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Abstract

Background In peripheral blood, DNA methylation (DNAm) patterns in inflammatory bowel disease patients reflect
inflammatory status rather than disease status. Here, we examined DNAm in diseased rectal mucosa from ulcerative
colitis (UC) patients, focusing on constituent cell types with the goal of identifying therapeutic targets for UC other
than the immune system. We profiled DNAm of rectal mucosal biopsies of pediatric UC at diagnosis (n=211) and
non-IBD control (n=85) patients and performed epigenome-wide association studies (EWAS) of specific cell types to
understand DNAm changes in epithelial, immune and fibroblast cells across disease states, course, and clinical out-
comes. We also examined longitudinal analysis on follow-up samples (n=73), and comparisons were made among
patients with clinical outcomes including those undergoing colectomy versus those who did not. Additionally, we
included RNA-seq from the same subjects to assess the impact of CpG sites on the transcription of nearby genes dur-
ing the disease course.

Results At diagnosis, UC rectal mucosa exhibited a lower proportion of epithelial cells and fibroblasts, and higher
proportion of immune cells, in conjunction with variation in the DNAm pattern. While treatment had significant
effects on the methylation signature of immune cells, its effects on fibroblasts and epithelial cells were attenuated.
Individuals who required colectomy exhibited cell composition and DNAm patterns at follow-up more similar to dis-
ease onset than patients who did not require colectomy. Combining these results with gene expression profiles, we
identify CpG sites whose methylation patterns are most consistent with a contribution to poor disease outcomes and
could thus be potential therapeutic targets.
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Conclusions Cell-specific epigenetic changes in the rectal mucosa in UC are associated with disease sever-
ity and outcome. Current therapeutics may more effectively target the immune than the epithelial and fibroblast
compartments.
Keywords Children, Epigenetic changes, Inflammatory bowel disease, Predicting Response to Standardized Pediatric
Colitis Therapy (PROTECT) study, Risk Stratification and Identification of Immunogenetic and Microbial Markers of
Rapid Disease Progression in Children with Crohn’s Disease (RISK) study
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Background

UC is a form of inflammatory bowel disease that affects
an estimated 1% of the population in North America
and Europe [1]. The chronic inflammation is limited to
colon in UC, and is usually remitting and relapsing in
nature, but repeated inflammation of the colon invari-
ably results in progressive tissue damage. By nature, UC
subjects exhibit evidence of systemic inflammation dur-
ing the active disease, and ~10% of all UC subjects also
have involvement of extra-intestinal manifestations [2].
Although UC is heterogeneous in disease course and
outcome, the need for colectomy shortly after diagnosis
is the least favorable outcome. Genome-wide associa-
tion studies have proven the role of immune-associated
genetic variants beyond doubt in UC [3-5], but in total
these variants have accounted for less than 10% of the
disease susceptibility, and an even smaller proportion
of disease outcome. So far, these genetic studies have
pointed to few influences of disease beyond the genetic
regulation of the immune system itself. Although several

drugs are already available to target the immune system
in UC, and more immune targeting therapies are being
developed, nearly half of UC patients show insufficient
response to these therapies [6, 7]. Thus, we asked if it is
possible to identify therapeutic targets for UC other than
the immune system itself.

Since genetics itself explained only a small portion of
IBD, we turned to other molecular systems implicated
in UC pathogenesis [8]. Recent studies in IBD demon-
strated that DNAm signatures [9-11] have been asso-
ciated with CD and UC phenotypes [12-17]. However,
most studies have focused on study of peripheral blood
rather than the diseased tissue. In our recent study we
found that DNAm changes in peripheral blood cells
associate primarily with inflammatory status rather than
disease status [18], and that methylation patterns in
blood largely return to “normal” after anti-inflammatory
treatment, regardless of the underlying disease state.
Blood-based DNAm studies have underlined the poten-
tial role of epigenetics mechanisms in IBD, but to find
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cells whose molecular signatures might better reflect the
disease state, we move to the location of disease itself.
Here we examine genome-wide DNAm of the rectal tis-
sue in an inception cohort of UC at 2 time points, once at
diagnosis (treatment naive) and subsequently at follow-
up, to explore how longitudinal DNAm associates with
disease onset, disease progression and outcome. Similar
studies have been done only in small sets of patients, and
in select cellular compartments such as purified epithe-
lial cells [19, 20].

Site-specific DNAm differences have been reported in
IBD from peripheral blood [18], and intestinal biopsies
[19-21], but the analysis on the source of the cell types
that are driving those signals, the temporal relationship
between DNAm, disease, and the most unfavorable clini-
cal outcomes (e.g., colectomy status) were not studied for
therapeutic benefits. Thus, in this study we conducted a
cell type-specific EWAS of DNA methylation (~ 850,000
sites) changes in the rectal mucosa at diagnosis, follow-
up, and across disease phenotypes and clinical outcome
trajectories (colectomy and mucosal healing) using rectal
mucosal biopsies collected for the RISK and PROTECT
pediatric CD and UC inception cohorts [22-24]. Our
analysis examined interactions between DNAm-based
estimates of proportions of three major cell components
of intestinal tissues—epithelial, immune cells and fibro-
blasts (as a measure of mesenchyme) — and DNAm to
identify cell-specific differential DNAm patterns and
associated gene expression from the same patients to
evaluate disease status, disease course, disease sever-
ity, and colectomy status as clinical outcomes [25] with
the goal of finding patterns consistent with the cause of
disease severity (rather than consequence) to serve as
potential targets for molecular therapies.

