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Abstract

BACKGROUND AND AIMS: Disease extent varies in ulcerative colitis (UC) from proctitis to 

left-sided colitis to pancolitis and is a major prognostic factor. When the extent of UC is limited 

there is often a sharp demarcation between macroscopically involved and uninvolved areas and 

what defines this or subsequent extension is unknown. We characterized the demarcation site 

molecularly and determined genes associated with subsequent disease extension.

METHODS: We performed RNA sequence analysis of biopsy specimens from UC patients 

with endoscopically and histologically confirmed limited disease, of which a subset later 

extended. Biopsy specimens were obtained from the endoscopically inflamed upper (proximal) 

limit of disease, immediately adjacent to the uninvolved colon, as well as at more proximal, 

endoscopically uninflamed colonic segments.

RESULTS: Differentially expressed genes were identified in the endoscopically inflamed biopsy 

specimens taken at each patient’s most proximal diseased site relative to healthy controls. 

Expression of these genes in the more proximal biopsy specimens transitioned back to control 

levels abruptly or gradually, the latter pattern supporting the concept that disease exists beyond 

the endoscopic disease demarcation site. The gradually transitioning genes were associated with 

inflammation, angiogenesis, glucuronidation, and homeodomain pathways. A subset of these 

genes in inflamed biopsy specimens was found to predict disease extension better than clinical 

features and were responsive to biologic therapies. Network analysis revealed critical roles for 

interferon signaling in UC inflammation and poly(ADP-ribose) polymerase 14 (PARP14) was a 

predicted key driver gene of extension. Higher PARP14 protein levels were found in inflamed 

biopsy specimens of patients with limited UC that subsequently extended.

CONCLUSION: Molecular predictors of disease extension reveal novel strategies for disease 

prognostication and potential therapeutic targeting.
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Ulcerative colitis (UC) is a progressive and disabling disease characterized by chronic 

inflammation of the colon.1 The extent of colonic involvement in UC is a defining feature 

with the Montreal classification distinguishing proctitis (E1), left-sided colitis (E2), and 

pancolitis (E3).2 Approximately half of UC cases present with proctitis (E1) at the time of 

diagnosis, with the remaining evenly split between E2 and E3.3,4 In patients with limited 
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disease (E1 and E2), a demarcation zone can be identified that delineates endoscopically 

involved and uninvolved areas. However, UC is a dynamic disease with proximal disease 

extension occurring over time in approximately 30% of E1/E2 patients, with significant 

implications for prognosis and treatment.3 Extensive colitis is associated with increased need 

for aggressive therapy as well as higher rates of hospitalizations, surgery, and colorectal 

cancer.1

At present, very few factors have been identified that characterize UC demarcation and 

subsequent risk of extension. Burisch et al,3 in a Danish cohort, found that only extent 

at diagnosis (eg, E1 or E2) was a clinical predictor of disease extension after 7 years of 

follow-up, which was similar to a retrospective Asian study.5 Beyond the clinic, recent 

genome-wide genetic and gene expression6 data types have improved inflammatory bowel 

disease (IBD) subtyping.7 For example, Lee et al8 identified a circulating CD8+ T-cell 

transcriptional signature that subdivided patients with indistinguishable IBD into 2 subtypes, 

with each experiencing different disease courses. These types of signatures are continuing 

to be evaluated9 as well as being integrated into clinical care, with the first biomarker­

stratified trial in IBD10 currently ongoing. Another study using mucosal transcriptomes 

from patients with treatment-naïve UC in The Predicting Response to Standardized Pediatric 

Colitis Therapy (PROTECT) study cohort revealed a corticosteroid response gene signature 

linked to mitochondrial dysfunction in active UC and higher anti-inflammatory ALOX15 

expression during remission.11 Finally, integration of the molecular datatypes into network 

models has successfully revealed novel key driver genes (KDGs) associated with IBD 

pathology.12

Because the endoscopic line of demarcation is a striking clinical feature in some patients 

with limited UC, we aimed to characterize it at the molecular level to find potential markers 

of disease extension. Specifically, we measured gene expression changes in the inflamed 

and the adjacent and more proximally sampled uninflamed mucosa in a UC cohort with 

histologically and endoscopically confirmed limited disease. We then evaluated if expression 

of these genes was predictive of later disease extension.

Methods

The Mount Sinai Crohn’s and Colitis Registry

Gene expression data was obtained from a cross-sectional cohort (~1100 UC, Crohn’s 

disease [CD], and control patients) from the Mount Sinai Crohn’s and Colitis Registry 

(MSCCR) between December 2013 and September 201613 (Figure 1). Subjects were 

recruited from the outpatient and endoscopy units of the Mount Sinai Hospital. Institutional 

review board approval and informed consents were obtained. Study participants provided 

biopsy specimens during a colonoscopy planned as part of standard of care and allowed 

prospective clinical follow-up through electronic medical records. The biopsy specimens 

used for RNA extraction and sequencing were collected in RNAlater, and were generally 

sampled from 3 intestinal segments per patient, with the most endoscopically inflamed 

region being prioritized, followed by an adjacent (proximal) endoscopically noninflamed 

area, and then 1 additional section that was either colonic or ileal.
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Characterization of the E1/E2 UC MSCCR Cohort

A subset of MSCCR patients with limited and active UC disease was selected based on 

chart review. We included patients that always had limited disease extent up until the time 

of MSCCR study enrollment and had at least 1 endoscopically defined inflamed and 1 

proximal noninflamed biopsy specimen. Patients in endoscopic remission or those with 

more extensive endoscopic and/or histologic disease in the past were largely excluded. 

