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ABSTRACT

Th22 cells traffic to and retain in the colon cancer microenvironment, and target core stem cell genes and
promote colon cancer stemness via STAT3 and H3K79me2 signaling pathway and contribute to colon
carcinogenesis. However, whether Th22 cells affect colon cancer cell proliferation and apoptosis remains
unknown. We studied the interaction between Th22 cells and colon cancer cells in the colon cancer
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transfected colon cancer cells with lentiviral vector encoding specific gene shRNAs and used chromatin
immunoprecipitation (ChIP) assay to determine the genetic signaling involved in interleukin (IL)-22-
mediated colon cancer cell proliferation. We showed that Th22 cells released IL-22 and stimulated colon
cancer proliferation. Mechanistically, IL-22 activated STAT3, and subsequently STAT3 bound to the
promoter areas of the Polycomb Repression complex 2 (PRC2) components SUZ12 and EED, and
stimulated the expression of PRC2. Consequently, the activated PRC2 catalyzed the promoters of the cell
cycle check-point genes p16 and p21, and inhibited their expression through H3K27me3-mediated
histone methylation, and ultimately caused colon cancer cell proliferation. Bioinformatics analysis revealed
that the levels of IL-22 expression positively correlated with the levels of genes controlling cancer
proliferation and cell cycling in colon cancer. In addition to controlling colon cancer stemness, Th22 cells
support colon carcinogenesis via affecting colon cancer cell proliferation through a distinct histone
modification.

Abbreviations: CCNAT1, cyclin A1; CCND1, cyclin D1; CCND3, cyclin D3; CCNET, cyclin E1; CCNE2, cyclin E2; ChIP,
Chromatin immunoprecipitation; DOT1L, disruptor of telomeric silencing1-like; EED, embryonic ectoderm develop-
ment; EZH2, zeste homolog 2; FACS, Flow cytometry analyzer; FDR, false discovery rate; GSEA, Gene Set Enrichment
Analysis; IL-22, interleukin-22; PRC2, Polycomb Repression complex 2; RT-PCR, reverse-transcriptase polymerase
chain reaction; STAT3, signal transducers and activators of transcription protein 3; SUZ12, suppressor of zeste 12;
TCGA, the Cancer Genomic Atlas project.

Introduction Th22 cells and/or Th22 cell-derived IL-22 can target colon can-

cer cell proliferation and apoptosis.

IL-22 is mainly produced by innate lymphoid cell (ILC22) and
IL-227CD4" T (Th22) cells.'* It has been reported that IL-22
is predominantly expressed by CD4" T cells in the human
colorectal cancer microenvironment.”™® As its receptor is only
expressed on epithelial cells,” it is reasonable that IL-22 protects
epithelial mucosa from bacterial infection and inflammation
damage in mouse models.'*"'> We have recently reported that
human Th22 cells are recruited into the colon cancer microen-
vironment and promote colon cancer stemness through
STAT3-dependent pathway.” However, it is unknown whether

Histone modification plays an important role in cancer
development and progression. Trimethylation of histone H3
lysine 27 (H3K27me3), catalyzed by the enhancer of zeste
homolog 2 (EZH2), is mainly related to gene repression and
oncogenic activation in several types of cancer.">'® This cataly-
zation requires the presence of two additional proteins, embry-
onic ectoderm development (EED) and suppressor of zeste 12
(SUZ12). These proteins constitute the PRC 217 and contrib-
utes to tumorigenesis.'*'® Disruptor of telomeric silencingl-
like (DOT1L)-mediated H3K79me2 is associated with gene

CONTACT Weiping Zou @ wzou@med.umich.edu; llona Kryczek @ilonak@med.umich.edu

@ Supplemental data for this article can be accessed on the publisher’s website.
*These authors share co-first authorship.
© 2016 Taylor & Francis Group, LLC


http://dx.doi.org/10.1080/2162402X.2015.1082704
http://dx.doi.org/10.1080/2162402X.2015.1082704

10827042 (&) D.SUNET AL.

activation.” Th22 cell-derived IL-22 can activate DOTI1L and
promote colon cancer stemness via H3K79me2 targeted core
stem cell genes.” However, it is unknown if the PRC2 compo-
nents or the DOT1L and H3K79me2 signaling pathway is
involved in the control of colon cancer cell proliferation and
apoptosis.