Results

Altered DNAm in the epithelial,immune and fibroblast
compartments are associated with UC at diagnosis

We used rectal mucosal biopsies to profile DNAm
changes associated with UC. Principal component
(PC) analysis of DNAm levels at~820 K CpG sites in
the mucosa showed separate clusters for UC at diagno-
sis (n=211) and controls (n=85) (Additional file 1: Fig.
S1). We observed that PC1 and PC2 explained 20.1% and
8% of the variance in DNAm, respectively. Thus, we per-
formed a traditional EWAS and identified 99,989 DNAm
sites associated with UC at diagnosis (FDR <0.05; Addi-
tional file 1: Fig. S2).

Identification of this large number of sites may reflect
inflammation or unmeasured cellular heterogeneity,
but is consistent with the high proportion of variation
explained in our PC analysis, and suggests the possibility
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of a strong but complex DNAm signature of UC. To bet-
ter understand what drives these large-scale differences
in DNAm, we next decomposed our bulk signatures into
constituent cell-type proportions (epithelial, immune,
and fibroblast cells) [26].

Figure la shows estimated cellular proportions based
on DNAm signatures in UC at diagnosis vs. control sam-
ples for three primary cell types (epithelial, immune, and
fibroblast cells). The estimated cell proportions from
mucosal DNAm profiles shows a decrease in the propor-
tion of epithelial cells (p<2.2e—16) as well as fibroblasts
(p=5e—07) and increasing proportions of immune cells
(p<2.2e—16), changes that are consistent with dam-
aged and inflamed mucosa [27-29]. Cell-specific EWAS
between UC at diagnosis (#=211) and controls (n=85)
revealed 3504 (Fig. 1b top panel; Additional file 2:
Table S2a), 2279 (Fig. 1b middle panel and Additional
file 3: Table S3a) and 910 (Fig. 1c bottom panel and Addi-
tional file 4: Table S4a) differentially methylated CpG
sites in epithelial, immune and fibroblast cells, respec-
tively at FDR<0.05. Overall, these data suggest the pos-
sibility that cell-type-specific changes in DNAm in the
rectal mucosa can be leveraged to differentiate diseased
tissue from healthy individuals as well as and behavior
during disease.

Regulatory potential of the differentially methylated CpG
sites in UC

To gain insight into the regulatory potential of our differen-
tially methylated CpG sites, we identified the nearest genes
annotated to these CpGs in the lllumina manifest file. Differ-
entially methylated CpG sites in epithelial (n=3504 CpGs),
immune (n=2279 CpGs) and fibroblast (=910 CpGs) cells
were annotated to 1932, 1338 and 561 protein-coding genes,
respectively. We first examined the association between the
differentially methylated CpG sites and the gene expression
levels of their corresponding genes in the rectal mucosa
(CpG-gene pairs) in a subset of individuals (n=119) with
both DNAm and gene expression data, and identified 1046
unique Gene-CpG associations for epithelial cells (Addi-
tional file 2: Table S2b), 537 unique Gene-CpG associa-
tions for immune cells (Additional file 3: Table S3b) and 272
unique Gene-CpG associations for fibroblasts (Additional
file 4: Table S4b) at FDR<0.05. For these sets of genes, we
next performed differential expression analysis comparing
expression in rectal mucosa biopsies taken from patients
with UC at diagnosis (n=206) vs. biopsies taken from non-
IBD individuals (n=20). 885 (63%) of epithelial-specific
differentially methylated CpG-associated genes were asso-
ciated with UC at diagnosis (FDR<0.05; (Additional file 2:
Table S2c¢). Similarly, 442 (81%) of immune-specific CpG-
associated genes (Additional file 3: Table S3c) and 217 (80%)
of fibroblast-specific CpG-associated genes (Additional file 3:
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Fig. 1 DNAm and corresponding gene signatures associated with UC at diagnosis: a Comparison of estimated cell proportions for epithelial,
immune cells and fibroblasts between rectal biopsies from UC patients (at diagnosis) and controls. p Values are shown from the Wilcoxon test. b
Cell-specific epigenome-wide analysis (EWAS) comparing UC patients to controls. The blue line represents significant differential methylation at
false discovery rate (FDR) <0.05, and the red line represents Bonferroni-adjusted genome-wide significance (p < 1e—08). ¢ The volcano plot shows
differentially expressed genes that are associated with cell specific CpG sites in UC for all three cell types. x-axis shows log2FC and y- axis shows

the negative log p-value detected for each gene in DE analysis. d The lollipop diagram shows the top 10 Gene Ontology (GO) biological processes
identified as enriched in sets of differentially methylated CpG sites (blue) and differentially expressed genes in UC. Y- axis shows the number of CpGs

and genes detected for each GO term

Table S3c) were differentially expressed between patients
with UC at diagnosis and non-IBD controls (FDR<0.05;
Fig. 1c). The observation that the majority of the genes found
to be associated with UC-specific CpG sites also demon-
strated changes in steady state levels of mRNA detectable in
the mucosa highlights the regulatory potential of our differ-
entially methylated CpG sites.

Biological relevance of the differentially methylated CpG
sitesin UC

GO analysis revealed that the set of genes (n =488) asso-
ciated with the differentially methylated CpG sites in
epithelial cells was enriched for numerous biological pro-
cesses related to epithelial function, including changes
in wound response, GTPase signaling and cell migration
(Fig. 1d top panel; Additional file 2: Table S2D-E). Simi-
larly, genes associated with immune cell-specific CpGs

(n=150) showed an enrichment for immune function
related processes, including cell activation and signaling
(Fig. 1d bottom panel; Additional file 3: Table S3D—E), all
of which are expected to occur in the damaged mucosa
[30-33]. Further, a text-mining analysis [34] revealed that
99 of 885 epithelial and 53 of 442 immune genes were
associated with UC in the literature (see Additional file 2:
Table S2F-G and Additional file 3: Tables S2F-G). How-
ever, we did not detect any pathway level enrichment
for genes associated with fibroblast-specific CpG sites
(n=>56) at FDR<0.05.

