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Nuclear IL-33/SMAD signaling axis promotes cancer
development in chronic inflammation
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Abstract

Interleukin (IL)-33 cytokine plays a critical role in allergic diseases
and cancer. IL-33 also has a nuclear localization signal. However,
the nuclear function of IL-33 and its impact on cancer is unknown.
Here, we demonstrate that nuclear IL-33-mediated activation of
SMAD signaling pathway in epithelial cells is essential for cancer
development in chronic inflammation. Using RNA and ChIP
sequencing, we found that nuclear IL-33 repressed the expression
of an inhibitory SMAD, Smadé6, by interacting with its transcription
factor, RUNX2. IL-33 was highly expressed in the skin and pancre-
atic epithelial cells in chronic inflammation, leading to a markedly
repressed Smadé6 expression as well as dramatically upregulated p-
SMAD2/3 and p-SMAD1/5 in the epithelial cells. Blocking TGF-p/
SMAD signaling attenuated the IL-33-induced cell proliferation
in vitro and inhibited IL-33-dependent epidermal hyperplasia and
skin cancer development in vivo. IL-33 and SMAD signaling were
upregulated in human skin cancer, pancreatitis, and pancreatitis-
associated pancreatic cancer. Collectively, our findings reveal that
nuclear IL-33/SMAD signaling is a cell-autonomous tumor-promot-
ing axis in chronic inflammation, which can be targeted by small-
molecule inhibitors for cancer treatment and prevention.
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Introduction

Chronic inflammation and its associated tumor-promoting environ-
ment are the hallmarks of many cancer types (Grivennikov et al,
2010; Todoric et al, 2016). Cancer-associated chronic inflammation
contains immune cells and factors including regulatory T cells,
myeloid-derived suppressor cells, interleukin (IL)-10, and trans-
forming growth factor-beta (TGF-) that exclude antitumor cytotoxic
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immunity (Grivennikov et al, 2010; Todoric et al, 2016). Thus,
cancers that contain chronic inflammatory microenvironment are
resistant to conventional chemotherapies and novel immunothera-
pies including immune checkpoint blockade resulting in poor prog-
nosis (Brahmer et al, 2012; Johnson et al, 2017). To overcome this
challenge, new approaches to prevent and treat cancer in the
context of chronic inflammation are urgently needed.

IL-33 is an epithelium-derived cytokine that is upregulated early
on in cancer-prone chronic inflammation (Ameri et al, 2019). As a
member of the IL-1 family of cytokines, IL-33 is implicated in the
pathogenesis of allergic diseases by inducing a type 2 immune
response (Saenz et al, 2008; Sy & Siracusa, 2016; Wang et al, 2018).
In addition, IL-33 has been associated with pro- and antitumor func-
tions in cancer (Ameri et al, 2019; Moral et al, 2020). Upon cellular
stress, injury, or necrosis, IL-33 is rapidly released to “alarm” the
immune system (Molofsky et al, 2015). Secreted IL-33 binds to its
cognate receptor, interleukin-1 receptor-like 1 (IL1RL1), or suppres-
sor of tumorigenesis 2 (ST2 (also known as IL-1R4)), generating a
potent pro-inflammatory stimulus particularly in the context of
chronic inflammation (Kumar et al, 1995; Oshikawa et al, 2002;
Moussion et al, 2008). Notably, IL-33 protein also has a nuclear
localization signal and a homeodomain (helix—turn—helix-like motif)
that can bind to heterochromatin in the nucleus, similar to nuclear
proteins (Carriere et al, 2007; Ali et al, 2011). At baseline, IL-33
resides in the nucleus of the cells in which it is expressed. There-
fore, IL-33 may have a dual function in epithelial cancers, acting as
a cytokine when released from the cell and as a nuclear factor
within the cell with transcriptional regulatory properties.

