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Epithelial barrier disruption is a major cause of inflammatory bowel
disease (IBD); however, the mechanism through which epigenetic
regulation modulates intestinal epithelial integrity remains largely
undefined. Here we show that EZH2, the catalytic subunit of
polycomb repressive complex (PRC2), is indispensable for maintaining
epithelial cell barrier integrity and homeostasis under inflammatory
conditions. In accordance with reduced EZH2 expression in patients,
the inactivation of EZH2 in IECs sensitizes mice to DSS- and TNBS-
induced experimental colitis. Conversely, EZH2 overexpression in the
intestinal epithelium renders mice more resistant to colitis. Mecha-
nistically, the genes encoding TRAF2/5 are held in a finely tuned
bivalent status under inflammatory conditions. EZH2 deficiency po-
tentiates the expression of these genes to enhance TNFa-induced NF-
kB signaling, thereby leading to uncontrolled inflammation. More
importantly, we show that EZH2 depletion compromises the protec-
tive role of NF-xB signaling in cell survival by directly up-regulating
ITCH, a well-known E3 ligase that degrades the c-FLIP protein. Thus,
our findings highlight an epigenetic mechanism by which EZH2 inte-
grates the multifaceted effects of TNFa signaling to promote the in-
flammatory response and apoptosis in colitis.
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Intestinal immune homeostasis depends on tightly regulated
crosstalk among commensal bacteria, mucosal immune cells,
and intestinal epithelial cells (IECs). Disruption of this homeo-
stasis leads to inflammatory bowel disease (IBD), an inflammatory
disorder of the gastrointestinal tract, which is typically classified as
Crohn’s disease (CD) or ulcerative colitis (UC) (1).

An unrestrained inflammatory response and aberrant apo-
ptosis of IECs are major contributing factors in the pathogenesis
of IBD. By separating luminal bacteria from underlying immune
cells, IECs form the mucosal barrier and play critical roles in gut
immune homeostasis (2, 3). Excess IEC apoptosis is frequently
observed in patients with IBD and leads to a disruption of in-
testinal barrier integrity (3, 4), thereby allowing the translocation
of luminal antigens and bacteria into the lamina propria and
triggering a chronic inflammatory response. This response is
characterized by the recruitment of immune cells and the pro-
duction of proinflammatory cytokines via the activation of
transcription factors, such as NF-xB (5, 6). These cytokines
typically clear invading bacteria and protect the body from in-
fection; however, under pathogenic conditions, they induce IEC
death and further impair epithelial integrity, thereby creating a
vicious cycle and eventually leading to IBD (3, 7-9). Among the
cytokines implicated in colitis, TNFa is the best studied, and its
overproduction is a hallmark of IBD. Thus, anti-TNFa therapies

E3796-E3805 | PNAS | Published online April 24, 2017

have been adopted to reduce inflammatory responses and apo-
ptosis in the treatment of IBD (10). As a pleiotropic cytokine,
TNFa not only induces IEC apoptosis by inducing the cleavage
of caspase 8 or PUMA (11), but also stimulates NF-kB signaling
to augment the immune response. Intriguingly, activated NF-«xB
induces a subset of prosurvival genes, including c-FLIP, a critical
inhibitor of caspase 8, to antagonize apoptosis (12). Therefore,
TNFo has proapoptotic and antiapoptotic effects. How this
complex behavior promotes disease progression during IBD
pathogenesis remains to be elucidated.

Alterations to chromatin are central to the reprogramming of
pathological gene expression, which is directly relevant to many
inflammatory diseases, including IBD (2, 13, 14). Studies have
shown that DNA methylation is well correlated with various as-
pects of IBD, including disease duration and severity of inflammation
(15, 16). It is also known that the expression of histone deace-
tylase 3 (HDACS3), an epigenome-modifying enzyme, influences
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the susceptibility to multiple systemic chronic inflammatory diseases
(2). Of note, interest in histone methyltransferases (HMTases) is
growing owing to their enzymatic activity and therapeutic potential
(17-19). As one of the major histone modifications, extensive
alteration of H3K27me3 (histone H3 trimethylation of Lys-27)
has been reported following an inflammatory insult, with a specific
reduction during the progression of experimental colitis (20).
H3K27me3 marks are associated with gene silencing and are
added to histones predominantly via polycomb repressive complex
2 (PRC2). This complex comprises the methyltransferases EZH1
or EZH2, as well as the structural proteins EED, SUZ12, and
RBBP7/4 (21). Recent studies have revealed that PRC2 activity is
required for intestinal epithelial homeostasis (22-24). EED de-
ficiency has been observed to impair stem cell proliferation and
lead to abnormal secretory lineage commitment. Such epithelial
defects were detected in EED-depleted mice, but not in EZH2
KO mice, an effect likely due to the functional redundancy be-
tween EZH2 and EZH1 (24). However, EZH2 has higher enzy-
matic activity than EZH1 and is more frequently dysregulated in
tumors compared with other components of PRC2, suggesting
some unique functional properties (24). Interestingly, a study
applying a rank-based expression profile comparative algorithm
between UC patients and siRNA-treated cells identified EZH?2 as
one of the top candidates for involvement in IBD (25). Never-
theless, experimental evidence is lacking to directly address the
role of EZH?2 in the pathogenesis of IBD.

In the present work, we have established that epithelial
EZH?2 is important for the pathogenesis of colitis. Mechanisti-
cally, our results highlight EZH2 as a critical epigenetic de-
terminant in the prevention of colitis through modulation of
TNFo-dependent inflammatory response and apoptosis.

Results

EZH2 Expression Is Decreased in IBD Patients. Given the potential
importance of colonic EZH2 in the pathogenesis of IBD, we
analyzed EZH2 mRNA expression in public gene datasets of CD
and UC samples. The results indicate that EZH2 was down-
regulated in these samples compared with samples from healthy
controls, whereas no significant differences were observed for
other components of PRC2, such as EZH1 and EED (Fig. 14).
To expand on these observations, we examined EZH2 expression
in colonic biopsy specimens from CD and UC patients as well as
from normal controls. Consistent with the results obtained from
dataset mining, qRT-PCR analysis indicated significantly reduced
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EZH?2 expression in IBD patients compared with healthy subjects
(Fig. 1B).

