SNP on phenotype to be 

consistent, if not equivalent to its predicted effect mediated through methylation. Notably, 

methylation changes at 3 CpGs (cg15706657, cg23216724: near GPR31; and cg20406979: 

near RNASET2) showed significant causal associations with Crohn’s disease at diagnosis 
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(FDR < 0.05; Fig. 5a and Supplementary Table 14). Consistent with the potentially causal 

effect, methylation levels at cg23216724 and cg20406979 became even more pronounced or 

remained about the same without exhibiting signs of reversion during the follow-up 

(Supplementary Fig. 14), supporting our inference regarding causality. Further support for 

their potentially causal influence is provided by the observation that all 3 CpGs are 

influenced by the known IBD-associated SNP, rs1819333, identified through large 

GWAS20, 35. The IBD-risk locus containing the SNP rs1819333 harbors (within 1 Mb 

flanking rs1819333) key genes RPS6KA2, RNASET2 and CCR6 that have previously been 

implicated in IBD pathology at both genomic and/or molecular levels, including in 

transcriptomic and epigenomic studies3, 20, 35-37. Although genetic variation at rs1819333 

has been associated with significant risk for Crohn’s disease susceptibility, underlying causal 

gene(s) and molecular mechanisms of this strong GWAS association are yet to be elucidated. 

Remarkably, all 3 identified potentially causal CpGs that are associated with rs1819333 

were recently shown to causally regulate transcriptional levels of RPS6KA2 in peripheral 

blood using a summary data-based Mendelian randomization (SMR) approach38. Taken 

together, these findings suggest DNA methylation as a potential mediator of genetic effects 

of rs1819333 on Crohn’s disease, possibly through transcriptional regulation of RPS6KA2.

Consequential role of DNA methylation in Crohn’s disease.

Conversely, to identify Crohn’s disease associated sites where changes in methylation are 

more likely to be the consequence of the disease, we used a weighted Crohn’s disease 

genetic risk score (see Methods) as an instrumental variable, Crohn’s disease as the mediator 

and methylation as the outcome (Model 2, Supplementary Fig. 13). An extremely strong 

correlation (R = 0.86; P < 2.2 × 10−16) between the observed effect of the weighted genetic 

risk score on methylation and its predicted effect through Crohn’s disease was seen (Fig. 

5b). In particular, we identified 8 CpGs corresponding to 7 genes that showed significant 

consequential associations with Crohn’s disease at diagnosis (FDR < 0.05; Fig. 5b and 

Supplementary Table 15). In keeping with their consequential role, methylation levels at 

these CpG sites demonstrated drastic changes approaching levels seen in non-IBD controls 

during the follow-up (Supplementary Fig. 15). Differential methylation at cg18942579: 

TMEM49 and cg17501210: RPS6KA2, CpGs that have been consistently found to be 

associated with Crohn’s disease3, 8, appears to be a consequence of the disease rather than 

exerting causal effects. For instance, cg17501210 has previously been reported to be the top-

most differentially methylated CpG site in peripheral blood of IBD patients, whose effects 

were (i) even more pronounced in purified CD14+ monocytes; (ii) strongly correlated with 

disease-relevant markers, including CRP, albumin and hemoglobin; and (iii) not influenced 

by treatment status. Overall, the strong correlation between the observed and predicted 

effects in Fig. 5b suggests that most disease-associated methylation changes are triggered by 

the onset of Crohn’s disease. This finding is consistent with findings from other complex 

diseases34, 39, 40, suggesting that only a minority of the trait-associated methylation changes 

are likely to exert causal effects.

Role of DNA methylation in diagnosis and prognosis of Crohn’s disease.

Biological data that enable accurate diagnosis and/or prognosis of IBD has always been of 

considerable interest from the point of view of clinical application. In line with previous 
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studies3, we noted that peripheral blood DNA methylation data could indeed distinguish 

patients with Crohn’s disease from non-IBD controls (AUC = 0.91; Supplementary Fig. 16). 

However, given the non-inflammatory nature of the sampled control subjects, supplemented 

by our finding that the signatures of methylation observed at diagnosis of Crohn’s disease 

capture general inflammation rather than Crohn’s disease-specific, we are hesitant to 

propose peripheral methylation as a diagnostic biomarker for Crohn’s disease based on the 

prevailing evidence. Future studies of side-by-side evaluation of methylation data from 

patients with different immune-mediated inflammatory diseases along with the disease-

relevant tissue-specific inflammatory characterization are required to definitively establish 

the diagnostic potential conferred by methylation signatures of complex diseases.

Next, to assess the utility of methylation in prognosis, by stratifying Crohn’s disease patients 

based on subsequent progression to complicated disease (see Methods), we asked if 

methylation signatures at diagnosis could predict who would in time progress to complicated 

Crohn’s disease. In keeping with our finding from Supplementary Fig. 4 and Supplementary 

Table 1, we did not find any CpGs showing significant differences when the baseline 

methylation profiles of subsequent progressors were compared to non-progressors. Taken 

together, our data suggests that peripheral blood methylation profiles do not predict or 

change in relevance to the evolution or presence of Crohn’s disease complications.