TGF-B, bone morphogenetic protein (BMP), and SMAD signaling
pathway are involved in many cellular processes, including tumori-
genesis in chronic inflammation (Massague et al, 2000; Shi &
Massague, 2003; Grivennikov et al, 2010; Massague, 2012). TGF-B/
BMP ligands bind to their receptors on the cell surface and activate
SMAD2/3 or SMAD1/5 proteins through phosphorylation, followed
by their translocation into the nucleolus by Co-SMAD (SMAD4;
Massague et al, 2005). SMADG6/7 are inhibitory SMADs (I-SMAD)
that either block SMAD4 binding to other SMAD proteins or inacti-
vate TGF-/BMP receptor serine/threonine kinases (Imamura et al,
1997; Massague et al, 2005). SMAD6 can block TGF-/BMP-
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mediated tumorigenesis and is associated with an increased survival
rate among patients with squamous cell carcinoma (SCC) (Mangone
et al, 2010). TGF-B/BMP signaling is highly upregulated in pancre-
atic ductal adenocarcinoma (PDAC; Bardeesy et al, 2006), which
commonly arises in the context of chronic pancreatitis and is char-
acterized by rapid progression and profound resistance to
immunotherapy (Melzer et al, 2017; Shen et al, 2017). Thus, block-
ing TGF-B/BMP/SMAD signaling may provide an effective strategy
to suppress carcinogenesis in chronic inflammation.

Herein, we demonstrate that IL-33 induces a tumor-promoting
environment in chronic inflammation of skin and pancreas indepen-
dent of its cytokine function. IL-33 was highly expressed and local-
ized in the nuclei of skin and pancreatic epithelial cells in chronic
inflammation. Nuclear IL-33 repressed Smad6 gene expression by
blocking the transcription activity of RUNX2, which led to highly
phosphorylated SMAD2/3 (p-SMAD2/3) and p-SMAD1/5. TGF-B/
SMAD signaling pathway activation was required for IL-33-induced
cell proliferation and tumor development. Furthermore, we demon-
strated that upregulated IL-33 and SMAD signaling were associated
with skin cancer, pancreatitis, and pancreatitis-associated PDAC in
humans. We conclude that nuclear IL-33/SMAD signaling creates a
cell-autonomous axis essential for tumor promotion in chronic
inflammatory conditions of the skin and pancreas.

Results

IL-33 promotes tumor development in chronic skin inflammation
independent of ST2

To elucidate the impact of IL-33 on cancer development in chronic
inflammation, we subjected II33 knockout (IL-33imib/mib op 1
33%0), 11111 knockout (ST2X9), and wild-type (WT) mice to an
established model of colitis-induced colorectal cancer. Mice received
five treatment cycles of intraperitoneal injection with azoxymethane
(AOM) followed by a colitis-causing agent, dextran sodium sulfate
(DSS), added to the drinking water over 5 days (Appendix Fig S1A).
IL-33%° and ST2X° mice developed fewer and smaller colorectal
tumors compared with WT mice (Fig 1A and B). Moreover, crypt
architecture was better preserved in both IL-33%© and ST2XC
compared with the WT colon (Fig 1C). Colitis-induced shortening of
the colon length was significantly attenuated in ST2X° compared
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with WT mice (Appendix Fig S1B). Next, we examined the impact
of IL-33 on tumor promotion in the context of chronic skin
inflammation (Ameri et al, 2019). IL-33X°, ST2X°, and WT mice
were treated with 7,12-dimethylbenz(a)anthracene (DMBA, a
carcinogen) once followed by 2,4-Dinitro-1-fluorobenzene (DNFB, a
contact allergen) in acetone on the back skin three times a week for
30 weeks (Appendix Fig S1C; Ameri et al, 2019). Although IL-33%°
mice were protected from DMBA-DNFB-induced skin carcinogenesis
(Ameri et al, 2019), ST2X° mice developed large skin tumors similar
to WT mice (Fig 1D-F). In addition, there was no difference
between ST2X® and WT mice in skin tumor onset and the number
of tumors that developed over time, while IL-33%0 showed signifi-
cantly delayed tumor onset and fewer tumors compared with ST2K
and WT mice over time (Appendix Fig S1D and E). To determine
the reason for the discordant skin cancer yet concordant colorectal
cancer outcomes between IL-33%C and ST2X° mice, we examined
the cellular source of IL-33 in the inflamed skin versus colon tissue.
Topical DNFB treatment led to significantly elevated IL-33 levels
localized in the nuclei of keratinocytes, which are cancer forming
cells in the skin (Fig 1G and H, and Appendix Fig S1F). In stark
contrast, IL-33 was mostly overexpressed by stromal cells, but not
colon epithelial cells, in AOM/DSS-induced colitis (Fig 1I and J, and
Appendix Fig S1F). These findings suggest that IL-33 acts as a
nuclear protein in skin cancer development independent of its
receptor, ST2, while it acts as a cytokine to promote colorectal
cancer in an ST2-dependent manner.