In the current work, we have studied the interaction between
Th22 cells and colon cancer cells in the human colon cancer
microenvironment. We found that Th22 cell-derived IL-22 tar-
get the PRC2 components and stimulate colon cancer cell
proliferation.

Results
Th22 cell-derived IL-22 induces colon cancer proliferation

We have recently, demonstrated that Th22 cells traffic to and
retain in the colon cancer microenvironment; and Th22 cell-
derived IL-22 targets core stem cell genes and promotes colon
cancer stemness and contributes to colon carcinogenesis.’
However, whether Th22 cells and IL-22 affect colon cancer cell
proliferation and apoptosis remains unknown.

To address this question, we performed Gene Set Enrich-
ment Analysis (GSEA) using high throughput RNA-sequencing
data of the GC cohort of the Cancer Genomic Atlas project
(TCGA). GSEA is designed to detect coordinated differences in
expression of predefined sets of functionally related genes.'®
We found that the most significantly enriched functional cate-
gories upon IL-22 positive profile were associated with multiple
processes involved in cell proliferation (Fig. 1A). The analysis
supports the hypothesis that IL-22 may be a critical regulator
of colon cancer cell proliferation.

To test this hypothesis, we freshly prepared single cells from
colon cancer tissues, which contained tumor cells and infiltrat-
ing T cells, and cultured these single cells with monoclonal
anti-IL-22 antibody. We observed that anti-IL-22 reduced pri-
mary colon cancer cell proliferation (Fig. 1 B). We established
primary colon cancer cells from colon cancer patients. Then,
we cultured primary colon cancer cells with the supernatants of
primary T cells isolated from colon cancer tissues with or with-
out anti-IL-22. Colon cancer associated T cells stimulated pri-
mary colon cancer cell proliferation, and anti-IL-22 blocked
this effect (Fig. 1C). Recombinant IL-22 also stimulated colon
cell proliferation, as shown by an increased Ki67 expression
(Fig. 1D), H3 thymidine incorporation (Fig. 1E) and the cell
numbers of DLD-1, HT-29 and two primary colon cancer cells
(C1, C2) (Fig. 1F). Furthermore, IL-22 had no effects on
Annexin V' colon cancer cells in the regular culture (Fig. S1A).
Five-Fluorouracil (5-Fu) treatment induced colon cancer cell
apoptosis. IL-22 didn’t affect 5-Fu-mediated colon cancer apo-
ptosis (Fig. SIB - SI1C). IL-22 is primary from Th22 cells.’
Thus, the data indicate that Th22-derived IL-22 stimulates colon
cancer cell proliferation and has no effect on their apoptosis.

IL-22 targets cyclin genes and controls colon cancer cell
proliferation

We next examined the potential gene targets of IL-22 in colon
cancer cell proliferation. Real-time PCR revealed that IL-22

reduced the expression of several cyclin-dependent kinase
inhibitors including pl6 (CDKN2A), p21 (CDKNI1A)
(Fig. 2A), p18 (CDKN2C), p19 (CDKN2D), p27 (CDKN1B),
p53 and p57 (CDKN1C) (Fig. S2). In line with this observation,
IL-22 increased the mRNA levels of several proliferation posi-
tive regulators including cyclin Al (CCNA1l), cyclin D1
(CCND1), cyclin D3 (CCND3), cyclin E1 (CCNE1), cyclin E2
(CCNE2) and CDK4 (Fig. 2B). The effects were similar in pri-
mary colon cancer cells we established in the laboratory
(Fig. 2C). FACS revealed that IL-22 increased colon cancer cells
in G2/M phase (Fig. 2D). Collectively, the results indicate that
IL-22 targets cyclin genes, promotes cell cycle progress and
controls colon cancer cell proliferation.