Patients with histologic inflammation in endoscopically normal tissue proximal to line of 

demarcation were also excluded. Fifty-four patients met these requirements. Two additional 

E2 patients had a previous E3 diagnosis but were included as post-study endoscopy follow­

up information was available and a clustering analysis revealed they were not outliers (data 

not shown). The breakdown of the limited UC cohort at time of study endoscopy was E1 = 

16 and E2 = 40 with clinical and demographic information summarized in Supplementary 

Table 1a. The Mayo endoscopic scoring was done at the time of the study endoscopy by 

the gastroenterologists, of whom all were IBD specialists and subsequently reviewed from 

the charts by 2 authors (R.U. and J.F.C.). The criteria for histologically normal mucosa 

were established by an expert pathologist (N.H.) to ensure limited disease and read as 

normal. Normal mucosa was characterized by preserved mucosal architecture and absence of 

inflammatory cell infiltration. Specifically, the crypts were parallel, of uniform tubular shape 

and width, and abutted on the muscularis mucosae. There was no excess of mononuclear 

inflammatory cells in the lamina propria and no neutrophil infiltration of the surface or crypt 

epithelium.

E1 and E2 patients were then classified as either extenders (ie, E1 to E2 or E3, or E2 to 

E3) or nonextenders (on later endoscopy) based on review of medical records (post-MSCCR 

visit) and were included if they had at least 1 visit post-study that included a colonoscopy. 

The number of patients we could subsequently determine disease status post-study, within 

a median follow-up time of 33.9 months, included 24 non-extenders and 16 extenders 

(Supplementary Table 1b).

Statistical Modeling of Proximal Disease Genes in the Limited UC MSCCR Cohort

Biopsy RNA was extracted as detailed previously13 (Supplementary Methods). To model 

gene expression changes near to, immediately adjacent to, and proximal to the site of 

demarcation, we assigned a ‘distance’ (D) to each biopsy within a patient according to 

the number of colonic segments proximal to the distal inflamed biopsy (designated D0). 

For example, the noninflamed biopsy specimen immediately adjacent to the most proximal 

sampled inflamed site was designated D1 (Figure 1). We then modelled the changes in gene 

expression from the most proximal site of inflammation (D0) to D6, including 461 non-IBD 

control noninflamed biopsy specimens (from 243 unique control patients) to account for 

regional changes in gene expression. Because our objective was to evaluate the changes as 

we move farther away from the site of inflammation, only differentially expressed genes 

(at FDR <0.05, | lgFCH | >1.5) between inflamed biopsy specimens (sampled from the 

upper limit of disease) and non-IBD controls were evaluated. A linear mixed-effect model 

was used with D (distance) as a fixed effect and covariates of IBD disease (UC/control), 

region (rectum, colon-nonrectum, ileum), and topical rectal medication use. Using the 
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coefficients from this model, we determined 2 potential molecular patterns of demarcation 

genes, namely, sharply resolving (ResG) and slowly advancing (AdvG) gene sets.

To evaluate if use of rectal topical medication impacts the 2 molecular demarcation patterns, 

we ran a model including an interaction between rectal medication and distance to inflamed 

(D0) and identified those 2 sets of genes for patients using or not using medication.

Statistical Modeling to Determine Genes Associated With Subsequent UC Extension

Gene expression differences were also determined (unadjusted P value <.01) in the most 

proximal inflamed biopsy specimens of patients with limited UC between patients who 

subsequently extended as compared with those that did not (ExtG).

MSCCR Bayesian Gene Regulatory Network Generation, Subnetwork and KDG Analysis

A Bayesian gene regulatory network (BGRN)12,13 was generated from RNA sequence 

data generated on intestinal colonic inflamed and noninflamed biopsy specimens from the 

MSCCR UC cohort (Supplementary Methods). Subnetworks were generated for ResG, 

AdvG, or ExtG, by selecting the signature genes on the network and expanding out 1 or 

2 layers (undirected) to include the nearest neighbor genes. Subnetworks were tested for 

enrichment to various pathways using the Fisher exact test and P values were adjusted using 

Benjamini-Hochberg procedure. KDG analysis, which identifies key or “master” driver 

genes (KDGs), was determined for ResG, AdvG, and ExtG gene sets.

Gene Set Variation Analysis

We estimated the overall expression activity of various gene signatures using gene set 

variation analysis (GSVA)14 (Supplementary Methods). The GSE7366115 series includes 

gene expression profiles from colonic biopsy specimens from patients with UC enrolled in 2 

vedolizumab efficacy trials15 as well as 12 non-IBD and 23 patients before and 4–6 weeks 

after first infliximab treatment. Response at week 22 was defined as endoscopic mucosal 

healing.

Promoter Motif Enrichment Analysis

iRegulon (v1.3)16 was used within Cytoscape (v3.7.2) to predict transcription factors 

enriched in genes associated with subnetworks (Supplementary Methods).