Nuclear IL-33 suppresses Smad6 expression via interaction
with RUNX2

To investigate the nuclear function of IL-33 in chronic inflammation,
we performed RNA sequencing on the epidermal keratinocytes
isolated from the back skin of IL-33%C and WT mice treated with
DNFB for 22 days (Appendix Fig S2A and B) (Ameri et al, 2019).
203 genes showed differential expressions in IL-33%° compared with
WT epidermal keratinocytes, which belonged to several develop-
mental pathways (Fig 2A, Appendix Fig S2C and D, and
Appendix Table S1). Interestingly, IL-33%° showed negative regula-
tion of the TGF-B/BMP signaling pathway and restricted SMAD
proteins phosphorylation by Gene Set Enrichment Analysis (GSEA,
Appendix Fig S2E-G). To further examine the nuclear function of
IL-33, we generated IL-33 full length and IL-33 cytokine domain

IL-33 promotes skin cancer development in an ST2-independent manner.

A-C Colorectal tumor outcomes in WT (n = 7), IL-33C (n = 4), and ST2%° (n = 3) mice at the completion of the AOM/DSS carcinogenesis protocol. (A) Tumor volumes at
the endpoint (each dot represents a tumor, mice with no tumor are marked as zero), (B) representative images of the exposed colonic lumen (scale bar: 1 cm), and
(C) representative images of H&E-stained distal colon in each group (scale bar: 100 pum).

D-F Skin tumor outcomes in WT (n = 7), IL-33C (n = 6), and ST2*° (n = 7) mice at the completion of the DMBA/DNFB carcinogenesis protocol. (D) Tumor volumes at
the endpoint (each dot represents a tumor, mice with no tumor are marked as zero), (E) representative images of the back skin (yellow circles highlight the skin
tumors, scale bar: 1 c¢m), and (F) representative images of H&E-stained back skin of the mice in each group (scale bar: 100 um).

G Representative images of IL-33 immunostaining on WT skin treated with DNFB or acetone control. Arrows in the inset highlight IL-33" nuclei in epidermal

keratinocytes (scale bar: 100 um).

H Quantification of nuclear IL-33" epidermal and dermal cells in the DNFB- versus acetone-treated WT skin. Dots represent cell counts from three randomly selected

high power field (HPF) images per sample (n = 5 per group).

| Representative images of IL-33 immunostaining on WT colon at the completion of the AOM/DSS carcinogen protocol compared with no treatment control. Arrows
in the inset point to I1L-33" stromal cells and arrowheads point to lack of IL-33 nuclear stain in colonic epithelial cells (scale bar: 100 pum).
J Quantification of nuclear IL-33" epithelial and stromal cells of colon treated with AOM/DSS versus no treatment. Dots represent cell counts from three randomly

selected HPF images per sample (n = 4 per group).