IL-22 induced colon cancer proliferation depends on
H3K27me3, not H3K79me2

We have recently shown that IL-22 induced colon cancer stem-
ness via DOTIL-mediated H3K79me2.” To test if IL-22-
induced colon cancer cell proliferation depends on DOTLI, we
treated colon cancer cells with EPZ004777, a specific DOTIL
inhibitor."” EPZ004777 had no effect on colon cancer cells
(Fig. S3A) proliferation induced by IL-22. We genetically
knocked down DOTIL with shDOTIL (Fig. S3B). shDOTIL
specifically reduced H3K79me2 (Fig. S3B), but had no effect on
cell proliferation stimulated by IL-22 (Fig. S3C). The results
indicate that IL-22-induced colon cancer proliferation is not
DOTIL dependent.

It has been reported that the PRC2 complex including
EZH2, EED and SUZI12 is involved in the regulation of cancer
cell proliferation.'*'® In support of this possibility, IL-22 signif-
icantly increased the expression levels of EZH2, SUZ12 and
EED (Fig. 3A). We treated colon cancer cells with the PRC2
inhibitor, DZNep. DZNep significantly blocked DLD-1 and
primary colon cancer cell proliferation induced by IL-22
(Fig. 3B). Genetic silencing of EZH2 (Fig. 3C) and SUZ12
(Fig. 3D) with shRNAs slowed down colon cancer cell prolifer-
ation induced by IL-22. Thus, PRC2 controls IL-22-induced
colon cancer cell proliferation.

We next studied whether PRC2 targets cycling inhibitor
genes in colon cancer cells. Real-time PCR demonstrated that
shEZH2 or shSUZ12 increased the expression of pl6 and p21
(Fig. 3E). Furthermore, ChIP assay showed high-level of
H3K27me3 occupancies in the promoters of pl6é and p2l,
which were further increased with IL-22 stimulation (Fig. 3F).
Taken together, the data suggest that IL-22-induced colon can-
cer proliferation is mediated by PRC2 and H3K27me3, but not
DOTIL and H3K79me2.

IL-22 promoted STAT3 binding to PRC2 promoters

We have recently demonstrated that STAT3 is essential for IL-
22-induced colon cancer stemness.’ In line with this, we con-
firmed that IL-22 strongly activated STAT3 in colon cancer
cells (Fig. 4A). To examine whether the effect of IL-22 on colon
cancer proliferation was STAT3 dependent, we used lentiviral
vectors encoding two shRNAs for STAT3 to knock down the
expression of STAT3 (Fig. S4A). shSTAT3 efficiently reduced
IL-22-mediated STAT3 activation (Fig. S4A) and colon cancer
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Figure 1. Th22 cell-derived IL-22 stimulates colon cancer cell proliferation. (A) GSEA analysis in the association between IL-22 and cell proliferation pathways in the TCGA
colon cancer dataset. n = 224, nominal p < 0.05, false discovery rate [FDR] q < 0.25, red bar: positively correlated genes, blue bar: negatively correlated genes. (B) Effect
of endogenous IL-22 on primary colon cancer cell proliferation. Single cells including colon cancer cells and immune cells were isolated from fresh colon cancer tissue
and cultured with or without anti-IL-22 antibody for 24 h. Cell proliferation was tested by H* Thymidine Incorporation. Results are expressed as the mean of CPM = SD.
One of three patients with triplicates is shown. *p < 0.05. (C) Effect of endogenous Th-22-derived IL-22 on the established primary colon cancer cell proliferation. Freshly
sorted colon cancer associated CD4™ T cells were stimulated with anti-CD3 and anti-CD28 for 3 d. Established primary colon cancer cells (C1) were cultured with these T
cell supernatants with or without anti-IL-22 antibody for 24 h. Tumor cell proliferation was evaluated with thymidine incorporation. Results are expressed as the mean of
CPM = SD. One of three patients with triplicates is shown. *p <0.05. (D-F) Effect of exogenous IL-22 on colon cancer cell proliferation. DLD-1 (D-F), HT29 (F), C1 and C2
primary colon cancer cells (F) were treated with or without recombinant IL-22 for 24 h. Cell proliferation was evaluated with Ki67 expression by FACS (D) and thymidine
incorporation (E). The absolute cell numbers were counted and relative cell numbers were shown (F). One of four repeats is shown. *p <0.05.
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Figure 2. IL-22 targets cyclin genes and controls colon cancer cell proliferation. (A—C) Effect of IL-22 on the expression of cell proliferation genes in colon cancer cells.
Colon cancer cells were cultured with IL-22 for 12 h. The levels of cyclin-dependent kinase inhibitors and cyclins were quantified by real-time PCR in DLD-1 (A, B) and pri-
mary colon cancer cells (C). Results are expressed as the relative values (mean £ SD). One of three experiments with triplicates is shown. p < 0.05. (D) Effect of IL-22 on
colon cancer cell cycles. DLD-1 cells were cultured with IL-22 for 24 h. Expression of BrdU and 7-AAD was analyzed by FACS. Results are shown as the percent of cells in