Immunofluorescence Imaging

Formalin-fixed, paraffin-embedded intestinal biopsy specimens were available on a subset of 

the cohort: 6 healthy controls with 11 samples (6 rectum and 5 colon); 6 UC subsequent 

extenders with 13 samples (3 noninflamed colon, 1 noninflamed rectum, 4 inflamed 

colon, and 5 inflamed rectum); and 5 UC subsequent nonextenders with 9 samples (3 

noninflamed colon, 4 inflamed colon, and 2 inflamed rectum). Immunofluorescence (IF) 

staining with PARP14 and anti-CD68 antibodies was performed. Expression of PARP14 

in the cytoplasmic, nuclear, and total cellular compartments was quantified separately 

(Supplementary Methods).
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Polygenic Risk Score

A polygenic risk score (PGRS) was generated using UK biobank IBD GWAS loci with P 
value cutoff of 1 × 10−8. MSCCR DNA genotype information was generated as described13 

and available for 9 extenders and 18 nonextenders.

Predictive Modeling Approach to Identify Features That Predict UC Extension

The Elastic Net algorithm was used to build a predictor of UC extension based on clinical 

and molecular features alone or in combination (Supplementary Methods).

Results

Part A: Molecular Analysis of the E1/E2 UC Cohort

Molecular disease in limited UC extends beyond endoscopic and histologic 
disease demarcations.—RNA sequencing analysis was performed on 56 MSCCR 

individuals with limited UC confirmed both endoscopically and histologically. Compared 

with healthy control biopsy specimens, 2522 genes (1360 up- and 1162 down-regulated) 

were differentially expressed (@FDR < 0.05,|lgFCH| > 1.5, where lgFCH is log fold 

change; Supplementary Table 2) in inflamed biopsy specimens taken at the upper disease 

demarcation site (D0). When we plotted the expression of these genes according to their 

sampled location (Figure 1) we noted 2 main expression pattern changes (Figure 2A, 

Supplementary Table 2). One pattern showed genes abruptly transition back to near control 

levels in the immediately adjacent noninvolved tissue segment (D1) and they are referred to 

as ‘abruptly’ resolving genes (ResG). The second expression change pattern showed genes 

only gradually normalizing in expression along the several segments sampled above (D1–

D6) the inflamed site and we refer to these genes as slowly advancing disease genes (AdvG). 

Statistical modeling of the expression changes was guided by these 2 patterns (Figure 2B 

and 2C).

We next evaluated potential effects of common IBD medication use and found the most 

prominently used drugs were rectal medications (31 of 56 patients). Patients were stratified 

by rectal medication use or nonuse and we determined their medication use did not affect 

the expression of AdvG. A strong overlap was observed between genes identified using 

the full cohort versus the medication-use stratified groups (Supplementary Figure 1A–1C). 

In contrast, the overlap of ResG in patients stratified based on rectal medication use 

(Supplementary Figure 1D–1F) versus the nonmedicated group was very small. Two reasons 

for the poor overlap stemmed from the nonmedicated group displaying the following: (1) 

smaller fold-changes in gene expression between the inflamed (D0) biopsy and the first 

adjacent noninvolved biopsy (D1) and (2) that gene expression normalization in a subset 

of genes occurred at D2 instead of at D1 as in the medicated group (Supplementary Figure 

2). Therefore, we subdivided the ResG according to genes that abruptly normalized at D1 

(ResG@D1) or D2 (ResG@D2) (Supplementary Table 3).

The demarcation genes that transition from high-to-normal levels are 
inflammatory and angiogenic.—AdvG or ResG (@D1 or @D2) that were up-regulated 

in inflamed biopsy specimens (D0) relative to healthy controls were designated high­
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to-normal transitioning genes (Figure 3A, Supplementary Table 3) and were enriched 

in several inflammatory pathways. These included interferon gamma (IFNɣ) response, 

interleukin (IL)6-JAK-STAT3 signaling, tumor necrosis factor alpha (TNFα) signaling via 

nuclear factor KB, as well as pro-inflammatory IL17 and oncostatin M signaling (Figure 

3B, Supplementary Table 4, Supplementary Figure 3A and 3B). Angiogenesis, epithelial­

mesenchymal transition (EMT) and vasculature development were among the nonimmune­

enriched functions (Figure 3B, Supplementary Figure 4A and 4B, Supplementary Tables 

5 and 6). Cell type enrichment analysis using gene sets from single-cell RNA sequencing 

data showed enrichment of both ResG and AdvG genes with high-to-normal transitioning 

patterns in pathogenic colonic UC cell types,17 including inflammatory monocytes, 

inflammatory fibroblasts, and endothelial cells as well as in pathogenic ileal CD cell types,18 

namely, inflammatory fibroblasts and ACKR1+ activated endothelial cells (Supplementary 

Figure 5). Scar-associated endothelial and mesenchymal cell types from cirrhotic human 

liver biopsy specimens19 were also significantly enriched in the ResG (Supplementary 

Figure 5). Two angiogenesis signature sets, 1 common to several different cancer types20 

and another from a noncancerous retinopathy mouse model,21 were also significantly 

enriched in ResG and AdvG. These data suggest inflammation, fibrosis, and vascular 

remodeling are present despite normal endoscopic and histologic appearance.

Demarcation genes with low-to-normal levels, are enriched in gut 
homeostasis functions.—AdvG or ResG that were down-regulated in the inflamed 

biopsy (D0) versus healthy controls were considered low-to-normal transitioning genes. 

Pathways found to be enriched included homeodomain-containing genes, drug metabolism 

processes, as well as solute-carrier–mediated transmembrane transport (Figure 3C, 

Supplementary Table 8). Accordingly, AdvG were enriched in absorptive or secretory 

epithelial cell types (Supplementary Figure 5), supporting epithelial cell loss or dysfunction 

beyond the endoscopic-histologic limit of disease.