Data information: Graphs show mean + SD, unpaired t-test.
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only constructs (Fig 2B and Appendix Fig S3A). IL-33 full length
localized into the nucleus while IL-33 cytokine domain localized in
the cytoplasm of a mouse keratinocyte cell line (Pam212,

Jong Ho Park et al

sequencing identified 2455 genes with differential peaks in IL-33 full
length compared with IL-33 cytokine domain expressing Pam212
cells (Fig 2B). By cross comparing the RNA-Seq and ChIP-Seq data,

Appendix Fig S3B). Chromatin immunoprecipitation (ChIP) we narrowed down the nuclear IL-33 candidate targets to 7 genes,
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Figure 2. Nuclear IL-33 blocks Smadé6 expression via interaction with RUNX2 transcription factor.

A Heatmap of differentially expressed genes between IL-33C (n = 3) and WT (n = 3) epidermis after topical treatment with DNFB. Representative genes in differentially
affected biological pathways are listed on the heatmap (the full list of differentially expressed genes is shown in Appendix Table S1).

B Schematic of IL-33 full length and IL-33 cytokine domain constructs (top). Venn diagram of differential genes shared between RNA-Seq and ChIP-Seq results (bottom).
For ChIP-Seq, Pam212 cells transfected with IL-33 full length versus IL-33 cytokine domain were compared. Any gene with a peak in HA-empty vector control was

excluded from the final analysis.

C RNA-Seq result of the seven differential genes shared between RNA-Seq and ChIP-Seq results. Significance analysis comparing the two groups was performed using

DESeq2 R package.

D 1133 and Smadé6 expression levels in DNFB-treated skin relative to acetone-treated controls (n = 9 in DNFB group, n = 7 in acetone group for /I33,n = 10 in DNFB

group, and n = 9 in acetone group for Smadé).

E Smad6 and Pdcd4 (negative control gene) expression levels upon IL-33 full length versus cytokine domain expression compared with HA-empty vector expression in

Pam212 cells (n = 4 in each group).

F Immunoblot for interaction between endogenous IL-33 and RUNX2. Lysate from PyMT and Pam212 cell lines were subjected to immunoprecipitation with an anti-IL-
33 antibody followed by immunoblot analysis. Immunoprecipitation with an anti-IgG antibody on an equal amount of PyMT lysate is shown as a negative control.

Data represent two independent experiments with similar results.

G Immunoblot for interaction between nuclear IL-33 and RUNX2. After Pam212 cells were transfected with IL-33 full length or cytokine domain for 24 h, cell lysates
were subjected to immunoprecipitation with anti-IL-33 antibody followed by immunoblot analysis.

H ChIP-gPCR assay for Smadé in the presence of IL-33 full length or cytokine domain using an anti-RUNX2 antibody. After Pam212 cells were transfected with IL-33 full
length or cytokine domain for 24 h, cell lysates were subjected to chromatin immunoprecipitation with anti-RUNX2 antibody and eluted RUNX2-bound chromatin
was used for gPCR with primers against Smadé promoter region. Anti-IgG ChIP-gPCR results are shown as negative controls (n = 4 per group).

Data information: GAPDH is used as the control housekeeping protein in (F) and (G). Graphs show mean + SD, NS: not significant, unpaired t-test.

Source data are available online for this figure.