DNAm changes in the rectal mucosa of patients with UC
post-treatment

To assess the cellular and molecular changes in the rec-
tal mucosa of patients with UC after treatment, we next
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Fig. 2 Longitudinal profiling of DNAm in UC patients at during the disease. a, b Boxplots show the rectal biopsy DNA methylation (DNAm)
estimated cell proportions for epithelial,immune and fibroblast compared among a controls (n =85), UC at diagnosis (n=211) and UC at Follow-up
(n=73), and b UC patients who underwent clinical remission at week 52 (n=22) vs those who did not (n =45). p Values are from the Wilcoxon
test. ¢ Cell-specific epigenome-wide analysis (EWAS) analysis shows differentially methylated sites between UC at diagnosis and UC at follow-up
(paired samples, n=73) for all three major cell types. The blue line represents the sites significant at FDR < 0.05, and the red line represents the sites
significant at epigenome-wide p < 1e—08. d The effect sizes for all the UC associated sites from all three types epithelial (n=3504 CpG sites) and
fibroblast (n=910) and immune cells (n=2279) of UC at diagnosis i.e,, UC at diagnosis vs Controls (x-axis) were compared to UC at disease course
i.e, UC at diagnosis vs follow-up (y-axis). In the immune sub-panel, maroon dots represent the 96 CpG sites that reached significance after multiple
test corrections on p-values of 2279 CpGs in UC at disease course (FDR < 0.05). e The effect sizes for all the CpG sites associated with disease course
i.e, UC at diagnosis vs follow-up (y-axis) from only immune cells (n=668) were compared to UC at diagnosis i.e, UC at diagnosis versus Controls
(x-axis). In the sub-panel, maroon dots represent the 154 CpG sites that reached significance after multiple test corrections on p values of 668 CpGs

in UC at diagnosis (FDR < 0.05)

examined cellular proportions and DNAm profiles at
follow-up (n="73; Fig. 2). Clinical activity and/or disease
severity in pediatric patients with UC is monitored by
a validated activity index known as pediatric UC activ-
ity index (PUCALI) [35]. The PUCAI scores of patients at
follow-up were significantly lower than those obtained at
the time of diagnosis (Additional file 1: Fig. S4a) consist-
ent with patient’s disease activity improving, on average,
after treatment. Consistent with this, we observed a cor-
responding change in the estimated proportions of epi-
thelial, immune and fibroblast compartments (Fig. 2a).
Interestingly we also observed that the epithelial and
immune cell proportions were significantly improved
(»p=0.0087; p=0.0077) in the follow-up UC patient’s
rectal biopsies who had undergone clinical remission at
week 52 when compared to those who had not (Fig. 2b).
We observed a similar trend where the epithelial pro-
portions were significantly increased and immune cells

were significantly depleted (similar to levels in controls)
for both corticosteroid-free and calprotectin remis-
sions at week 52 (Additional file 1: Fig. S5), but did not
observe such changes in fibroblasts. Compared to UC at
diagnosis, we observe an expansion in the proportion of
epithelial and fibroblast compartments at follow-up, and
depletion of immune cells.

Our cell type-specific EWAS comparing DNAm levels
at the time of follow-up to those obtained at the time
of diagnosis within the same 73 individuals found 668
CpG sites differentially methylated within the immune
compartment (FDR<0.05; Fig. 2c middle panel; Addi-
tional file 1: Fig. S4c, Additional file 5: Table S5a). For
the majority of significant sites, the direction of the
changes moved DNAm levels in cases after treatment
closer to levels seen in controls. These patterns are con-
sistent with DNAm levels in the immune compartment
reflecting systemic immune status, and thus responding
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to systemic anti-inflammatory therapies. On the other
hand, EWAS comparing DNAm levels at the time of
follow-up to those obtained at the time of diagnosis did
not reveal any differentially methylated CpG sites in the
epithelial (Fig. 2c, top panel, Additional file 1: Fig. S4b)
and fibroblast compartments (Fig. 2c, last panel, Addi-
tional file 1: Fig. 4d).

To identify the impact of treatment effects on DNAm
sites, we compared the DNAm differences observed for
UC at diagnosis vs. controls, and UC at disease course
vs. UC at diagnosis. The EWAS in Fig. 1b shows the
CpG sites that are differentially methylated between
newly diagnosed UC patients and controls, while the
EWAS in Fig. 2e shows the CpG sites that are differ-
entially methylated in UC patients before and after
treatment. Figure 2d shows that for CpGs significant
in each of the three compartments in the UC vs. con-
trol EWAS (Fig. 1b), there is a negative correlation in
effect sizes from the two EWAS; this is consistent with
a pattern where CpGs showing DNAm differences in
patients at the time of diagnosis return to control lev-
els upon treatment. Stronger negative correlations were
observed for sites associated with UC in epithelial cells
(R=—0.68) or fibroblasts (R=—0.47) vs. those asso-
ciated in immune cells (R=—-0.33); however, signifi-
cant pre- vs. post-treatment DNAm differences were
only observed in immune cells (Fig. 2c, middle panel),
with 96 CpG sites showing significant DNAm differ-
ences in immune cells in both the case—control and
pre-post analyses. For these 96 sites we observed a
strong negative correlation (R=—0.86), with DNAm
levels of 95 of these sites moving in the opposite direc-
tion from onset and trending towards controls and only
one site (cg17642041, located in the transcription start
site of the CCR9 gene) trending away from control lev-
els (maroon dot in Fig. 2C immune cell panels). We
observed the same general pattern (R=—0.34) at all
the 668 CpG sites that differed between diagnosis and
follow-up UC: 154 of 668 CpG sites were significantly
different at follow-up (FDR<0.05) with a very strong
negative correlation (R=—0.80) between onset and
follow-up (Fig. 2e; Additional file 5: Table S5e).