Conclusion

In conclusion, we characterized temporal relationships connecting methylation changes in 

blood with varying inflammatory characteristics at diagnosis and during treatment for 

Crohn’s disease in children. Systemic inflammation has long been understood to be a 

pathogenetic hallmark of Crohn’s disease, and medication to relieve the burden of 

inflammation has been part of all frontline treatment strategies for managing the disease. 

Our results provide convincing evidence that the signatures of methylation observed at 

diagnosis accompany acute inflammation that declines with treatment, but revert toward the 

levels seen in non-IBD controls despite ongoing bowel disease, arguing that they are 

primarily a symptom of the disease rather than a cause. If so, treatment of inflammation 

signatures may fundamentally be treating the symptoms of Crohn’s disease rather than the 

etiology, partially explaining why IBD often remains a life-long remitting and relapsing 

disorder, despite effective treatment of the inflammation symptoms.

A caveat to this interpretation is that we measured circulating immune cells whereas the 

inflammation is manifest in the bowel. Data for gut-resident immune cells will be required 

to establish whether the methylomic reversion we describe is also observed in the gut and 

affected by the diverse treatment regimens independent of the epithelial signature. By 

contrast, a recent study12 of methylation in intestinal epithelial cells described a distinct IBD 

profile more related to disease than inflammation, which was stable over time in the 23 

patients examined, further suggesting the need for new drugs that treat the cells in which, 

persistent molecular changes underlie disease pathogenesis. Future epigenetic studies of IBD 

could profile circulating, gut-resident immune, and gut epithelial cells in parallel, using our 

framework to definitively identify causal CpGs, and leverage the epigenome for the 

development of targeted therapeutics. This, in combination with the current armamentarium 
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of IBD medications that hold promise for successfully managing the disease by targeting the 

immune system, may put us one step closer to sustained remission and mucosal healing.

One of the long-term complications of IBD is inflammation-related cancers41-44, and our 

finding that aberrant DNA methylation of Crohn’s disease is predominantly a consequence 

of inflammation provides a strong rationale for the molecular link between IBD and cancer, 

as both chronic inflammation and aberrant DNA methylation having a known role in 

malignancy development. It remains to be seen whether these methylation signatures 

detected in blood as a consequence of inflammation may in part predict new onset, incident 

cancer, a major clinical consequence associated with IBD.

Our study has certain limitations. Although, it was well powered to detect CpGs that are 

different between non-IBD controls and newly-diagnosed Crohn’s disease patients, and 

examine how they change during the course of the disease, we were limited in terms of 

power to apply a Mendelian randomization framework to infer causal associations, and 

hence, we may have missed detecting some CpGs with a potential causal influence. Despite 

this limitation, we identified differential methylation of several CpG sites associated with an 

IBD-associated SNP, rs1819333, to be potentially causal to Crohn’s disease. This result, 

however, should be interpreted with caution given the lack of replication. Nevertheless, 

Mendelian randomization revealed results consistent with findings from our longitudinal 

framework that the peripheral blood methylation changes associated with Crohn’s disease in 

children are predominantly a consequence of disease. Causal versus consequential analyses 

of adult cohorts should confirm the potential impact of blood-derived DNA methylation or 

the lack thereof in adult patients diagnosed with Crohn’s disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Need to Know

Background and Context: Site-specific changes in DNA methylation in blood and 

intestinal mucosal samples have been associated with inflammatory bowel diseases such 

as Crohn’s disease. However, it was not clear if these are markers of inflammation or 

disease development or progression.

New Findings: In an analysis of DNA methylation patterns in blood samples from 

pediatric patients with Crohn’s, we found most methylation changes to associate with 

inflammation, and resolve with treatment of inflammation, irrespective of disease 

progression or treatment.

Limitations: We analyzed DNA methylation patterns of circulating immune cells, rather 

than intestinal tissues.

Impact: Changes in methylation patterns of DNA from blood samples from children 

with Crohn’s disease associate with inflammation, and are less likely to contribute to 

disease development or progression. Studies of mucosal biopsy-derived immune and 

epithelial samples are needed to support these findings.
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Figure 1: 
Crohn’s disease at diagnosis is associated with methylation changes at 1189 CpG sites in 

blood. All the ~850 K CpG sites represented by dots are ordered by genomic position per 

chromosome (x axis). P values (-log10) of site-specific association with Crohn’s disease is 

shown on y axis. Dots above the blue line represent CpGs reaching epigenome-wide 

significance (FDR < 0.05). Dots above the red line represent CpGs reaching epigenome-

wide significance after Bonferroni correction (n = 114 CpGs).
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Figure 2: 
Methylation signatures of Crohn’s disease reflect inflammatory status of the patient. (a) For 

the 1189 Crohn’s disease associated CpGs, estimated effects (n = 164 cases and 74 controls) 

on Crohn’s disease at diagnosis (x axis) are strongly correlated with the estimated effects (n 
= 272: 45 non-IBD, 132 at diagnosis and 95 follow-up samples) on plasma CRP levels 

within the same subjects (y axis). Maroon dots represent Crohn’s disease CpGs that showed 

significance with plasma CRP (P < 0.05). (b,c) At the 206 (of 218) CRP-associated CpGs in 

the latest meta-analysis (n = 8863) by the Ligthart et al.26 (y axis), (b) 199 had effects on 