all of which showed increased expression upon IL-33 loss in the skin
keratinocytes (Fig 2B and C, Appendix Fig S3C). Among these
genes, we focused on Smad6 because the DNFB-treated IL-33%0
epidermis showed downregulation of the SMAD signaling pathway
compared with WT by GSEA. IL-33 full length, but not IL-33 cyto-
kine domain, bound to Smad6 regulatory region (Appendix Fig
S3C). To verify that Smad6 was a target of IL-33, we performed
gPCR on the skin of WT mice treated with DNFB versus acetone
(carrier control). 133 was highly increased and Smad6 was mark-
edly decreased in DNFB-treated skin compared with acetone-treated
controls (Fig 2D). Importantly, the IL-33 full length, but not cyto-
kine domain, suppressed Smad6 expression in Pam212 cells
compared with HA-empty vector control (Fig 2E and Appendix Fig
S3A). Neither IL-33 full length nor cytokine domain impacted the
expression of a control gene, Pdcd4, in Pam212 cells (Fig 2E). To
determine the mechanism by which IL-33 repressed Smad6 expres-
sion, we examined whether nuclear IL-33 interacted with the Smad6
transcription factor, RUNX2 (Wang et al, 2007). Immunoprecipita-
tion of endogenous nuclear IL-33, which was highly expressed in a
breast cancer cell line (PyMT), revealed a strong binding between
IL-33 and endogenous RUNX2 (Fig 2F). Overexpression of IL-33 full
length or cytokine domain in Pam212 cells revealed that IL-33 full
length, but not cytokine domain, bound to RUNX2 (Fig 2G).
Furthermore, IL-33 full length, compared with IL-33 cytokine
domain, decreased the binding of RUNX2 to the Smad6 promoter
region (Fig 2H). Consistent with these findings, RUNX2 target genes
were highly expressed in IL-33%° compared with WT epidermis
treated with DNFB (Appendix Fig S3D). These results indicate that
nuclear IL-33 regulates Smad6 expression via its interaction with
RUNX2.

Nuclear IL-33 induces epithelial cell proliferation via TGF-$/SMAD
signaling pathway

As SMADG is an inhibitory SMAD protein, we examined whether
IL-33 can suppress the TGF-B/SMAD signaling pathway. IL-33

© 2021 The Authors

induction in DNFB-treated WT skin (Figs 1G, H and 2D) was
accompanied by a reduction in SMAD6 protein and a marked
increase in phosphorylated SMAD2/3 (p-SMAD2/3) and p-
SMAD1/5 compared with acetone-treated WT skin (Fig 3A,
Appendix Fig S4A and B). Furthermore, SMADG6 levels were
restored and p-SMAD2/3 and p-SMAD1/5 were greatly reduced in
DNFB-treated IL-33%° compared with WT skin (Appendix Fig S4C
and D). In contrast, no IL-33-mediated regulation of SMAD
proteins was observed in the AOM/DSS-treated colon of [L-33K°
compared with WT mice (Appendix Fig S4E and F). These find-
ings demonstrate that nuclear IL-33 represses Smad6 expression
and activates SMAD signaling pathway when expressed by the
epithelial cells in inflamed tissue.

Next, we examined whether IL-33 can directly regulate TGF-B/
SMAD signaling within the epithelial cells using polyinosinic-poly-
cytidylic acid (poly (I:C)), a TLR3 agonist that can induce IL-33
and elicit an inflammatory response in epithelial cells (Polumuri
et al, 2012; Natarajan et al, 2016). Poly (I:C) treatment led to II33
induction and concomitant Smad6 repression in Pam212 cells
(Fig 3B). Poly (I:C) treatment led to increased IL-33 protein levels
in the nuclei of Pam212 cells (Appendix Fig S5A). Poly (I:C)-
induced endogenous IL-33 bound specifically to Smad6 gene regu-
latory region corresponding to a peak in our ChIP-Seq results
(Fig 3C and Appendix Fig S5B). We tested the impact of endoge-
nous IL-33 on RUNX2 binding to Smad6 promoter using siRNA
against IL-33 (sill33) to knock down IL-33 levels in Pam212 cells.
RUNX2 binding to Smad6 promoter was increased after IL-33
knockdown (Appendix Fig S5C). In contrast, IL-33 induction by
poly (I:C) led to a markedly reduced RUNX2 binding to Smad6
promoter, which was partially rescued by IL-33 knockdown in
poly (I:C)-treated cells (Appendix Fig SS5C). Accordingly, poly (I:
C) highly augmented the effect of TGF-f treatment on Pam212
cells as shown by increased p-SMAD2/3 levels even though
endogenous SMAD2/3 levels remained unchanged (Fig 3D and
Appendix Fig S5D). Importantly, poly (I:C)-induced p-SMAD2/3
upregulation was reversed when IL-33 was knocked down using

The EMBO journal 40: €106151[2021 5 of 16
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Figure 3. Nuclear IL-33 promotes cell proliferation by upregulating TGF-B/SMAD signaling pathway.