Extending this analysis to all ~ 820 K CpG sites analyzed
across epigenome-wide, we still observed significant
negative correlations between effect sizes (R=—0.21 for
epithelial cells; R=—0.16 for immune cells; R=—0.21
for fibroblasts; Additional file 1: Fig. S6), suggesting that
at a broad scale, the epigenomic level the DNAm pro-
files observed at follow-up were trending towards those
observed in controls. Of the 2279 sites differing between
UC at diagnosis and controls in immune cells (from
Fig. 1b, middle panel), 33 showed a significant negative
association (epigenome-wide) in the comparison of cases
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vs. controls and a significant positive association when
comparing UC at diagnosis vs. follow-up in cases, with
a negative correlation between the effect sizes from the
two analyses (R=—0.92; Additional file 1: Fig. S6b).

Biological relevance of the differentially methylated CpG
sites in UC at disease course

In support of these patterns showing DNAm profiles at
follow-up trending towards control levels, possibly due
to inflammation-reducing treatment, gene ontology
analysis on the 668 CpG sites differing from UC at diag-
nosis to follow-up identified numerous biological pro-
cesses related to immune function, including changes of
B-cell/leukocyte activation and differentiation (Fig. 3a,
Additional file 5: Table S5g). To gain further biologi-
cal insight into the pathways related to DNAm changes
in the immune compartment during treatment, we
analyzed these 668 CpG sites for association between
DNAm and nearby gene expression (270 genes). In this
analysis we compared changes in gene expression for
each gene with DNAm changes at its associated CpG
site across a matched cohort of UC patients (n=29)
and observed that expression of 39 genes associated
with DNAm at 42 CpG sites (p <0.05; Additional file 5:
Table S5g). Differential expression analysis at diagno-
sis vs. follow-up (n=29 matched samples) [25] iden-
tified 9 genes as differentially expressed (FDR <0.05;
Fig. 3b, Additional file 5: Table S5h). As an example, we
highlight two CpG-gene pairs in Fig. 3c, which shows
the relative levels of DNAm at CpG sites 1500 base
pairs upstream from the transcription start site (TSS)
of FGD2 gene, and their corresponding gene expres-
sion level for the same UC subjects at diagnosis and
follow-up.

To gain a finer-grained understanding of the immune
compartment, we used an immune-subtype reference
panel (see methods) to make cell-type composition
estimates within this compartment breaking cell-
counts into 7 parts (B-, CD8T-, CD4T-cells, mono-
cytes, neutrophils, eosinophils, and nature killer cells).
We identified significant changes in the cellular pro-
portions of B-cells and CD4 T-cells between diagno-
sis and follow-up (p <0.05, Wilcoxon test, Additional
file 1: Fig. S7), with decreases in B-cell and increases
in T-cell proportions at follow-up. Although neutro-
phil abundance did not change significantly from diag-
nosis to follow-up, most of the significant changes in
DNAm between diagnosis and follow-up (145 CpG
sites) were inferred to be attributable to the neutrophil
compartment (Additional file 1: Fig. S8; Additional
file 5: Table S5i). We also observed at least 9 CpG sites
showing different DNAm patterns in B-cells (Addi-
tional file 1: Fig. S8; Additional file 5: Table S5j). Thus,
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Fig. 3 Regulatory importance of the differentially methylated CpG sites in UC at disease course. a The lollipop diagram shows Gene Ontology (GO)
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profiles) at the two CpG sites located TSS1500 to the nearby gene, and the corresponding gene expression values are plotted. Y-axis shows DNAm
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neutrophils, and to some extent B-cells, appear to be
undergoing the largest amount of epigenetic change in
the mucosa during UC treatment, at least as inferred
from this model.

UC-specific rectal DNAm signatures at diagnosis correlate
with disease severity defined by PUCAI

Next, as a proof-of-concept, we asked if DNAm could
distinguish patients with UC based on their disease

severity. A comparison of 44 mild UC (10<PUCAI < 35),
80 moderate UC (35<PUCAI<65) and 87 severe UC
patients (PUCAI > 65) across the entire 820 K CpG panel
showed significant differences between mild vs moderate,
and mild vs severe UC patients in PC1 (Additional file 1:
Fig. S9). However, no differences were observed between
moderate vs severe UC. The estimated cell proportions
from mucosal DNAm profiles show no significant differ-
ences for either epithelial cell, fibroblasts, and immune
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cell across disease severity in UC (Additional file 1: Fig.
S9a). Consistent with this, our cell type specific EWAS
among mild, moderate and severe UC patients did not
identify any significant CpGs (data not shown). There-
fore, to identify individual CpG sites that capture disease
severity within each cell type, we grouped patients with
moderate and severe UC (n=167) and compared them
to those with mild UC (n=44), revealing 46, 127 and
13 CpGs in epithelial, immune and fibroblast compart-
ments, respectively (Additional file 1: Fig. S9b, Additional
files: Tables S6-8). GO analysis of these sites did not
establish strong evidence for enrichment of any biologi-
cal processes at FDR < 0.05.

We tested whether any of the cell-specific CpG sites (as
a predictor) are associated with nearby gene expression
(as an outcome). We observed 7 Gene-CpG associations
for epithelial (Additional file 6: Table S6b) and 12 Gene-
CpG associations for immune cells (FDR<0.05; Addi-
tional file 7: Table S7b). However, none of these genes
were differentially expressed in mild UC when compared
to moderate and severe (data not shown).