To further assess the clinical relevance of EZH2 in IBD, we
performed immunohistochemistry analyses to characterize EZH2
expression at the cellular level. Immunostaining revealed high
expression of EZH?2 in normal colonic epithelial cells, but sig-
nificantly lower expression in the epithelium of both CD and UC
biopsy specimens (Fig. 1C). Taken together, these results suggest
that EZH?2 reduction in colorectal epithelium is associated with
the pathogenesis of IBD.

EZH2"~'~ Mice Are Highly Susceptible to DSS-Induced Colitis. To
assess the role of epithelial EZH2 in colitis, EZH2-flox mice
were crossed with Villin-Cre mice to generate IEC-specific
EZH2-deficient mice (Villin-Cre; EZH2 Flox/Flox mice, here-
inafter referred to as EZH2EC~ mice). As expected, EZH2 was
efficiently ablated and H3K27me3 was substantially reduced in
the intestinal epithelium of EZH2'"“~~ mice (Fig. 24). Con-
sistent with previous reports (24), EZH2"“~~ mice displayed
normal intestinal histology, and both stem/progenitor cell pro-
liferation and terminally differentiated cells were indistinguish-
able between wild-type and EZH2'5“~'~ mice under steady-state
conditions (Fig. S14). In addition, assessment of the numbers of
goblet cells, enterocytes, and Paneth cells [identified by periodic
acid-Schiff (PAS), alkaline phosphatase (ALP), and lysozyme
staining, respectively] revealed no obvious differences in terms of
cell lineage commitment (Fig. S1B). This observation was further
confirmed by qRT-PCR analysis, which showed no significant
alterations in the expression of marker genes for the different
cell lineages and stem cell populations in EZH2-deficient in-
testinal tissue compared with control tissue (Fig. S1C).

Dextran sulfate sodium (DSS)-induced colitis is a commonly
used mouse model that mimics the clinical pathology of IBD
(26). We challenged wild-type and EZH2-deficient mice with 3%
DSS and then monitored their susceptibility by measuring body
weight and colon length and assessing rectal bleeding. We found
that EZH2™~~ mice lost significantly more body weight in
response to DSS treatment compared with the control cohort,
and macroscogic dissection revealed significantly shorter colons
in the EZH2™“~"~ mice compared with the wild-type mice (Fig.
2 B and C). On further histopathological examination, the
EZH2™~~ mice exhibited widespread damage in the distal-
middle portion of the colon, with extensive epithelial denuda-
tion and more ulcerations compared with wild-type mice, which
showed partially preserved epithelial structures (Fig. 2D). In
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The clinical relevance of EZH2 in IBD patients. (A) Boxplot of EZH2, EZH1, and EED expression levels in healthy controls, CD patients, and UC patients

(using dataset GSE6731; n = 32). (B) gRT-PCR analysis of EZH2 transcripts in IBD specimens and healthy subjects (n = 90). (C) Immunohistochemical examination
of EZH2 protein in UC, CD, and healthy samples, as indicated. (Upper) Representative EZH2 staining results. (Lower) Boxplot of EZH2 staining indices using a
10-point quantification scale. The Wilcoxon signed-rank test was used to calculate the expression index. (Scale bars: 50 pm.)
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Fig. 2. Loss of EZH2 in IECs aggravates DSS-induced colitis in mice. (A) Immunohistochemical (Upper) and immunoblot (Lower) analyses of EZH2 expression.
(B) Wild-type control (CTRL) and EZH2'5“~"~ mice were fed 3% DSS in drinking water for 5 d, and body weights were scored daily (n >9 per group). (C) The mice
were euthanized on days 5 and 9 to measure colon length. (D, Left) H&E- stained sections of middle-distal colon tissue collected at days 0 and 9. (D, Right)
Semiquantitative scoring of the histopathology. Asterisks denote isolated lymphoid follicles; arrows, infiltration of immune cell and epithelial cell damage
(n > 5 per group). (E) Intestinal permeability measured by the concentration of FITC-dextran in the blood serum (n > 5). (F) Representative electron mi-
croscope images (Upper) and ZO-1 staining (Lower) in colon sections of mice treated with DSS for 5 d. (G) After 5 d of DSS treatment, colonic lamina propria
cells were analyzed by flow cytometry for CD4* T cells, CD11b*; F4/80" macrophages, and CD11b*; Gr-1* neutrophils (n = 3). (H) F4/80 staining in a non-
inflamed portion of the colon at day 5 of DSS treatment. (/) gRT-PCR analysis of whole colon homogenates to assess cytokine and chemokine production (5 d
of DSS treatment; n = 5). (J) STAT3 phosphorylation on Tyr705 in representative colon sections (Upper) and Western blot analysis of colon tissues (Lower), as
indicated. (K) Body weight changes in the mice during three cycles of 3% DSS treatment. *P < 0.05; **P < 0.01. (Scale bars: 50 pm in A, F, Lower, H, and J;

100 pm in D; 100 nm in F, Upper.)

accordance with the severe ulceration observed in EZH2-depleted
mice, intestinal permeability was markedly increased in these an-
imals, based on a serum FITC-dextran analysis (Fig. 2E).

Because tight junctions are pivotal in regulating intestinal
permeability, we performed electron microscopy analysis to ex-
amine whether the loss of EZH2 alters tight junctions. In contrast
to the findings in wild-type mice, tight junctions were morpho-
logically disrupted or discontinuous and had lower electron
densities on the apical surfaces of EZH2-depleted epithelia (Fig.
2F, Upper, arrow). We also examined the distribution of the tight
junction protein 1 (ZO-1) in control and EZH2"™“~ mice as a
marker of tight junction structure. Immunostaining of control co-
lons revealed partially disrupted but relatively normal ZO-1 distri-
butions; however, focal regions of diminished or discontinuous
Z0-1 staining were observed in EZH2-depleted colons (Fig. 2F,
Lower). These results indicate that an intact and functional mu-
cosal barrier was compromised in EZH2"™C~~ mice.