We also investigated pathways specifically associated with the ResG@D2 gene set, 

containing genes that are delayed in resolution at D2 instead of D1 with nonmedication use. 

Functional enrichment using Kegg, Reactome, or BioPlanet databases revealed IBD-relevant 

terms, such as Th17 cell differentiation and Jak-STAT signaling (Supplementary Figure 6), 

consistent with expected beneficial effects due to the rectal medication use.

Bayesian network analysis reveals KDGs of the ResG and AdvG.—To determine 

the gene:gene regulatory relationships and potential KDGs underlying the ResG and 

AdvG, we searched for these gene sets within the context of the MSCCR UC_BGRN 

and applied subnetwork finding algorithms resulting in 3 subnetworks (Figure 4A left 
panel, Supplementary Table 9). Nearly all the genes were found in a single subnetwork 

of 1787 nodes (4.7-fold enrichment and P < 2.2−16), supporting a strong co-regulation 

(Supplementary Figure 7A). KDGs were then determined and summarized across the 3 

subnetworks (Supplementary Figure 7B, Supplementary Table 10). A subnetwork associated 

with the top 10 shared KDGs is shown (Figure 4A right panel).

A subset of AdvG are differentially expressed in macroscopically uninvolved 
biopsy specimens relative to location-matched healthy control biopsy 
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specimens.—We also determined if the AdvG were differentially expressed at uninflamed 

UC biopsy specimens (D1–D6) in comparison to region-matched healthy controls. At 

an unadjusted P < .05 several AdvG (377 genes) were differentially expressed when 

compared with controls (Supplementary Table 11). The pathway enrichments were also 

comparable with the complete AdvG set, including inflammatory and nonimmune pathways 

(Supplementary Figure 8), thus further supporting that, molecularly, disease extends 

proximal to the endoscopic and histologic border.

Part B: Molecular Analysis of UC Disease Extension

TNFɑ- and IFN-associated pathways distinguish subsequent UC extenders.—
Genes associated with later disease extension were determined by comparing the most 

proximally inflamed biopsy specimens (D0) between subsequent extenders and nonextenders 

(ExtG). Given the limited sample size, an unadjusted P value cutoff of <.01 was 

used, resulting in 347 differentially expressed genes (Figure 4B, Supplementary Table 

12a). Because even fewer genes (166) were identified comparing transcriptomes of the 

noninflamed regions between subsequent extenders and nonextenders (Supplementary Table 

12b), we focused on the inflamed regions. Genes down-regulated in subsequent extenders 

were enriched in mainly cholesterol homeostasis and estrogen response pathways (Figure 

4B, Supplementary Table 13). Pathways associated with genes having higher expression in 

subsequent extenders included mainly TNFɑ signaling via nuclear factor KB and IFNɑ/ɣ 
signaling. Because these latter pathway enrichments were similar to those observed with 

AdvG and ResG, we tested if the ExtG were also enriched in AdvG and ResG using 

gene set enrichment analysis, and they were, suggesting a common pathology (Figure 4C, 

Supplementary Figure 9).

We next investigated the ExtG within the UC_BGRN and isolated an ExtG-associated 

subnetwork. The ExtG subnetwork formed a single connected subnetwork of 2120 nodes 

when queried with the ResG- and AdvG-associated subnetworks (Figure 5A, Supplementary 

Table 14). The ResG- and AdvG-associated subnetworks were both found to be significantly 

enriched in the ExtG-associated subnetwork and testing the overlap of their KDGs was 

even more significant (Figure 5A, Supplementary Table 15). Thus genes associated with 

subsequent clinically defined extension and the molecular changes in the endoscopically 

noninvolved proximal colonic regions sampled from patients with limited UC appear to 

converge.

PARP14 is a KDG of the IFN-mediated UC disease pathology and later 
extension.—We investigated a subnetwork of 552 genes associated with the 9 shared 

KDGs (plus 3 layers) between ExtG and demarcation gene sets (Figure 5B, Supplementary 

Table 16). The top enriched intestinal gut cell type was inflammatory monocytes and 

a striking enrichment in IFN signaling defined by BioPlanet pathways and macrophage 

chemical perturbation gene sets22 was observed (Supplementary Figure 10). We also 

observed enrichment in an IFN-stimulated endothelial cell signature23 (Supplementary 

Figure 10). One of the KDGs identified was a mono-ADP-ribosylation gene known 

as PARP14. Macrophage PARP14 messenger RNA (mRNA) expression is known to 

be strongly induced by liposaccharide (LPS), IFN-B, and LPS + IFNɣ exposures. The 
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expression of PARP14 is mainly within the cytosolic compartment in unstimulated 

cells. However, PARP14 is readily detectable in the nucleus after LPS stimulation, 

supporting its role in antimicrobial defense.24 PARP14 was shown previously to co­

immunoprecipitate with IFN-stimulated gene (ISG)-encoded proteins, supporting PARP14 

having transcriptional coregulatory activity. PARP14 binders included the ISG’s PARP9, 

DTX3L, PARP12, IFI35, NMI, and SQSTM124 as well as RNA Pol II, which affected its 

recruitment to promoters of IRF3-regulated genes. Interestingly, aside from SQSTM1 and 

RNA pol II, all these genes were found within 3 network layers of PARP14 (Figure 5B 

and data not shown), suggesting a similar function in the context of the gut and many 

had increased expression in extenders’ inflamed biopsy specimens versus nonextenders 

(Supplementary Table 12a). This subnetwork was also significantly enriched in genes 

dysregulated by PARP14 depletion in stimulated macrophages as well as in genes with 

IRF9 and IRF3 regulatory elements, supporting a KDG role for PARP14 (Figure 5C, 

Supplementary Figure 10, Supplementary Table 17). Supporting elevated PARP14 activity in 

patients with UC that eventually extend was higher GSVA scores of genes down-regulated 

with PARP14 knock-down in stimulated macrophages (Figure 5D) in inflamed biopsy 

specimens of extenders as compared with nonextenders. Supporting altered IFN signaling 

was higher GSVA scores of genes up-regulated in IFNɣ-treated macrophages, in the 

inflamed biopsy specimens of extenders as compared with nonextenders (Figure 5D). 