Rectal DNAm signatures show potential for indicating
colectomy risk

The total DNAm signatures were analyzed for signals
indicating predisposition towards severe disease result-
ing in colectomy by year 2 post diagnosis. PC1 of the
total 820 K CpG sites showed a significant difference in
the DNAm signatures between patients who would even-
tually undergo colectomy at 2 years post diagnosis with
patients who did not (Additional file 1: Fig. S10). Simi-
larly, significant differences in DNAm signatures amongst
the three compartments, epithelial, immune and fibro-
blast were also observed between colectomy and no-
colectomy. In total, 24 patients underwent colectomy in
the 2 years after diagnosis, and while the “no colectomy”
group showed improvements in epithelial (P=0.01) and
fibroblast (P=0.002) proportions along with a decrease
in immune cell proportions at follow-up (P=0.004) (a
sign of mucosal healing and reduction of inflammation),
the colectomy group showed no improvement in epithe-
lial (P=0.89) and fibroblast proportions (P=0.49) and
no decrease in the immune proportions (remaining ele-
vated compared to “no colectomy” at follow-up; P=0.80)
(n=175; Fig. 4a).

To identify genes whose DNAm patterns at diagnosis
indicate the need for future colectomy, cell-type specific
EWAS analysis was performed on non-colectomy UC
patients (n=175) vs UC patients who eventually under-
went colectomy (n=24; Fig. 4b; Additional file 1: Fig.
S11). We identified 89 CpG sites associated with future
colectomy in epithelial cells (Fig. 4b top panel; Additional
file 9: Table S9), 257 CpG sites in immune cells (Fig. 4b
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middle panel and Additional file 10: Table S10), and 63
CpG sites in fibroblasts (Fig. 4b bottom panel and Addi-
tional file 11: Table S11). GO analysis of UC colectomy
CpG sites did not establish strong evidence for enrich-
ment of any biological processes at FDR <0.05.

Among CpG sites associated with future colectomy,
we observed 15 and 10 Gene-CpG associations for sites
associated with colectomy in epithelial cells and immune
cells respectively (Additional files 9-10: Tables S9b,
S10b). However, none of these genes showed differential
expression in UC.

We further analyzed differences at diagnosis in the
severe UC group by comparing those patients that even-
tually underwent colectomy at 2 years post diagnosis
(n=14) to those that did not (n=60). The epithelial cell
proportions were nominally decreased (P=0.05) at diag-
nosis in colectomy severe UC patients when compared to
non-colectomy severe UC patients (Additional file 1: Fig.
S12a, top panel). In contrast, an increase in the immune
and fibroblast proportions was observed for the colec-
tomy group, but the differences did not reach statistical
significance (Additional file 1: Fig. S12a, middle and bot-
tom panels). Only 2 CpG sites for epithelial and fibroblast
cells were found by cell-specific EWAS analysis (Addi-
tional file 1: Fig. S12b, top and bottom panels; Additional
files: Tables S9,11), and 64 CpG sites for immune cells
(Additional file 1: Fig. S12b, middle panel; Additional
file 10: Table S10).

Clinical relevance of differentially methylated CpG sites

in UC

The distinction between methylation signatures in UC
at diagnosis and controls suggests that a diagnostic
potential exists in these values that can be leveraged
for patient stratification. Supporting this, a random for-
est analysis showed that CpG sites showing cell-type-
specific associations with UC in epithelial, immune
cells, and fibroblasts in a training dataset could indeed
distinguish UC patients from controls in an independ-
ent validation dataset, with 96% accuracy (AUC =0.96);
Additional file 1: Fig. S13). However, these rectal biopsy
DNAm profiles did not show similar predictive power
for disease progression or outcome in UC given with the
limitation of the sample size in of the testing group (data
not shown).

Discussion

In this study, we used a treatment naive inception UC
cohort in which biospecimens underwent multi-omic
analysis at baseline and follow-up. Taking advantage of
this inception cohort with extensive prospective clinical
meta-data, we estimated DNAm-based cell type propor-
tions in the human rectal mucosa — epithelial, immune
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and fibroblast compartments—and examined DNAm
differences in each of these compartments at the time of
diagnosis and during the course of UC.

We first showed that within each compartment, UC-
specific epigenetic changes are disturbed at diagnosis.
Our first analysis on UC at diagnosis vs. controls DNAm
patterns for different cell populations may be reflect-
ing different aspects of the disease. Immune cell-specific
responses are consistent with effects of ongoing inflam-
mation. Immune cell DNAm in rectal tissue, as well as in
blood, may be more the consequence of disease caused
inflammation than it is the underlying cause of UC or
disease progression. The epithelial compartment, on
the other hand, with observable differences in wound
response and cell migration pathways (prior to treat-
ment) might provide insight into why some individuals
fail to respond to effective anti-inflammatory treatments.

The next analysis between diagnosis and follow-up
showed that the immune compartment undergoes the
greatest amount of epigenetic response to treatment,
with the epithelial and fibroblast compartments showing
fewer changes. These findings are consistent with previ-
ous work [19] reporting that DNAm changes in purified
epithelial cells from mucosa persisted across two time-
points. Especially, overall cell proportions, and many
of the cell-specific methylation patterns moved closer
to levels seen in controls. This pattern was most pro-
nounced in immune cells and is hardly surprising since
current treatment primarily targets the immune system
and clearly its effects are most direct and observable in
this compartment.

A further the cell-specific disease severity analy-
sis on the rectal biopsy DNAm from UC at diagnosis
indicated that epigenetically moderate and severe UC
patients group together, whereas mild UC has a distinct
epigenetic profile relative to moderate and severe UC
as defined by PUCAI On the other hand, we couldn’t
establish any evidence that these CpG sites are involved
in nearby gene regulation or biological processes related
to disease severity in UC. On the other hand, there were
widespread methylation differences at follow-up between
those with ongoing, severe disease who would soon
need colectomy, and those who would not. Remarkably,
DNAm signatures observed in the rectal mucosa at diag-
nosis could also distinguish patients destined to need a
colectomy within 2 years and those who did not.