We then analyzed immune cell infiltration by flow cytometry.
During the early stages of colitis (at day 5), we observed in-
creased numbers of CD4* T cells, neutrophils, and macrophages
in EZH2"™“"~ mice compared with control mice (Fig. 2G).
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Notably, the hyperinfiltration of immune cells in the EZH2"5“~~

mice was not confined to inflamed areas but extended to the
entire colon, as evidenced by increased F4/80-positivity in rela-
tively noninflamed portions of the EZH2"“~"~ colons (Fig. 2H).
The expression levels of proinflammatory cytokines and che-
mokines were consistently prominently elevated in DSS-treated
EZH2™“~~ mice, whereas basal levels of these cytokines in
untreated mice were comparable (Fig. 2I). The excessive im-
mune response seen in EZH2-deficient mice was further con-
firmed by immunostaining of colon sections for phospho-
STAT3 and immunoblotting of isolated IECs from control and
EZH2™“~~ mice (Fig. 2J). Finally, we assessed the role of
EZH?2 in chronic colitis by subjecting the mice to three cycles of
DSS treatment, with each cycle consisting of 5 d of DSS water
followed by 7 d of water alone. EZH?2 depletion also aggravated
disease severity in this chronic colitis model (Fig. 2K). Collec-
tively, our results demonstrate that epithelial EZH2 functions as
a defense mechanism to prevent DSS-induced colitis.

EZH2 Deficiency Sensitizes Mice to TNBS-Induced Colitis. Having

identified the essential role of EZH2 in DSS-induced colitis,
we used another disease model to substantiate this idea. The
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2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis model
acts via acute destruction of the intestinal barrier and involves
Thl-mediated mucosal inflammation, thereby mimicking CD in
humans (27, 28). We challenged wild-type and EZH2"“~/~ mice
with TNBS to assess the role of epithelial EZH?2 in this model.
We found that EZH2™“~~ mice were more susceptible than
wild-type mice to TNBS-induced colitis. As shown in Fig. 34, the
intrarectal administration of TNBS resulted in gradual weight
loss in control mice over the first 3 d, followed by recovery
thereafter. In contrast, EZH2-deficient mice experienced signifi-
cantly greater weight loss. By day 5, EZH2™“~~ mice exhibited
symptoms of severe colitis disease activity, including severe di-
arrhea, rectal bleeding, and marked colon shortening (Fig. 3B).

This clinical manifestation of increased colorectal inflamma-
tion in EZH2"“~'~ mice was further supported by the results of
histopathological analyses. Specifically, H&E-stained colon sec-
tions of EZH2"™“~'~ mice revealed extensive inflammation in the
lamina propria as well as severe colonic damage (Fig. 3C, Upper).
Similarly, there were significantly more infiltrated macrophages
in noninflamed areas of EZH2-deficient colon sections (Fig. 3C,
Lower). Moreover, increased local production of several in-
flammatory cytokines was detected in the KO mice (Fig. 3D).
Accordingly, phospho-STAT3 levels were elevated in colon ho-
mogenates of EZH2'"“~~ mice compared with wild-type mice
(Fig. 3E). Taken together, these results indicate that depletion of
EZH?2 leads to exacerbated colitis.

Overexpression of EZH2 in IECs Protects Mice from DSS-Induced
Colitis. We next aimed to determine whether elevated EZH2
expression in IECs can protect mice from colitis. Accordinggf, we
generated conditional EZH2 overexpressing mice (EZH2°F/™),
which carry a single copy of a mini-gene consisting of a CAGGS
(hybrid chicken p-actin and cytomegalovirus) promoter, a loxP-
STOP-loxP cassette, and myc-tagged EZH2 cDNA knocked into
the Rosa26 locus (Fig. 44, Upper and Fig. S24). As expected,
EZH2°Y* mice were generally healthy in terms of growth and
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EZH2-deficient mice are more susceptible to TNBS-induced colitis. (A) Body weight changes in control and EZH2'EC

reproduction. On crossing these mice with Villin-Cre mice,
EZH?2 was exclusively overexpressed in IECs (hereafter referred
as EZH2"ECOF*) Western blot analyses revealed a threefold to
fourfold increase in EZH2 expression in colon homogenates of
EZH2'COF* mice compared with control mice (Fig. 44,
Lower). Further immunostaining with anti-Myc and EZH2 anti-
bodies verified that EZH2 was induced predominantly in IECs
(Fig. S2B).

Next, we treated control and EZH2"FCCF* mice with DSS as
described above. Mice overexpressing EZH?2 in IECs developed
significantly less colonic inflammation. By day 9, wild-type mice
showed colitis activity, as evidenced by diarrhea, severe body
weight loss, and marked shortening and thickening of the colon.
In sharp contrast, EZH2"“CF* mice developed almost no
symptoms, and their large bowel showed few signs of colitis (Fig.
4 B and C). Histological examination revealed obvious crypt loss,
focal ulceration, and inflammation in the wild-type colons,
compared with very little damage and less histological inflammation
in the EZH2""CCF/* colons (Fig. 4D). Similarly, the colon ho-
mogenates of EZH2™CCF* mice contained significantly lower
proinflammatory cytokine levels compared with control mice (Fig.
4F). Taken together, our gain-of-function results complement
those obtained from the EZH2-KO mice, strongly suggesting that
epithelial EZH2 expression is highly protective against experi-
mental colitis in vivo.