Overall, our analysis suggests that IFN signaling, PARP14 activity, and effects of its down­

stream targets may modulate risk of subsequent disease extension.

Validation of nuclear PARP14 protein levels as associated with subsequent 
disease extension.—Inflammatory mechanisms have been associated with PARP14, 

however, its expression in colons of healthy controls or patients with UC is unknown. 

Figure 6A shows representative IF staining in colorectal biopsy specimens from non-UC 

controls of PARP14 (green) and CD68 (red). PARP14 expression is abundant both in the 

lamina propria (LP) and within the epithelial compartment at the apical surface (top) and at 

the base of the crypts (bottom). We next evaluated PARP14 expression levels in inflamed 

and uninflamed biopsy specimens in a subset of the patients with UC that subsequently 

extended (n = 6) compared with those that did not (n = 5). Based on our mRNA analyses, 

we predicted PARP14 protein levels to be higher in subsequent extenders compared with 

nonextenders. For this analysis we focused on the LP cells given our molecular analysis 

highlighted PARP14 in an immune context. Further, we quantified PARP14 expression with 

cytosolic, nuclear, and total cellular compartments separately. We found that the frequency 

of LP cells with high PARP14 nuclear staining was significantly higher in patients with 

UC that subsequently extended as compared with nonextenders in both uninflamed and 

inflamed colorectal biopsy specimens (Figure 6B and 6C). Although cytoplasmic and 

total cellular PARP14 levels were also significantly elevated in extenders compared with 

nonextenders in noninflamed biopsy specimens, this was a trend in the inflamed biopsy 

specimens (Supplementary Figure 11). Although for technical reasons we could not restrict 

our quantification of the LP cells to a specific cell type, we did assess if PARP14 could be 

found colocalized with a monocyte marker CD68 in UC-associated biopsy specimens. We 

observed some positive costaining (Figure 6B), supporting that PARP14 could be associated 
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with macrophages in the gut, a cell type that has been reported to be enriched in inflamed 

UC.25

Part C: Integrating Clinical, Genetic, and Molecular Features to Predict UC Extension

We next compared commonly used clinical endpoints and the recently introduced PGRS 

between subsequent extenders and nonextenders. No clinical endpoints, such as extent 

at diagnosis or C-reactive protein levels, were significantly associated with disease 

extension (Supplementary Table 1b). Patients with a higher UC PGRS had a higher 

probability of subsequently extending (adjusted P < .1, Figure 7A). We evaluated if a 

combination of clinical features, including C-reactive protein, age of diagnosis, extent at 

diagnosis, and Mayo endoscopic score, could discriminate between subsequent extenders 

and nonextenders. Using a lasso algorithm, the most predictive feature was a model using 

age at diagnosis but this model had a predictive performance with an area under the curve 

(AUC) of 0.61, nearly indistinguishable from random chance (Figure 7B). The addition of 

PGRS did not improve the predictive performance (AUC = 0.62).

Given this poor performance, we evaluated if molecular scores derived from the inflamed 

gut biopsy specimens of patients, taken before extension, could lead to a model with 

better predictive performance in combination with clinical features. Given their association 

with limited disease, we prioritized testing molecular scores derived from genes in the 

demarcation subnetwork analyses in Figure 5A (Supplementary Table 18), using GSVA. 

When the molecular scores were used in the lasso algorithm, 1 molecular set was identified 

that could discriminate subsequent extenders from nonextenders with an AUC of 0.74, a 

significantly higher performance than the model including clinical features only (P = .049, 

De Long test, Figure 7B). This best-performing molecular score (called ScoreSet1) included 

genes shared between the subnetwork of AdvG with ExtG. Patients with higher values in 

those scores had higher odds of being extensors (B = 0.147, log odds ratio), indicating a 

50% increase in risk for patients with the top 10% score compared with those in the lower 

10%.

We examined the genes associated with the ScoreSet1 and observed PARP9, a binding 

partner of the KDG, PARP14, was a member, suggesting that it may be one down-stream 

mediator of PARP14’s effect on colitis extension. ScoreSet1 genes were also related to 

TNFɑ signaling, thus we asked if anti-TNF or other biologic therapies may suppress 

expression of genes associated with UC extension. Using publicly available colonic 

transcriptome data,15 we observed that expression of ScoreSet1 genes was significantly 

decreased with either infliximab or vedolizumab treatment as well as in treatment responders 

compared with nonresponders (Figure 7C). Finally, we also observed higher expression 

of genes associated with patients with anti-TNF refractory UC26 in the inflamed biopsy 

specimens of subsequent extenders versus nonextenders (d = 3.95, P = .025).