G0/G1, S, G2/M. n =4, p <0.05.

cell proliferation (Fig. 4B). shSTAT3 reversed the effects of IL-
22 on the expression of pl6 and pl8, the cyclin-dependent
kinase inhibitor genes (Fig. S4B). IL-22 stimulated the expres-
sion of PRC2 components (Fig. 3A). We hypothesized that IL-
22 activated STAT3, STAT3 bound to the promoters of PRC2
and controlled colon cancer proliferation via H3K27me3. In
support of this possibility, bioinformatics analysis revealed that
STATS3 has binding sites at the promoters of SUZ12 and EED
(Fig. 4C) (http://www.sabiosciences.com/chipgpcrsearch.php).
We performed ChIP assay with different pairs of primers in the
proximal promoters of SUZ12 and EED, covering the putative
STAT3 binding sites. We found that IL-22 significantly
increased the binding of STAT3 to the promoters of SUZ12
(Fig. 4D) and EED (Fig. 4E). The effects were abrogated in
shSTAT3 expressing colon cancer cells (Fig. 4D and E). As a
positive control, we showed that IL-22 enhanced STAT3 bind-
ing to c-fos promoter, which was reduced in shSTAT3 express-
ing colon cancer cells (Fig. S4C). Knockdown of SUZ12 didn’t
change the phosphorylation level of STAT3 in colon cancer
cells stimulated with IL-22 (Fig. S4D). Thus, IL-22 activates
and promotes STAT3 binding to PRC2 promoters, and stimu-
lates colon cancer cell proliferation by targeting cyclin repress-
ors via H3K27me3 (Fig. 4F).

Discussion

In this study, we have observed that Th22 cell-derived IL-22
targets PRC2 complex and controls colon cancer cell
proliferation.

In support of our observation, a procarcinogenic role for
IL-22 has been observed in several mouse models including
colitis-associated cancer,”>*! hepatocellular carcinoma,”* non-
small cell lung cancer and breast cancer.”>** However, the
mode of action of IL-22 is poorly understood in these tumor
bearing mouse models. Furthermore, there is limited informa-
tion on IL-22 oncogenic activity in patients with colon cancer.>*’
Th22 cells may be expanded in the colon cancer environment in
response to inflammation and over-absorption of luminal
microbial products.”® We have recently demonstrated that IL-22
is basically derived from Th22 cells in the human colon cancer
microenvironment, and Th22 cell-derived IL-22 promotes colon
cancer stemness via inducing DOT1L-mediated H3K79me2 in
the core stem cell genes. In the current work, we have shown
that Th22 cell-derived IL-22 activates STAT3, STAT3 binds to
PRC2 complex, removes H3K27me3 histone modification in the
promoters of p16 and p21, and consequently causes colon cancer
cell proliferation. Therefore, Th22 cells contribute to colon carci-
nogenesis through two distinct histone modification-associated
mechanisms.