The epithelial barrier is the front-line defense against
invading microbes, toxins, and other luminal contents,
but also provides selective transport of nutrients and
other beneficial substances that maintain homeosta-
sis and carries significant inflammatory consequences
to underlying mucosa upon its malfunction and degra-
dation. The lack of epigenetic changes in the epithelial
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and fibroblast cells following treatment is of concern to
mucosal healing. Notably, we observed that at least 25%
of the epithelial derived CpG sites (889 out of 3504)
changing during UC are consistent with a previously
published study that compared purified epithelial cell
methylation patterns between UC patients and controls
[19]. Damage and erosion of the intestinal epithelium is
a hallmark characteristic of UC, and the large number of
epithelial-specific CpG sites affected at diagnosis indi-
cates either a response to external stimuli potentiating
the disease or a response to the damage that the body is
trying to repair. In fact, in the study of epithelial-derived
organoids described in the Introduction, at least 25%
of the genes (124 out of 488) associated with epithelial
derived CpG sites were also observed to be differentially
expressed in UC [19], supporting a relationship between
changing DNAm and gene transcription in the epithe-
lium during UC. Our observation of decreased epithelial
proportions based on changes in DNAm signals, with a
corresponding increase in immune cell abundance, is in
line with the well-documented biological consequences
of UC. Pathway analysis of the genes influenced by the
significantly changing CpG sites showed changes in path-
ways regulating cell migration, lipid metabolism, small
GTPase signaling and wound repair/healing, suggest-
ing that the changes in DNAm in turn influence nearby
genes and processes that are critically involved in restitu-
tion and repair [36—39].

Fibroblasts originating from the mesenchymal com-
partment are responsible for maintaining the extracellu-
lar milieu that provides structural stability and regulatory
growth and differentiation signals for the epithelium
[40-42]. The decrease in proportion of this cellular com-
partment further correlates with symptoms of UC, but
this was the one compartment that looked most similar
in comparison to control abundance at follow-up. The
epigenetic findings here provide new targets that should
be considered for correcting UC related epigenetic
changes that could promote mucosal healing. For exam-
ple, UBE2G1 detected in fibroblasts was found to be
hypomethylated and did not revert after treatment, and
is a known IBD marker [43]. UBE2GI is ubiquitin con-
jugating enzyme involved in degradation of short-lived
proteins and known to have disease implications when
its functionality is perturbed [44—46]. Further, whether
therapeutic changes in the fibroblasts enhanced their
immunosuppressive effects and facilitated a decrease
in immune cell proportion was not entirely clear, but a
reversion of many of the fibroblasts’ CpG signatures to
non-IBD status suggested this possibility.

Clearance of the immune response by current IBD
treatments (anti-TNF as an example) has long been
appreciated as the standard of care for IBD and was
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exemplified in our DNAm analysis where healing was
associated with a decrease in mucosal immune propor-
tions and reversion of many of the immune-specific CpG
sites back to non-IBD signatures. Interestingly, FOXPI
[47], IL23R [48-51], CCR9 [52, 53] have been docu-
mented to play a role in IBD, and here their correspond-
ing CpG loci were found to maintain disease-specific
DNAm signatures after treatment. The CCR9/CCL25
signaling axis is responsible for leukocyte trafficking
to the gut and our data may reflect epigenetic changes
during UC that are associated with the activation and
recruitment of immune cells from the peripheral blood
into the intestinal mucosa, consequentially sustaining
inflammatory conditions and prolonging or worsening
the disease. New targeted therapies that can offset epige-
netic effects regulating CCR9 may show improved resolu-
tion of the inflammatory response [53].

Additionally, our study has revealed some important
cell- and disease-severity specific findings that were not
reported in previous literature. In our previous study,
we reported that peripheral blood DNAm signatures in
IBD associate with the degree of inflammation, but do
not predict/characterize disease in the gut. In the cur-
rent study, utilizing samples provided by the longitudi-
nal UC patients from PROTECT cohort, we were able
to address this question, demonstrating that the DNAm
patterns from actual diseased tissues reflect the nature
of disease rather than the inflammation status. This is
further supported by our comparative analysis of cell-
specific EWAS indicating that only 9 sites from both epi-
thelium and immune cells, and 4 sites from fibroblasts,
overlap with our previous total peripheral blood DNAm
sites [18]. Unlike blood DNAm, the rectal tissue DNAm,
particularly epithelial / mesenchymal tissue DNAm,
do not revert back to normal levels. While contrasts
between mild and moderate UC were largely difficult to
interpret, differences between individuals requiring early
colectomy and those with less severe disease were more
pronounced. Methylation patterns at diagnosis seem
to predict which patients are most likely to progress to
colectomy after two years post treatment, and methyla-
tion and cell-composition patterns which fail to revert
towards controls at follow-up are especially good predic-
tors of who will require an early colectomy.

Finally, we note that the model we employed to decom-
pose mucosal data (comprised of numerous cell types) is
believed to be well powered to distinguish three main cel-
lular lineages (epithelial, immune and fibroblasts), but the
model relies on estimates, which may be less precise than
direct measurements obtained through immunophe-
notyping or single-cell methodologies [19, 54, 55]. The
discoveries reported here suggest that future studies per-
formed in purified cells or using single-cell technologies
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profiling DNA methylation at the genome-scale will
be fruitful in providing further insight into the role of
specific cell types in UC. Similarly, because DNAm is
influenced by age and enviromental factors, it would be
interesting to see whether similar cell-type-specific pat-
terns are observed in studies of UC in adults.