Crohn’s disease at diagnosis, and (c) 196 had effects on CRP, in the same direction in our 

data. Maroon dots are CpGs from26 that showed significance with (b) CD and (c) CRP in 

our data (P < 0.05).
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Figure 3: 
Disrupted methylation patterns during the diagnosis of Crohn’s disease revert back during 

the course of the disease. (a) Estimated methylation differences between diagnosis (n = 164) 

and follow-up (n = 164; y axis) were of similar magnitude to baseline differences between 

cases (n = 164) and controls (n = 164; x axis). All ~850K CpG sites are shown; the 

correlation coefficient and P value is for the 1189 Crohn’s disease CpGs that are colored 

maroon. (b) Same comparison for patients (n = 55) who received an initial diagnosis of B1 

at the time of diagnosis and progressed to B2 during the course of the follow-up period. (c) 

Same comparison for patients (n = 95) who started and remained as B1 during diagnosis and 

follow-up.
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Figure 4: 
Boxplots demonstrating the impact of the class of medications on methylation beta values at 

the top-five Crohn’s disease associated CpGs during follow-up. Methylation levels for the 

same CpGs in non-IBD controls and Crohn’s disease patients at diagnosis are also shown.
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Figure 5: 
Evaluation of directionality among Crohn’s disease associated CpG sites. Schematic 

diagram and results of genetic association and the concept of Mendelian randomization 

framework implemented to clarify the causal versus consequential role of Crohn’s disease 

associated methylation changes in blood. (a) Overall strength of causality of the 174 CpGs 

tested for methylation cause of Crohn’s disease is inferred from the correlation between the 

observed (y axis) and predicted effects (x axis) of SNP on Crohn’s disease. To infer 

causality of individual CpG sites, the association of the sentinel mQTL with Crohn’s disease 

should be significant (FDR < 0.05). 95% CI error bars are shown for the 3 CpG sites with an 

associated mQTL that also associated with Crohn’s disease. 82 of the 174 CpGs that 

demonstrated directional consistency are shown in maroon; CpGs that are directionally 

inconsistent with the observed versus predicted effects are shown in grey. (b) Observed 

effect of Crohn’s disease genetic risk score on methylation (y axis) is highly correlated with 

its predicted effect (x axis) through Crohn’s disease, suggesting a strong consequential 

signal at the 194 CpG sites investigated. 95% CI error bars are shown for 8 CpGs 

demonstrating statistically significant consequential association (FDR < 0.05). 142 of the 

194 CpGs with directionally consistent effects are shown in maroon; CpGs that are 

directionally inconsistent are shown in grey.
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Table 1:

Summary of patient characteristics

non-IBD controls Crohn's disease
at diagnosis

Crohn's disease
at follow-up

P value;
Crohn's

disease Vs
non-IBD

P value;
Crohn's 
disease

at diagnosis 
Vs

follow-up

Number of samples 74 164 164

Age in yrs [median (IQR)] 12.6 (9.8 to 14.3) 12.6 (10.6 to 15.0) 15.2 (13.2 to 17.3) 0.237 2.5 × 10−14

Female sex (%) 34 (46%) 68 (41%) 68 (41%) 0.523

Disease state [B1/B2]* 0/0 150/14 95/69

Disease location [L1/L2/L3/missing]* 39/39/69/17 31/21/95/17

Number of samples with CRP data 45 132 95

CRPmgPerL [median (IQR)] 0.5 (0.1 to 3.4) 4.4 (1.5 to 14.5) 1.0 (0.5 to 3.0) 0.037 0.0001

Number of samples with CRP < 1/CRP > 1 30/15 25/107 52/43

Number of samples with PCDAI data NA 159 149

PCDAI [median (IQR)] NA 30.0 (20.0 to 42.5) 5.0 (0.0 to 15.0) 2.2 × 10−16

Number of samples with PCDAI ≤ 10/PCDAI 
> 10

NA 19/140 99/50

Treatment Naïve (number of subjects) 74 164 0

Biologics NA NA 76

Immunomodulators NA NA 26

Biologics plus immunomodulators NA NA 43

Others* NA NA 11

Medication data missing NA NA 8

*
In the Montreal classification of Crohn's disease behavior, B1 corresponds to inflammatory behavior with no stricturing or luminal penetrating 

complications and B2 to stricturing behavior with no luminal penetrating complications. Similarly, for disease location, L1 corresponds to disease 
located in the ileum, L2 in the colon, and L3 ileocolon. Others include patients who received 5-ASA, Steroids, and/or Antibiotics.
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