EZH2 Inhibits TNFa-Mediated NF-xB Activation in Experimental
Colitis. To understand the mechanistic role of EZH2 in colitis,
we conducted a gene expression profile analysis usin; primary
colorectal IECs isolated from wild-type and EZH2'5“~~ mice at
3 d after DSS treatment. At that time point, EZH2™~'~ mice
did not exhibit morphological defects; therefore, the genes
exhibiting altered expression levels might be closely and more
directly related to earlier events regulated by EZH2. Gene Ontol-
ogy analysis revealed that the most prominently altered biological
processes were associated with immunologic and inflammatory
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(n =5 per group). (B) Colon lengths in the mice after 5 d of TNBS treatment. (C) Representative H&E-stained colon sections (Upper) and F4/80 staining of
noninflamed sections (Lower) of control (CTRL) and EZH2'E~'~ mice after 5 d of TNBS treatment. The arrow indicates the infiltration of immune cell and
epithelial cell damage. (Scale bars: 200 pm in Upper; 50 um in Lower). (D) Relative mRNA levels for the indicated genes in the distal colons of untreated and
TNBS-treated control and EZH2'5<~~ mice (day 5; n = 5). (E) Immunoblot analysis of the indicated protein in the distal colons of TNBS-treated mice. *P < 0.05;

**P < 0.01.
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Fig. 4. Overexpression of EZH2 in IECs protects mice from DSS-induced colitis. (A) Scheme of conditional overexpression of EZH2 mice (Upper) and Western
blot analysis of EZH2 expression in colonic homogenates of control (CTRL) and EZH2'5“°¥+ mice (Lower). (B and C) After the addition of DSS to the drinking
water for 5 d, body weights (B) and colon lengths (C) were recorded (n = 5). (D, Left) Representative H&E-stained middle-distal colon sections of control and
EZH2'E“C¥+ mice treated with DSS for 5 d. The arrow indicates the infiltration of immune cells. (D, Right) Semiquantitative scoring of the histopathology on
day 9. (Scale bars: 200 pm in Upper; 50 pm in Lower.) (E) qRT-PCR analysis of relative mRNA expression levels of the indicated genes in whole colonic ho-

mogenates of untreated or DSS-treated mice on day 5. *P < 0.05; **P < 0.01.

responses, which was further verified by qRT-PCR analyses. As
shown on a heat map, EZH?2-deficient IECs isolated from DSS-
treated mice produced significantly more proinflammatory cy-
tokines and chemokines (Fig. 54). Interestingly, Ingenuity
Pathway Analysis (IPA) indicated that the genes altered in
EZH?2-deficient cells also were largely regulated by TNFa and
IFNy signaling, suggesting that EZH2 might exert its function
through the regulation of these pathways (Fig. S34).

To determine whether EZH?2 regulates TNFa or IFNy signaling
in a cell-intrinsic manner, we isolated IECs from wild-type,
EZH2'"7~, and EZH2™CCF* mice and treated them with
TNFo or IFNy. We found more prominent induction of TNFa-
downstream genes in EZH2-deficient cells (Fig. 5B). Conversely,
the overexpression of EZH2 diminished TNFa-induced gene ex-
pression (Fig. 5B). These results were experimentally reinforced
by luciferase reporter assays and gene expression analyses using
human colon cancer cell lines (Fig. S3 B and C). In contrast,
EZH?2 deficiency did not sensitize cells to IFNy stimulation, as
reflected by the finding of no clear difference in downstream gene
expression and phosphorylated STAT1 levels between the condi-
tions examined (Fig. S3 D and E). Taken together, our results
suggest that EZH2 might modulate TNFo signaling to inhibit
colitis, whereas the up-regulation of IFNy signaling observed in
EZH2-deficient cells is likely due to secondary effects.

We next sought to elucidate the molecular mechanism by
which EZH2 modulates the induction of TNFa-regulated genes.
To this end, we assessed the role of EZH?2 in regulating TNFa-
mediated activation of mitogen-activated protein kinases (MAPKSs)
and NF-«xB gKB) signaling. Using primary IECs from wild-type
and EZH2"“~ mice after 3 d of DSS treatment, we found that
EZH2 depletion enhanced the activating phosphorylation of
IKKa/p, IxkBa, p105, p65, ERK, and JNK (Fig. 5C). Conversely,
the overexpression of EZH2 in IECs compromised TNFa-induced
NF-B activation in mice (Fig. S44).

To further examine hyperactivated TNFa signaling in EZH2-
deficient epithelia, we cultured primary IECs and stimulated
them with TNFa, then assayed the levels of active/phosphorylated

E3800 | www.pnas.org/cgi/doi/10.1073/pnas.1700909114

IKKa/p, NF-xB (phospho-p65 and phospho-p105, respectively),
and JNK (Fig. 5D). We found no increase in NF-xB activation
without TNFa treatment in cultured EZH2-deficient IECs, pre-
sumably owing to cell purities and the cultured cells’ lack of TNFa
secreted by immune cells. However, depletion of EZH2 rendered
cells more sensitive to TNFa stimulation, as demonstrated by in-
creased phosphorylation of IKKa/f, IxkBa, JNK, pl05, and p65
(Fig. 5D). In support of this finding, enhanced nuclear trans-
location of p50, p65, and c-Rel was detected in TNFo-stimulated
EZH2-deficient cells (Fig. 5E). Accordingly, we found that com-
pared with control cells, EZH2-overexpressing IECs exhibited
attenuated pathway activation and gene induction on TNFa
stimulation (Fig. S4B).

Given the important clinical relevance of these results, we
assessed EZH2 and TNFa signaling activities with Gene Set
Enrichment Analysis (GSEA) using patient sample data. We
found that the repressive EZH?2 signature (as defined by our
gene expression profile) and the TNFa-activation signature were
higher in inflamed IBD patients compared with noninflamed
cohorts (using the GSE11223 dataset; Fig. 5F). More impor-
tantly, we found negative associations between EZH?2 expres-
sion levels and TNFa activity in IBD patients (Fig. 5G). Of note,
the cell cycle regulator cyclin-dependent kinase inhibitor 2A
(CDKN2A) also has been identified as a direct target of PRC2 in
multiple tissues, including the intestines. We also detected in-
creased CDKN2A expression in EZH2-deficient IECs (Fig.
S4C); however, epithelial cell proliferation was comparable in
the wild-type and EZH2"5“~~ mice, suggesting that CDKN2A
up-regulation is unlikely to be responsible for the colitis phe-
notype (Fig. S4D). Taken together, these results highlight that
EZH?2 acts upstream of NF-kB to antagonize TNFu signaling in
experimental colitis.