Discussion

In this study we determined the molecular landscape at the boundary of the endoscopic­

histologic–defined disease and at more proximal sites in patients with UC and probed 

whether these genes play a role in later disease extension. We statistically modeled 
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expression changes in genes found dysregulated at the most upper limit of disease along 

the length of the gut, starting from the most proximally inflamed site from active E1 or 

E2 patients, moving segment by segment all the way to the ileum. We observed that gene 

expression changes were either abruptly resolved or gradually transitioned to normal control 

levels. Because the gradual extension genes indicate that disease extension has already 

begun, this suggests that molecular changes exist beyond the current endoscopic-histologic 

definition of UC demarcation. Importantly, subnetworks associated with the gradually 

transitioning genes, related to IFN signaling, exposed better predictors of disease extension 

than clinical indicators. Thus molecular expression levels may have utility in informing on 

clinical extension of disease. Finally, as scores generated from these molecular predictors of 

extension showed responsiveness to biologic therapy, our data suggest that anti-TNF therapy 

and vedolizumab could potentially suppress extension of disease in patients with limited 

UC.

An intriguing question is why the tissue beyond the line of demarcation “looks” normal, 

but our limited disease molecular analysis (Part A of the study) suggests it is not. One 

hypothesis stems from the cell type enrichments associated with the advancing genes, which 

were comparatively less extensive than those observed with abruptly resolving genes. The 

sharply resolving (high to normal) gene sets were indeed enriched in 16 different cell types. 

In contrast, the cell type enrichments in the advancing genes included only 8 cell types, 

some of which (eg, M cells) are known to express chemokines and play an important role 

in subsequent recruitment of immune cells to the gut mucosa.27 These observations might 

explain why a transcriptional signature of UC precedes overt macroscopic inflammation. 

What drives this cellular composition change, in sometimes an abrupt timeframe clinically, 

is still uncertain, however, the biology highlighted from our study can guide future studies.

Biological interpretation of the genes associated with limited UC was facilitated by our 

network analysis. Several KDGs we now implicate in clinically limited UC disease in 

this analysis have roles in vascular homeostasis (Figure 7D). The intestinal vascular 

endothelium barrier, defined as the region between the epithelial barrier and blood stream, 

is involved in regulation of immune cell transmigration, fluid homeostasis, and nutrient 

transport.28 IBD inflammation has been previously associated with altered angiogenesis but 

also a dysregulated vascular homeostasis with leaky vessels, edema, and irregular shaping, 

thus supporting our molecular observations.28,29 The identification of anti–endothelial 

cell antibodies in patients with UC30 also suggests an important role of the vascular 

endothelium in UC pathogenesis. Importantly, fibrogenic cells, such as the activated 

fibroblasts whose signature was detected in our analysis, can stand at the intersection 

between inflammation and angiogenesis and play a pivotal role in vascular remodeling.31 

The KDGs CD93, CLEC14A, and THBD are members of the same C-type lectin domain 

group 14 family. Serum THBD is known to be elevated in patients with active UC, 

consistent with our gene expression data32 and soluble CD93 levels were shown to correlate 

with inflammation.33–35 Another KDG, MMRN2, is a ligand for CLEC14A and CD93.33,36 

Interestingly, mice deficient in MMRN2 have impaired pericyte recruitment and increased 

vascular leakage in retinal vessels due to defects in CDH5 and adherens junctions.37 The 

MMRN2 subnetwork in our study contains CDH5 and was also significantly enriched in 

genes altered by CDH5 knockdown in mouse vascular endothelial cells38 (fold enrichment 
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= 2.1, P = .003), thus supporting MMRN2:CDH5 molecular interactions also in UC. 

A recent study ties IFN signaling and vascular pathology by demonstrating that IFNɣ 
promotes IBD pathogenesis through disruption of endothelial CDH5 leading to vascular 

barrier dysfunction.28 Vessels without membrane CDH5 expression are more common in 

inflamed intestinal UC tissues compared with uninvolved tissues.28 Given our observations, 

we hypothesize that interactions between MMRN2, CD93, and CDH5 in the context of IFN 

signaling are altered both at the site of demarcation and beyond and could be possible new 

therapeutic avenues or biomarkers of UC disease.

IFN-signaling was identified as a key process at the intersection of genes associated 

with demarcation and subsequent extension determined in Part B of our study. This is 

consistent with literature showing extensive IFNɣ up-regulation in IBD and IFNɣ is an IBD 

GWAS locus.39,40 In our dataset, IFNɣ mRNA was identified as a gradually decreasing 

gene, but interestingly its expression changes in the subsequent proximal uninvolved 

biopsy segments reduced to levels even below those of healthy controls. Although the 

prominence of IFNɣ signaling in UC is well known, our network approaches highlight 

novel associations of IFN-associated genes in an IBD context, including PARP14 and 

PARP9. PARP9/14 have been previously associated with IFN signaling in nonintestinal 

tissues and co-regulate macrophage pro- and anti-inflammatory activation.24,41 PARP14 

suppresses pro-inflammatory IFNɣ STAT1 signaling via ADP-ribosylation and activates 

the anti-inflammatory IL4-STAT6 pathway. PARP9 opposes PARP14’s effects through 

inhibiting its enzymatic function.41 PARP14 also has known nonenzymatic functionalities, 

namely, the regulation of the nuclear accumulation of a selected group of IFN-stimulated 

proteins on endotoxin stimulation in macrophages. Interestingly, this latter function is in 

line with our GSVA analysis using genes found down-regulated in LPS-stimulated PARP14­

depleted macrophages. We observed higher expression of genes associated with reduced 