High-levels of PCR2 components, EZH2, EED and SUZ12,
are linked to active oncogenic activities in several types of
human cancer.'*'® However, it is poorly understood how PRC2
components are regulated in the tumor microenvironment.
Genomic loss of microRNA101 and microRNA26a may be asso-
ciated with enhanced expression of EZH2.*’ Interestingly, we
have found that IL-22 strongly activate STAT3 in colon cancer
cells and stimulates the expression of PRC2 complex. Given
that IL-22 is derived from Th22 cells, the interaction between
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Figure 3. IL-22 induced colon cancer proliferation depends on H3K27me3, not H3K79me2. (A) Effect of IL-22 on PCR2 component expression in colon cancer cells. DLD-1
cells were cultured with IL-22 (20ng/mL) for 24 or 48 h. Expression of EZH2, EED, SUZ12 was detected by Western blotting. One of three experiments is shown. (B) Effect
of DZNep on IL-22-induced colon cancer cell proliferation. DLD-1 and C1, primary colon cancer cells were treated with IL-22 and EZH2 inhibitor DZNep for 24 h. Cell prolif-
eration was detected by H* thymidine incorporation. n = 4, p < 0.05. (C, D) Effect of shEZH2 and shSUZ12 on DLD-1 cell proliferation. DLD-1 cells were transfected with
control vector (scramble), shEZH2 (C) and shSUZ12 (D), and stimulated with IL-22 for 24 h. EZH2 expression was detected by Western blotting (left). Cell proliferation was
detected by H3 thymidine incorporation (right). n = 4, * p < 0.05. (E) Effect of shEZH2 and shSUZ12 on the expression of p16 and p21 in DLD-1 cells. DLD-1 cells were
transfected with control vector (scramble), shEZH2 and shSUZ12, and stimulated with IL-22 for 24 h. P16 and p21 expression was quantified by real-time PCR. n = 3,
p < 0.05. (F) Effect of IL-22 on the occupancies of H3K27me3 in the promoters of p16 and p21 in DLD-1 cells. DLD-1 cells were cultured with IL-22 for 24 h. The occupan-
cies of H3K27me3 in the promoters of p16 and p21 were determined by ChiP assays. n = 3, * p < 0.05.

Th22 cells and cancer cells activates oncogenic PRC2 gene
expression and consequently endows their oncogenic activities.
Thus, our observation has revealed a novel tumor immune eva-
sion mechanism whereby tumor cells recruit Th22 cells to form

a favorable niche for tumor stemness and proliferation.

We have previously shown that STAT3 regulates colon can-
cer invasion by EZH2 mediated-histone modification of Vita-
min D receptor.”® Now we have analyzed the ChIP sequencing
data and found that STAT3 has several binding sites in the pro-
moters of SUZ12 and EED. In support of this, STAT3 can
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Figure 4. IL-22 promoted STAT3 binding to the PRC2 promoters. (A) Activation of STAT3 by IL-22. Colon cancer cells were treated with IL-22 for different time points.
Phosphorylated STAT3 and STAT3 proteins were detected by immunoblotting. One of three experiments is shown. (B) Effect of shSTAT3 on IL-22-induced DLD-1 cell prolif-
eration. DLD-1 cells were transfected with control vector (scramble) or two vectors encoding shSTAT3, and stimulated with IL-22 for 24 h. Cell proliferation was detected
by H? thymidine incorporation. n = 3, p < 0.05. (C) Based on the ENCODE STAT3-ChIP-Seq data base, STAT3 occupancy on the promoter areas of SUZ12 and EED is shown.
(D, E) Effect of IL-22 on the occupancy of STAT3 in the promoters of PRC2 components in DLD-1 cells. DLD-1 cells expressing control vector or shSTAT3 were cultured with
IL-22 for 0.5 h. The occupancy of STAT3 in the promoters of SUZ12 (D) and EED (E) was determined by ChIP assays. n = 3, p < 0.05. (F) Scheme of the mode of action of