EZH2 Modulates TRAF2/5 Expression to Compromise NF-kB Activation
in Experimental Colitis. To further dissect the mechanism un-
derlying how TNFa signaling becomes elevated in the absence of
EZH2, we immunoprecipitated EZH2-bound chromatin from

Liu et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700909114/-/DCSupplemental/pnas.201700909SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700909114/-/DCSupplemental/pnas.201700909SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700909114/-/DCSupplemental/pnas.201700909SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700909114/-/DCSupplemental/pnas.201700909SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700909114/-/DCSupplemental/pnas.201700909SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700909114/-/DCSupplemental/pnas.201700909SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700909114/-/DCSupplemental/pnas.201700909SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700909114/-/DCSupplemental/pnas.201700909SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1700909114

L T

z

1\

BN AS  DNAS P

A & & B
NN
°F“/ < — mm CTRL 0 EZH2EC- mm EZH2IECOEH
F ] CCL7
l CCL20 TNFa IL-6 CXCL1 CXCL12 CCL20 CCL5
CXCL1
0s
0 - Sﬁgtg "§ 1 *k 1 *k ' *k
08 CXCL10 2
|_| CXCL12 8 1 m
i1 &, bk * =
IL-1 3 *
oy s
ICi7c  TNFa(6h) - s g e 5
TNFa EZH2 repressed signature
EZH2 F

r—

By NES =1.82

e

C Untreated DSS D E g:: / P =0.018
CTRL EZH2'EC-" CTRL EZH2'EC- o g u \3:0.013

TNFa 0 1530 015 30 min \ 2" § == S

P-IKKa/p | T T PIKKou/p (‘}‘R 1'\‘\7' C‘R ﬁl\'\ i IIIIH”I”"H HilT| ”le
P-xBa _ P-IKB m TNFq = + = + - + = + Inflamed Uninflamed
P-p65 | L) e p65 |----— - -—| TNFoa active signature
P-p105E - 206 ™ NES =1.90

Pp109 '| ST pros 5o [ I N

105 [ ——] e B
e M ge———— BT 00 Bt w0
ponkir2 [ P practin === B TN
-JNK112- Inflamed Uninflamed
—' Lamin AIC | or ﬁ G

TNFo active signature

ezn2 BT

P-ERK |"' L ¥ ¥ I.'.'.’.|
|

EZH2 [ ss = Cytoplasm  Nuclear B 8w NES =-1.73
: Tubulin[E= == fae N prosa
Tubulin IW‘ IECs £ . FDR=0.044
DSS £
00 g T
EZH2 ngh EZH2 Low

Fig.5. Depletion of EZH2 stimulates TNFa signaling in experimental colitis. (A) qRT-PCR analysis of cytokines and chemokines in control (CTRL) and EZH2'5¢~/~

IECs with or without 3 d of DSS treatment. The results are summarized as a heat map. (B) Real-time PCR analysis of mRNA levels of TNFa target genes in IECs
isolated from control, EZH2'~'~, and EZH2'"5“°®"* mice after 6 h of TNFa treatment (50 ng/mL). *P < 0.05; **P < 0.01. (C) Western blot analysis of the indicated
phosphoprotein or total protein in IECs isolated from control or EZH2'5“~'~ mice treated for 5 d with DSS. (D) Western blot analysis of the indicated protein in
primary IECs isolated from control and EZH2'E~~ mice treated for 3 d with DSS after TNFa treatment for the indicated times. () Immunoblot analyses of the
indicated proteins in cytoplasmic extracts and nuclear extracts from IECs stimulated with TNFa. (F) The EZH2 repressive signature (GSE84857) and TNF« active
signature (GSE1474) were analyzed by GSEA in inflamed and noninflamed IBD patients (GSE11223; n = 129). (G) GSEA of EZH2 expression levels and TNFa
active gene signature in IBD patients (GSE11223; n = 66). The IECs used in A and C were isolated using the EDTA method, whereas the IECs in B, D, and E, for
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wild-type IECs after 3 d of DSS treatment and analyzed the
precipitated DNA with deep sequencing. There were 13,342
genes with EZH2 occupancy within 20 kb of the annotated
genes. Of these regions, 82% were within the core transcribed
portion of the genes, +3 kb around the transcription start site
(TSS) (Fig. S5 A and B). Annotation of the closest genes to the
peaks showed that many peaks were positioned immediately
after the TSS (Fig. 64).