PARP14 expression in the inflamed UC biopsy specimens from subsequent extenders versus 

nonextenders, suggesting PARP14 activity is higher in subsequent extenders compared with 

nonextenders. In support of this molecular evidence, IF analysis showed higher PARP14 

nuclear expression in inflamed biopsy specimens of patients that subsequently extended 

compared with those that did not. How higher PARP14 activity translates into potential 

risk of extension is uncertain, however, many ISG binding targets of PARP14, including 

PARP9, or PARP14’s ADP-ribosylation effects are candidates.24 For example, PARP9 in 

combination with another PARP14 ISG binding partner, DTX3L, has been shown to enhance 

IFN signaling by acting via a STAT1-associated component of type I IFN receptor signal 

transduction, thus promoting ISG expression in various cell types.42 Certainly, a balance in 

IFN signaling is important with deficiency leading to defects in immune system–mediated 

control of microbial pathogens but hyper-responsive IFN signaling linked to autoimmune 

diseases.43

A few challenges underscore our study’s strengths and weaknesses. We aimed to identify 

a cohort of patients with UC that were E1 and E2 at the time of their molecular 

characterization. Although our strict criteria, being endoscopic and histologic assessments 

with minimal inclusion of patients with limited disease due to remission, is a strength 

of our study, it is also a limitation because this significantly affected our sample size. 

Furthermore, we acknowledge that centralized reading of the endoscopy reports was not 

Argmann et al. Page 12

Gastroenterology. Author manuscript; available in PMC 2021 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



possible and could be a potential limitation given known discordances.44 However, all 

endoscopies were initially graded by IBD specialists and criteria for histologically normal 

mucosa were established by an expert IBD pathologist. The second challenge was the length 

of time for follow-up to identify which patients subsequently extended or remained limited 

in disease extent. Not all the patients had follow-up endoscopies within the Mount Sinai 

School of Medicine health system in addition to the rate of extension being relatively 

rare with only ~30% of patients with limited UC at diagnosis extending over 10 years.4 

Despite this, we assessed extension status on 40 patients and found predictive markers. 

Finally, we were unable to test our molecular predictors in a replication cohort because 

we are unaware of any equivalent molecularly characterized cohort. In summary, molecular 

expression patterns identified at the site of demarcation and proximally, in combination with 

network approaches, has revealed novel aspects of the biology of UC, candidate biomarkers, 

and novel targets. We reveal gene signatures that as molecular scores in the inflamed biopsy 

of a patient with limited UC can predict disease extension with moderate accuracy (0.74) 

and better than available clinical metrics alone (Part C of study). Finally, from a clinical 

standpoint, our data potentially suggest that there is a subgroup of patients with limited UC 

(eg, those with higher-risk molecular features) who could benefit from earlier use of targeted 

biologic therapy to prevent disease extension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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UC ulcerative colitis
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

In ulcerative colitis (UC), disease extent, which varies from proctitis to pancolitis, is 

a major prognostic factor. What defines the frequently observed sharp demarcation 

between macroscopically involved and uninvolved areas in limited UC and what is 

driving its subsequent extension in some patients are unknown.

NEW FINDINGS

We observed molecular changes beyond the current endoscopic-histologic definition 

of UC demarcation. Gene subnetworks associated with these genes were related 

to interferon signaling and uncovered better predictors of disease extension than 

clinical indicators. Poly(ADP-ribose) polymerase 14 (PARP14) levels were found to be 

associated with subsequent disease extension.

LIMITATIONS

The precise mechanisms mediating the effect of PARP14 on disease extension are 

unknown. A validation cohort of patients with UC limited disease including some with 

disease extension was not available.

IMPACT

This study provides one of the first insights regarding a key clinical characteristic of 

UC. Scores generated from the molecular predictors of extension showed responsiveness 

to biologic therapy suggesting that anti–tumor necrosis factor therapy and vedolizumab 

could potentially suppress extension of disease in patients with limited UC.
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Figure 1. 
Study design. The MSCCR cohort was subset according to individuals with true 

limited disease, referred to as Demarcation Cohort (DemC). A schema summarizing the 

DemC biopsy specimens according to individual (X-axis), intestinal region (Y-axis), and 

inflammation status. I, ileum; C, cecum; R, rectum; T, transverse; L, left-side; S, sigmoid. 

The lower panel indicates which patients had known extension status. A “distance” was 

assigned between each pair of patient biopsy specimens. D0 tagged the most proximal 

inflamed biopsy and then a number of D1–D6 was assigned for the matching patient 

uninvolved biopsy depending on the proximal colonic segment it was sampled. Steps 

3–5 summarize how molecular disease demarcation patterns were determined including 

KDGs. The DemC was further subset according to disease extension status (post-MSCCR 

study) evaluated through chart review. Steps 7 and 8 described the determination of genes 

associated with later extension and their biological processes. Part C involved integration 

of the demarcation and extender genes on a network level. Common genes were tested in 

models to predict later extension.

Argmann et al. Page 19

Gastroenterology. Author manuscript; available in PMC 2021 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Characterization of the molecular expression patterns proximal to the site of demarcation. 