Conclusion:

In summary, we show that cell type-specific epigenetic
changes that occur in the course of UC are taking place
in the diseased tissue (rectal mucosa), and that these
changes are associated with disease severity and outcome
and can accurately distinguish patients from controls.
Based on our findings, we speculate that for individuals
who do not sufficiently respond to current therapies, tar-
geting epithelial genes with barrier function may improve
the clinical outcomes.

Methods

Overall study participants

The cases used for analysis here are a subset of the PRO-
TECT UC cohort. PROTECT is a multicenter inception
cohort with a total of 431 treatment naive UC patients
from 29 centers in the USA and Canada. This cohort
was prospectively followed for at least 2 years with rec-
tal biopsy collection at diagnosis (before treatment) and
subsequent follow-up (treatment period from 8 weeks to
2 years; follow-up; n=73). Details regarding inclusion /
exclusion criteria, study protocol, approvals, and other
clinical parameters assessed have been reported previ-
ously [23, 24]. Based on the availability of the rectal tis-
sue DNA, 211 pediatric UC patients from the PROTECT
cohort, aged 4—17 years old, were used. Out of the 211
had baseline rectal DNA availability, 73 of them also had
follow-up rectal tissue DNA and were used. All 73 patient
follow-up samples were collected as clinically indicated
during the follow-up visits between 8 weeks and 2 years.
All 73 patients received one or more treatment(s) prior
to follow-up, described in detail in Hyams et al. [23, 24].
The UC diagnosis was based on conventional clinical,
endoscopic, and histological parameters. For non-IBD
controls, we used age- and gender-matched rectal biopsy
genomic DNA samples from 85 RISK participants (RISK
is described elsewhere [22]) that had no histologic or
endoscopic inflammation and remained asymptomatic
during the disease course. Both the PROTECT and RISK
studies were approved by the Institutional Review Boards
at each of the participating RISK and PROTECT sites.
The same sites in North America participated in both the
PROTECT and RISK studies. All relevant ethical regu-
lations for work on human participants have been met
and conducted in accordance with the criteria set by the



Venkateswaran et al. Clinical Epigenetics (2023) 15:50

Declaration of Helsinki. Informed consent was obtained
from the parents of all study participants.

Quantification of genome-wide DNAm

Rectal biopsy genomic DNA was extracted using the All-
Prep DNA/RNA Mini Kit (Qiagen, Valencia, CA, USA),
and 500 ng of DNA was subjected to bisulfite treatment
using EZ DNAm-GoldTM Kits (Zymo Research, Irvine, CA,
USA). MethylationEPIC BeadChip (Illumina, San Diego,
CA) was used to quantify genome-wide DNAm differences
across ~ 850,000 genome-wide CpG sites [56]. The R package
CpGassoc [57] was used to perform the initial quality con-
trol (QC). 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. Probes mapping to multiple locations were
also removed [58]. After QC, a total of ~820,000 probes and
369 samples (85 non-IBD controls, 211 UC samples at diag-
nosis, and 73 samples from follow-up) remained. Beta values
(B) were calculated for each CpG site as the ratio of methyl-
ated (M) to the sum of methylated and unmethylated (1) sig-
nals: B=M/(M+ U). Signal intensities were then normalized
using the module beta-mixture quantile dilation (BMIQ)
[59] to account for the probe type bias. These normalized
signal intensities were used to perform principal component
analysis to further identify sample outliers.

Statistical methods

(i) Estimating the cell proportions of rectal biopsy
tissues. The R/Bioconductor-package EpiDISH
[26] was used to estimate cell type proportions
through deconvolution of our bulk DNAm data
derived from rectal tissue. Estimation was based on
two reference panels: (i) an epithelial, immune and
fibroblast -specific reference panel and (ii) another
immune subtype cells reference panel that can
also map the data to 7 immune cell types; B-cells,
CD4+ T-cells, CD8+ T-cells, NK-cells, monocytes,
neutrophils, and eosinophils. These estimated cell
type proportions were used as covariates in all
DNAm analyses to adjust for differences in DNAm
due to between-sample differences in cellular com-
position. Briefly, for a given DNAm data matrix,
the CellDMC program in EpiDISH [26] uses a ref-
erence panel of DNAm profiles in major cell-types
(CTs) to estimate cell-type fractions in each sample.
It then fits a statistical model to test for association
between DNAm and phenotype adjusted for cell-
type fractions. In addition to main effects for cell-
type fractions, the model includes interaction terms

(i)
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between the phenotype and estimated cell-type
fractions, enabling identification of DMCs in spe-
cific cell-types (DMCTs).

Genotyping and data processing. Peripheral
blood DNA samples of 296 cases and controls with
DNAm data were genotyped using the UK Biobank
array, and~ 850,000 genotypes were called using
the Axiom Suite software. All subjects had call
rates>95% and consistent gender records with the
clinical data. All quality control procedures were
performed in PLINK [60]. Principal components
were computed based on a pruned version “—hwe
0.001 —maf 0.2 —geno 0.01 —indep-pairwise 50 5 0.2”
of the data set consisting of 58,237 LD-independent
SNPs (r?<0.1). We used the first 5 genotype-based
principal components to control for population
stratification in all analyses.

(iii) DNAm association with UC at diagnosis. To iden-

tify CpG sites associated with UC at diagnosis,
we performed a case—control EWAS on 211 UC
patients at diagnosis compared to 85 non-IBD con-
trols. UC-associated methylation changes in rectal
tissue regardless of cell type were first profiled using
the R package CpGassoc [57]. Briefly, DNAm was
regressed on disease status (0 for control, 1 for UC)
with age, gender, epithelial and fibroblast cell pro-
portions, and the first five genotype-based principal
components as covariates in the model.