To correlate chromatin binding with direct gene regulation, we
analyzed the EZH2-dependent transcriptome, with a primary
focus on genes displaying up-regulation in the absence of EZH2.
Among this group of 1,156 genes, 752 also contained EZH2
peaks (Fig. 6B). Interestingly, IPA identified several genes as-
sociated with the inflammatory response and gastrointestinal
disease (Fig. S5C) that are notably implicated in TNFa signaling,
including the TNF receptor-associated factor (TRAF) proteins
TRAF2 and TRAFS. These EZH2 occupancies were shown in
Genome Browser tracks and were readily validated by ChIP-
qPCR assays (Fig. 6 C and D). As shown in Fig. 6D, EZH2
and the core PRC2 subunits SUZ12 and EED were recruited
simultaneously to proximal promoter regions of Traf2 and Traf5
in IECs following DSS treatment. Furthermore, the expression
levels of TRAF2 and TRAFS exhibited twofold to fourfold in-
creases in EZH2-depleted cells following 3 d of DSS treatment.
In contrast, these grotems exhibited significantly reduced ex-
pression in EZH2™® mice compared with controls (Fig. 6F).
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Taken together, these results indicate that EZH?2 directly inhibits
the expression of key factors associated with TNFa signaling.
Intriguingly, the observed EZH2-mediated TRAF2/5 inhibi-
tion was inflammation-dependent, as evidenced by our finding
that under steady-state conditions, TRAF5 expression was not
altered by EZH2 knockout or overexpression. In fact, wild-type
mice showed prominent stimulation of TRAF2/5 expression
levels on DSS treatment (Fig. 6E). We performed ChIP-gPCR to
examine whether and if so, how, histone modifications and
promoter activity were altered at the Traf2 and Traf5 loci fol-
lowing inflammatory insults. Compared with the untreated state,
H3K27me3, H3K4me3, and H3K9ac were increased at the core
promoters of Traf2 and Traf5 on DSS treatment in wild-type cells
(Fig. 6F). These patterns of seemingly opposing histone marks
on the same promoter were defined as “bivalent” domains in a
previous study (29). By exhibiting both active and repressive
features (H3K4me3 and H3K27me3), bivalent genes are in a
poised state, presumably allowing for their rapid activation on
exposure to environmental stimuli. In accordance with this idea,
we found that EZH?2 fine-tunes TRAF2/5 expression in colitis;
for example, EZH2 depletion caused a substantial reduction in
H3K27me3 level, as predicted (Fig. 6F). More importantly, the
H3K4me3 and H3K9ac histone marks were further elevated in
DSS-treated EZH?2-deficient cells compared with control cells
(Fig. 6F). The poised state of the Traf2 and Traf5 loci in the
mouse colitis model was reinforced by our gene expression
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EZH2 fine tunes TRAF2/5 expression to inhibit TNFa signaling in experimental colitis. (A) Average EZH2 ChlIP signal across 13,342 annotated genes in

IECs isolated from wild-type mice treated for 3 d with DSS. (B) Venn diagram showing the numbers of genes harboring EZH2 peaks and displaying up-
regulation in EZH2-KO IECs. (C) Snapshot of the EZH2 ChIP-Seq signal at the Traf2 and Traf5 loci in IECs isolated from DSS-treated (3 d) wild-type mice. The
arrow indicates the location of the ChIP primer pairs. (D) ChIP-gPCR analysis of EZH2, EED, and SUZ12 binding to Traf2 and Traf5 loci in IECs isolated from wild-
type mice with or without DSS treatment. (E) gRT-PCR analysis (Left) and Western blot analysis (Right) of TRAF2 and TRAF5 expression in IECs as indicated.
(F) ChIP-gPCR analysis of H3K27me3, H3K4me3, and H3K9ac modifications at the Traf2 and Traf5 promoters in IECs. (G) Correlation between EZH2 and TRAF2/5
expression level in IBD specimens. Statistical significance was determined using the Pearson correlation coefficient. *P < 0.05; **P < 0.01. The IECs used in this

figure were isolated using EDTA.

analysis showing that depletion of EZH2 following DSS treat-
ment further enhanced TRAF2 and TRAF5 expression (Fig.
6F). The functional importance of this regulation of TRAF2/5 by
EZH?2 was supported by clinical specimen analysis. Specifically,
qRT-PCR analysis of colitis patient specimens indicated signifi-
cant and negative associations between the mRNA levels of
EZH2 and TRAF2 or TRAFS5 (Fig. 6G). Taken together, these
results demonstrate that EZH? fine tunes TRAF2/5 expression
to modulate NF-xB activation in experimental colitis.

EZH2 Inhibits TNFa-Mediated Cell Death. Given that epithelial ap-
optosis is one of the major causes of colitis, and that the epithelial
barrier is disrupted in the absence of EZH2 (Fig. 2 E and F), we
assessed for defects in epithelial cell survival in EZH2'C/~
mice. Eliminating the possibility that the loss of EZH2 enhances
NF-kB signaling, which would presumably sustain cell survival,
both TUNEL- and cleaved caspase 3-positive staining was sig-
nificantly higher in the colon sections of EZH2"5“~~ mice (Fig.
7A). This observation was strengthened by Western blot assays
showing markedly enhanced signaling intensities of cleaved
caspase 3 and cleaved PARP in EZH2"™C~'~ mice compared with
control mice (Fig. 7B).

We next established intestinal organoid cultures to assess
whether the loss of EZH2 induces apoptosis in a cell-intrinsic
manner. 7-aminoactinomycin D (7-AAD) whole-mount staining
revealed slightly more apoptosis in EZH2-depleted cells than in
control cells (Fig. 7C). Interestingly, we noticed that TNFa ad-
ministration induced massive apoptosis and reductions in the
size of EZH2-depleted organoids, with a much smaller effect on
the control organoid cultures (Fig. 7C). Furthermore, immuno-
blotting analyses revealed significantly higher cleaved caspase
8 and caspase 3 signals in EZH2-silenced IECs (Fig. 7D). These
results emphasize that the loss of EZH2 enhances cellular sen-
sitivity to TNFa-induced apoptosis.
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EZH2 Down-Regulation Promotes Apoptosis by Regulating ITCH-
Mediated Degradation of c-FLIP. Given that NF-xB signaling is
primarily prosurvival, it is puzzling that EZH2-deficent IECs are
more prone to apoptosis while exhibiting enhanced NF-kB sig-
naling. NF-kB activation sustains cell survival predominately
through the induction of c-FLIP expression, thereby diminishing
TNFoa-induced caspase 8 cleavage (12). To better understand
this seemingly contradictory observation, we examined c-FLIP
expression in the absence of EZH?2. In support of the possibility
that NF-kB activates c-FLIP transcription, we observed a slightly
higher relative abundance of c-FLIP mRNA in EZH2'5“~~ mice
compared with wild-type mice (Fig. 84, Left). Surprisingly, the
protein levels of c-FLIP exhibited the opposite trend, with the
IECs of EZH2'“~ mice showing significantly less protein ex-
pression. Conversely, EZH2-overexpressing mice produced mark-
edly more c-FLIP protein (Fig. 84, Right). These results suggest a
posttranscriptional mechanism by which EZH?2 regulates c-FLIP
expression in colitis. In agreement with this hypothesis, TNFo-
mediated c-FLIP protein stability, rather than transcriptional ac-
tivation, was compromised in EZH2-deficient IECs (Fig. 8B and
Fig. S64). Moreover, MG132 treatment of EZH2-deficient cells
restored c-FLIP protein to a level similar as that in control cells
(Fig. 8B), confirming that EZH?2 regulates the stability of c-FLIP
via the 26S proteasome.