(A) Unsupervised clustering of the demarcation disease genes defined as those differentially 

expressed between D0 and control. The heatmap shows 2 potential patterns of expression 

changes. (B) Statistical modeling was used to identify genes of specific expression change 

patterns of either (1) “sharply resolving (ResG),” which have an abrupt change in expression 

between inflamed and immediate adjacent uninflamed biopsy and does not change in 

segments sampled more proximally and (2) slowly advancing (AdvG) molecular changes 

(either inclining or declining in expression) along the colonic segments proximally. (C) 

Reclustering of genes in B, supervised by the assigned demarcation pattern.
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Figure 3. 
Pathways associated with demarcation genes. (A) Schematic summarizing the 2 main 

molecular demarcation expression patterns identified and the distinction as high-to-normal 

or low-to-normal. (B) Hallmark pathway enrichment analysis of the ResG or AdvG, with a 

high-to-normal change in expression. (C) Pathway enrichment analysis according to Kegg, 

Reactome, Bioplanet, and PFAM of the ResG or AdvG, with a low-to-normal change in 

expression. Nodes depict enriched terms and the coloring represents pathways in common 

(gray) or specific for AdvG (red) or ResG (blue). ResGs were queried as a single gene set 

Argmann et al. Page 21

Gastroenterology. Author manuscript; available in PMC 2021 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(resolved @D1 or @D2). The edges connect genes to pathways with a subset labeled with 

gene names. Pathways shown are Benjamini-Hochberg adjusted P value <.05.
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Figure 4. 
Network analysis of ResG and AdvG and pathway analysis of ExtG. (A) The UC_BGRN 

was queried for either AdvG, ResG@D1, or ResG@D2 and the resulting subnetworks 

without (left) or with (middle) 1 additional layer of nonsignature genes. Subnetwork 

associated with the 10 shared KDGs (black box and SF7B) and 1 additional layer gene 

(far right). (B) Hallmark pathway enrichment analysis (Benjamini-Hochberg adjusted P 
< .05) of the ~380 genes found differentially expressed (at unadjusted P < .01) in the 

inflamed biopsy specimens of patients that subsequently extended compared with those 
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that did not (ExtG). Nodes depict the pathway and their coloring depicts those pathways 

commonly or specifically enriched for either up- (red) or down- regulated genes (blue). 

Edges connect the gene to pathway. (C) ExtG were ranked according to logFC differences 

between extenders vs. nonextenders and were tested for enrichment in ResG or AdvG. The 

trace of the enrichment scores is shown for 2 gene sets: AdvG (high-to-normal genes) and 

ResG (high-to-normal genes) with full results in SF9. The legend for Figure 3 contains 

explanation of gene sets. Normalized enrichment score (NES) and false discovery rate.
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Figure 5. 
Network analysis of extender and demarcation genes. (A) ExtG, ResG, and AdvG were 

queried in the UC_BGRN and found to generate a single connected subnetwork of ~2000 

genes with 1 layer of nonsignature genes. Venn diagrams comparing the demarcation and 

ExtG-associated subnetworks and KDGs with fold-enrichment and significance of overlap. 

(B) A subset of the network (552 total nodes) associated with the 9 shared KDGs between 

ExtG and demarcation gene sets (ST16). (C) iRegulon analysis using the genes’ promoters 

defined as 10 kb within the transcription start site (TSS). A summary of the top 5 motifs 
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and their normalized enrichment score (ST17). (D) GSVA analysis of gene sets listed in the 

figure panel, using the inflamed biopsy expression data from the MSCCR patients with UC 

that subsequently extended vs. those that did not.
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Figure 6. 
Colorectal localization of PARP14 in non-UC controls, UC extenders, and nonextenders. 

PARP14 (green), CD68 (red), and nuclei (blue) staining in colorectal biopsy specimens. 

(A) Representative staining from non-UC controls. Magnified images of positive areas are 

shown in the second column. No primary and isotype controls are shown in the far right 

panel. (B) Representative staining of inflamed and uninflamed colorectal biopsy specimens 

from patients with UC with and without subsequent disease extension. Magnified areas with 

representative CD68+ cells with nuclear PARP14 staining in biopsy specimens from an 
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extender are shown on the far right (arrows) without 4’,6-diamidino-2-phenylindole (DAPI). 

(C) The frequency of LP cells with high PARP14 nuclear staining is higher in extenders 

as compared with nonextenders in both uninflamed (top) and inflamed (bottom) colorectal 

biopsy specimens. High nuclear staining was defined as an average nuclear intensity greater 

than the median positive value in the non-UC controls. A 1-way analysis of variance was 

used to compare groups. *P < .05. Scale bar; 100 μm.
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Figure 7. 
A subset of AdvG is predictive of extension. (A) Average PGRS of the MSCCR subcohort 

that subsequently extended vs. nonextenders. (B) Receiver operating characteristic curve 

for the prediction of extension in patients with limited UC. The red line summarizes the 

results of the best-performing model that uses clinical features and includes age at diagnosis 

only. The teal line summarizes the results of the model that showed that the inclusion 

of molecular scores to clinical features was more predictive than clinical features alone 

(1-sided P value = .049). The most predictive molecular feature was GSVA scores generated 

on the inflamed D0 biopsy specimens using genes found in common between the ExtG- and 

AdvG-associated subnetworks from Figure 5A (and Supplementary Table 18, Scoreset1). 

(C) GSVA mean score for Scoreset1 as determined in biopsy transcriptome data available 

from patients with UC (GSE73661) at baseline and after treatment with either vedolizumab 

(VDZ) or infliximab (IFX, upper panel) vs. placebo groups or according to treatment 

responders vs. nonresponders (lower panel). (D) Summary of limited UC by endoscopy, 

molecular, and network views. The granularity of information associated with molecular and 

network analysis can be appreciated as pathways and potential KDGs associated with the 

pathology are learned. +P < .1; *P < .05; **P < .01; ***P<.001.
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