Th22 cells in colon cancer cell proliferation. Th22 cells release IL-22, activate STAT3, and STAT3 binds to the promoters of PRC2 components causing tumor cell prolifera-
tion via H3K27me3-mediated p16 and p21 repression.



directly bind to the promoter of SUZ12 and EED, regulating
their expression. Thus, we provide a new insight into the inter-
play between PRC2 and STATS3 in the context of Th22 (IL-22)
biology.

In summary, we have demonstrated that Th22 cell-derived
IL-22 activates STAT3, targets PRC2 to induce human colon
cancer cell proliferation via the H3K27me3 of cell cycle check-
point genes pl6 and p21, and stimulates DOT1L to promote
human colon cancer cell stemness via H3K79me2 of core stem
cell genes.”

Materials and methods
Cell culture

We prepared single cell suspension and established primary
colon cancer cell lines (C1, C2, C3) from fresh colon cancer tis-
sues.” CD4" T cells were enriched and subsequently sorted
from fresh colon cancer environmental single cell suspension.
DLD-1 cells were obtained from ATCC one month before start-
ing experiments. We didn’t do authentication. Primary colon
cancer cells and DLD-1 were cultured with the colon cancer
environmental CD4" T cells or with recombinant IL-22 (R&D)
20 ng/mL for different time points. Neutralizing anti-human
IL-22 was added in the culture as indicated. The PRC2 inhibitor
DZNep (5 uM) or DOTIL inhibitor EPZ004777 (10 M) was
added in the culture as indicated.

Lentiviral transduction

We used lentiviral vector encoding gene specific shRNAs
(STAT3, EZH2, SUZ12) and scramble particles (Puromycin
resistant) to transduce colon cancer cells and established stable
cell lines. The transduction efficiency was confirmed by vector
GFP expression and Western blotting.

Real-Time reverse-transcriptase polymerase chain reaction
(RT-PCR)

The mRNAs were quantified by real-time RT-PCR. Specific pri-
mers were included in the supplementary information
(Table S1). SYBR Green Master Mix was used to detect fluores-
cence. Relative expression was calculated according to the Ct
value with normalization to GAPDH.

Western blot

Western Blot assay was performed with specific antibodies
against human STAT3, phosphorylate STAT3 (Cell Signaling),
EED, SUZ12(Santa Cruz biotechnology), EZH2 (Abcam),
H3K27me3 and H3K79me2 (Millipore).

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed according to the protocol (Upstate,
Millipore) as previously described.>* Crosslinking was per-
formed with 1% formaldehyde or 1% paraformaldehyde for
10 min. To enhance cell lysis, we ran the lysate through a 27 g
needle three times and flash froze it in -80°C. Sonication was
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then performed with the Misonix 4,000 water bath sonication
unit at 15% amplitude for 10 min. Protein/DNA complex was
precipitated by specific antibodies against H3K27me3 (Milli-
pore), STAT3 (Cell Signaling) and IgG control (Millipore).
Then DNA was purified using DNA Purification Kit (Qiagen).
ChIP-enriched chromatin was used for Real-Time PCR, relative
expression level is normalized to Input. Specific primers are
listed in supplementary information (Table S2).

Statistical analyses

Mann-Whitney U test or Student’s ¢ test was used in the statis-
tical analysis. p values less than 0.05 were considered signifi-
cant. Statistical analyses were done with SAS 9.3 software. Data
were shown as mean + SEM or mean =+ SD.
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