Focusing on the candidate E3 ligases that govern c-FLIP sta-
bility, we found that both mRNA and protein levels of itchy E3
ubiquitin protein ligase (ITCH) were significantly increased in
the absence of EZH2 (Fig. 84 and Fig. S6 B and C), whereas
ectopically expressed EZH2 inhibited ITCH production in IECs
(Fig. 84, Right). More importantly, ChIP-Seq analysis suggested
that Itch was directly regulated by EZH2, as revealed by Genome
Browser tracks (Fig. 8C). Thus, we conducted a ChIP-qPCR
assay to examine the occupancy of EZH2 at the Itch locus.
The results indicated that EZH2 and other PRC2 complex
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members (SUZ12 and EED) were simultaneously recruited to
the promoter region of Itch in wild-type IECs (Fig. 8D). We also
found that EZH2 ablation reduced H3K27me3 and increased
H3K4me3 and H3KO9ac within the Itch promoter (Fig. 8E),
suggesting the occurrence of chromatin conformational remod-
eling to a more active state at this locus in the absence of EZH?2.

Given that long-term culture of IECs is not feasible, we per-
formed rescue experiments using mouse embryonic fibroblasts
(MEFs) to assess whether the increased ITCH expression in
EZH?2-depleted cells indeed caused the reduction of c-FLIP
expression and cell death. We found that depletion of the in-
creased ITCH expression by siRNA restored TNFa-induced c-
FLIP expression in EZH2-deficient cells (Fig. 8F). Moreover,
apoptosis was decreased in this condition, as determined by re-
ductions in cleaved-caspase 3 and annexin V levels (Fig. 8 F and
G). Taken together, our results indicate that EZH2 ablation
sensitizes IECs to TNFa-mediated NF-kB activation while
maintaining low levels of c-FLIP, thereby making cells prone
to apoptosis.

Discussion

TNFa is known to be involved in IBD through regulation of the
chronic inflammatory response and the apoptosis of IECs.
However, despite its name, which references necrotic cell death,
TNFa does not efficiently induce apoptosis under physiological
conditions. This effect can be explained by TNFa’s simultaneous
induction of NF-kB, which induces a set of prosurvival proteins,
including c-FLIP, to constrain caspase 8 activation. Therefore,
how the multifaceted functions of TNFa are coordinated to drive
IBD pathogenesis remains to be defined. Here, we show that
EZH?2 integrates the complex functions of TNFa to enhance the
inflammatory response and apoptosis in the context of colitis
(Fig. 8H), suggesting that IBD patients with lower levels of EZH2
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might have better clinical responses to anti-TNFo treatment. As
stated above, EZH?2 represents an attractive target for chemical
inhibition due to its role in cancer. Inflammation is closely asso-
ciated with tumorigenesis, and IBD is a predisposing factor for
colorectal cancer. The present study indicated that EZH2 sup-
presses inflammation-associated epithelial damage while positively
promoting oncogenic transformation, as reported previously (30—
32). Thus, the roles of EZH2 in inflammation-induced colorectal
cancer merit further study.

Inflammatory bowel disease and experimentally induced in-
testinal inflammation are characterized by NF-kB activation and
increased expression of proinflammatory NF-xB target genes.
However, NF-kB has not only proinflammatory functions, but
also tissue-protective functions, especially within intestinal epi-
thelium. Thus, genetic ablation of the regulatory subunits IKKy
(the central kinase complex required for NF-kB activation),
IKKa, and IKKp in IECs causes spontaneous murine colitis (33,
34). NF-kB exerts its prosurvival function through up-regulation
of a subset of proteins, including Bcl-xl, c-IAP1/2, x-IAP, and
c-FLIP, of which c-FLIP is the best known (12, 35-37). c-FLIP is
a catalytically inactive caspase 8/10 homolog capable of inhibit-
ing caspase 8 recruitment to block apoptotic processes. In the
context of IBD, how IECs circumvent the antiapoptotic actions
of NF-kB to enable TNFa-induced cell death is unknown. Our
study indicates that EZH2 loss may explain these seemingly
contradictory results. In the absence of EZH?2, the prosurvival
activity of NF-kB is dissociated from its proinflammatory activity,
and cells are simultaneously sensitized to caspase 8-mediated
apoptosis (Fig. 8H).

The core members of the PRC2 complex include the methyl-
transferase EZH2, EED, SUZ12, and RBBP7/4. The enzymatic
activity of this complex mediates the trimethylation of lysine
27 on histone H3 (H3K27me3) and leads to transcriptional
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repression of target genes (38, 39). In a recently reported study, EED
was found to regulate intestinal homeostasis, and EED KO mice
showed defects in stem cell proliferation and lineage differentiation
in the steady state (22, 24). This phenotype makes this mouse model
impractical for studying the role of PRC2 in colitis. Interestingly, the
PRC2 catalytic subunit EZH?2 is dispensable for steady-state in-
testinal homeostasis but is required for the suppression of colitis
pathogenesis. Genome-wide mapping studies of chromatin modifi-
cations have revealed that the promoters of many of the genes critical
for development and pathological transformation harbor a distinc-
tive histone modification signature termed bivalency, which combines
the activating H3K4me3 and the repressive H3K27me3 markers (40,
41). Previous work has revealed that PRC2 specifically represses
genes with bivalent promoters in the adult intestine (23). Our data
support and expand this idea, revealing that the promoters of both
Traf2 and Traf5 are bivalent during colitis, with both H3K4me3 and
H3K27me3 increased on DSS treatment. During disease progres-
sion, EZH2 reduction leads to a loss of repressive markers, leading
to induction of TRAF2/5 expression and augmenting TNFa-me-
diated NF-kB signaling. Notably, the upstream signal that governs
the down-regulation of EZH2 in IBD remains to be identified.
This information will facilitate an understanding of how the in-
testinal microbiota, immune system, genetic factors, and specific
environmental factors contribute to IBD.