(iv) Cell-specific methylation association with UC

(v)

at diagnosis. We next used the CellDMC func-
tion from the EpiDISH [26] package to identify
sets of CpGs that show a cell-type specific associa-
tion with UC. We performed cell-specific EWAS
within the epithelial, immune and fibroblasts to
test for association between UC and methylation at
the ~ 820,000 sites that passed QC. DNAm at each
CpG was regressed on disease status (0 for control,
1 for UC) and age, gender, and the first five geno-
type-based principal components were included as
covariates in the model, along with covariates for
DNAm-based estimates of cellular proportions, and
an interaction term between UC and cellular pro-
portion to identify cell-specific signal. We identi-
fied significant CpGs within each EWAS using the
Benjamini—-Hochberg false discovery rate criterion
(FDR<0.05).

Cell-specific methylation association with UC at
diagnosis versus follow-up. To assess longitudinal
changes in DNAm in patients with UC, we com-
pared the methylation levels in rectal biopsy sam-
ples obtained at diagnosis and follow-up (n=73;
from 8 weeks to 2 years). Age was recalculated for
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the follow-up samples based upon their time of visit
after diagnosis. In the cell-specific EWAS, DNAm
was regressed on disease course (0 for at diagnosis,
1 for at follow-up), and age, gender, and the first
five genotype-based principal components were
included as covariates in the model, along with the
covariates and interactions for cell type propor-
tion. To account for the two time points from each
patient, representing DNAm levels at diagnosis and
follow-up, we included fixed effect covariates for
subject ID. To identify CpG sites associated with
UC during treatment, we performed a similar cell-
specific EWAS comparing diagnosis vs follow-up
within the same samples (n="73).

(vi) Gene Ontology (GO) biological process enrich-

ment analysis. Gene ontology (GO) for biologi-
cal process enrichment analysis was performed for
genes annotated to our UC associated CpG sites
by the R/Bioconductor package missMethyl [61].
Genes with more CpG probes on the Methylatio-
nEPIC array are more likely to have differentially
methylated CpGs, which could introduce potential
bias when performing pathway enrichment analy-
sis. The gometh function implemented in missMe-
thyl considers the varying number of differentially
methylated CpGs by computing a prior probabil-
ity for each gene based on the gene length and the
number of CpGs probed per gene on the array. Sim-
ilarly, the GO biological process enrichment analy-
sis for UC associated genes that are associated to
UC associated CpGs was performed by using Top-
pgene [62]. In addition, we used DisGeNET [34] to
perform a text-mining analysis of whether the cell-
specific gene signatures of this study are enriched
for genes previously associated with UC. We spe-
cifically tested for disease ID C0009324, which con-
sists of 1458 genes associated with UC.

Analysis of DNAm and gene expression. Dif-
ferential gene expression analysis was performed
on a subset of patients from whom both gene
expression and DNAm data was available from
the rectal mucosa (n=119). Gene expression
was previously measured using TruSeq Illumina
mRNAseq (20 controls and 211 UC samples)[25]
or Lexogen 3'UTR mRNAseq (39 UC at diagnosis
and a matched subset of the same 39 UC patients’
sampled at 52 week follow-up) [63]. More details
on RNA sequencing, data processing and QC are
described elsewhere [25, 63].

(vili) CpG sites associated with disease status, disease

course, disease severity, or colectomy status in the
EWAS were further tested for association with
expression of genes as annotated by Illumina. In
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total we used data from 119 patients with UC who
had both DNAm and TruSeq Illumina mRNAseq
gene expression profiles [25]. Gene expression
counts were regressed on DNAm proportions using
the DESeq2 R/Bioconductor package, with age,
gender and the first five genotype-based principal
components included as covariates in the model. A
false discovery rate criterion (FDR<0.05) was used
to define a set of significant CpG-gene pairs.

(ix) Differential gene expression analysis on disease

(x)

status, disease severity, and colectomy status. We
also performed a targeted differential expression
analysis of genes annotated to the CpG sites identi-
fied in the EWAS of disease status, disease course,
disease severity and/or colectomy status. The
TruSeq Illumina mRNAseq dataset [25] (n=119)
was used to identify genes differentially expressed
between disease status, disease severity and/or
colectomy status. Similarly, the Lexogen 3'UTR
mRNAseq data was analyzed to identify genes dif-
ferentially expressed for CpGs associated to UC at
disease course. The DEseq2 package was used to
perform the differential expression analysis. Briefly,
gene expression values were regressed on disease
status, disease severity, or colectomy status with
age and gender adjusted as covariates in the model
using the default normalization method. DE genes
were identified using either nominal p value <0.05
and fold change (FC)>1.2.

Random forest classification The entire dataset at
diagnosis (1=296) was divided into a 75% train-
ing (64 controls and 158 UC cases) and a 25% vali-
dation set (21 controls and 53 UC cases). For this
analysis, CellDMC was performed only on training
dataset samples and the UC-associated CpG sites
across all three cell types were identified. A Ran-
domForest (RF) model was constructed using the
UC-associated CpG sites identified in the training
dataset as predictors and UC as the outcome, using
the RandomForest [64] model in R with default
parameters. The trained RF model was tested using
the test dataset samples to test the prediction per-
formance of the defined model. Accuracies (ACC)
and area under the curve (AUC) were calculated by
comparing of actual labels to predicted labels of test
set class, separately for cases and controls.

Abbreviations

ACC
AUC
DNAmM

Accuracies
Area under the curve
DNA methylation
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EWAS Epigenome-Wide Association Studies

FDR False discovery rate

GO Gene ontology

IBD Inflammatory bowel disease

PUCAI Pediatric Ulcerative Colitis Activity Index

PROTECT  Predicting response to standardized pediatric colitis therapy
PCs Principle components

RISK Risk Stratification and Identification of Immunogenetic and Micro-
bial Markers of Rapid Disease Progression in Children with Crohn's
Disease

ucC Ulcerative colitis
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