In conclusion, our results indicate that EZH2 functions as a
primary defense mechanism to maintain an intact and functional
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mucosal barrier by modulating TNFa-mediated intestinal in-
flammation and apoptosis. These results are potentially relevant
with respect to disease intervention.

Experimental Procedures

Detailed information on expression plasmids, shRNAs, cell culture, immu-
nohistochemistry, histology, qRT-PCR, ChIP-qPCR, GSEA, and primers is pro-
vided in S/ Experimental Procedures.

Mice. All mice were maintained in a specific-pathogen-free facility, and all
procedures were performed in compliance with Guide for the Care and Use
of Laboratory Animals (42). Moreover, all procedures were approved by the
institutional Biomedical Research Ethics Committee, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. EZH2'E“~mice were gen-
erated by crossing EZH2 Flox mice (43) with Villin-Cre mice (44). EZH2-
overexpressing mice (EZH2°%*) were generated by our group as described
previously (45). All mice were backcrossed with C57BL/6 mice for at least seven
generations, and littermates were used as controls in all experiments.

Human Specimen Analysis. Patients with IBD and non-IBD control subjects for
this study were recruited from Fudan University Shanghai Cancer Center. The
diagnosis of CD or UC was based on a standard combination of clinical,
endoscopic, histological, and radiologic criteria. The use of pathological
specimens, as well as the review of all pertinent patient records, were ap-
proved by the Ethics Review Board of Fudan University Shanghai Cancer
Center. Immunohistochemical analyses were performed as described pre-
viously (45) using a specific anti-EZH2 antibody (Cell Signaling Technology).
Protein expression was scored and quantified by pathologists who were
blinded to the outcome of the cases. In brief, the quantification was based
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on a multiplicative index of the average staining intensity (0-3) and the
extent of staining (0-3) in the cores. This scoring system yielded a 10-point
staining index that ranged from 0 (no staining) to 9 (extensive; strong
staining). Tissue RNA from colonic mucosal biopsy specimens from patients
with IBD was also prepared for the analysis of transcript levels.

DSS- and TNBS-Induced Colitis. To induce colitis, littermate mice (6-8 wk older)
were fed 3% DSS (MP Biomedicals) for 6 d, followed by 3 d of regular drinking
water. For permeability experiments, FITC-conjugated dextran (4,000 MW) was
gavaged at 2 mg/10 g of body weight. For the TNBS model, overnight-fasted
mice were treated with 150 mg/kg TNBS (Sigma-Aldrich) via intrarectal injection.

IECs Isolation. For RNA-Seq and ChIP-Seq analyses, IECs from mice treated with
DSS for 3 d were isolated using isolation buffer (30 mM EDTA and 1 mM DTT).
For ligand stimulation experiments, the colons were incubated with colla-
genase type | (250 ng/mL; Sigma-Aldrich) and Dispase Il (440 ng/mL; Sigma-
Aldrich) for 2 h. After repeated washes, the cells were plated in dishes coated
with type I collagen overnight. The next day, the cells were treated with TNFa
(50 ng/mL; PeproTech) or IFNy (20 ng/mL; PeproTech). Epithelial cell purities
from the EDTA-based and enzymatic digests were ~95% and 80%, respec-
tively, using an EpCAM antibody and FACS analysis.

RNA-Seq Analysis. Each group of IECs was isolated from three to five animals
using EDTA-based isolation. RNA from wild-type and EZH2-deficient IECs was
subjected to HiSeq RNA-Seq, performed by BGI Tech Solutions. Transcriptomic
reads from the RNA-Seq experiments were mapped to a reference genome
(mm10) using Bowtie. Gene expression levels were quantified using the RSEM
software package. The list of significantly affected genes was obtained by
setting a false discovery rate (FDR) threshold of 0.001 and fold changes >1.5.
The raw data can be downloaded as GSE84857. Differentially expressed genes
were subsequently analyzed using the DAVID bioinformatics platform and IPA.
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ChIP-Seq Assay. Wild-type IECs were isolated from five mice after 3 d of DSS
treatment. The chromatin was prepared and ChIP-Seq analysis was performed
by Active Motif, using an antibody against EZH2 (Active Motif). Seventy-five
nucleotide reads generated by Illumina sequencing were mapped to the
genome using the BWA algorithm with default settings. Only reads that
passed the lllumina purity filter, that aligned with no more than two mis-
matches, and that mapped uniquely to the genome were used in the sub-
sequent analysis. Of the total reads, 12756 peaks were identified over the
input control. The heat maps and average profile for RefSeq gene bodies
were generated using ngsplot v2.61. The raw data can be downloaded
as GSE84858.

Statistical Analysis. All experiments were performed using 3-15 mice or three
independent repeated experiments, including Western blot, qRT-PCR, and
ChIP-gPCR analyses. Unless indicated otherwise, data are presented as
mean + SEM, and statistical significance was determined using a two-tailed
Student t test. The Pearson correlation coefficient was used to evaluate the
relationship between EZH2 and gene expression, and the Wilcoxon signed-
rank test was used for patient analysis. In the figures, *P < 0.05; **P < 0.01.
The RNA-Seq and ChIP-Seq data have been deposited in the Gene Expression
Omnibus database under accession numbers GSE84857 and GSE84858.
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