A
B
C

Immunoblot of p-SMAD2/3, p-SMAD1/5, SMAD6, SMAD2/3, and SMADL1 proteins in DNFB- versus acetone-treated WT skin (n = 4 in each group).

Quantitative PCR (qPCR) of //33 and Smadé mRNA in Pam212 cells treated with poly (I:C) or PBS (carrier control, n = 4 in each group).

ChIP-gPCR assay for Smadé in the presence of poly (I:C) or PBS using an anti-IL-33 antibody. After Pam212 cells were transfected with poly (I:C) for 24 h, cell lysates
were subjected to chromatin immunoprecipitation with anti-IL-33 antibody and eluted IL-33-bound chromatin was used for gPCR with Smad6 regulatory peak region
(63,968k) primers and Smadé no peak region (63,955k) primers (n = 4 in each group).

Immunoblot of p-SMAD2/3 and SMAD2/3 proteins in response to TGF-B and poly (I:C) treatment. Pam212 cells were treated with poly (I:C) or PBS followed by

The EMBO Journal

incubation with and without TGF-B (5nM). Data represent three independent experiments with similar results.
E Immunoblot of p-SMAD2/3 and SMAD2/3 proteins in response to TGF-f + poly (I:C) after knocking down of IL-33. Pam212 cells were transfected with sill33
knockdown construct or siRNA control (siCon) for 30 h followed by incubation with poly (I:C) and TGF-P. Data represent three independent experiments with similar

results.

F Immunoblot of p-SMAD2/3 and SMAD2/3 proteins upon the expression of IL-33 full length or cytokine domain. Pam212 cells were transfected with IL-33 full length or
cytokine domain for 24 h followed by incubation with and without TGF-p. Data represent three independent experiments with similar results.
G Impact of IL-33 knockdown on cell proliferation in response to TGF-B. Pam212 cells were treated with sill33 or siCon followed by TGF-f3 treatment (n = 7 in each

group).

H Impact of IL-33 knockdown and SB431542 treatment on cell proliferation. Pam212 cells were treated with sill33 or siCon in combination with SB431542 or DMSO

(carrier control, n = 7 in each group).

| Representative images of H&E- and Ki67-stained back skin of IL-33C

and WT mice treated with 22-day DNFB protocol in combination with SB431542 or acetone

(carrier control). Note the epidermal thickness, keratinocytes proliferation, and dermal inflammation in each group (scale bars: 100 pm).
] The epidermal thickness of DNFB-treated IL-33C and WT skin after treatment with SB431542 or acetone. Each dot represents the average of three measurements in
an HPF image. 10 random HPF images per skin sample are included (n = 10 for WT with acetone, n = 8 for WT with SB431542, n = 6 for IL-33C with acetone, n = 5

for 1L-33C with SB431542 per group).

Data information: GAPDH is used as the control housekeeping protein in (A, D-F). Graphs show mean + SD, NS: not significant, unpaired t-test.

Source data are available online for this figure.

sill33 (Fig 3E and Appendix Fig SSE). The overexpression of IL-33
full length, but not cytokine domain, in TGF-f-treated Pam212
cells increased p-SMAD2/3 levels (Fig 3F and Appendix Fig SSF).
These data demonstrate that nuclear IL-33 promotes TGF-B/SMAD
signaling within the epithelial cells.

TGF-B/SMAD signaling pathway can promote cell proliferation
(Zhang et al, 2017a). Therefore, we examined whether IL-33 regu-
lates the TGF-B/SMAD signaling effect on epithelial cell prolifera-
tion. Knocking down the endogenous IL-33 levels in TGF-B-treated
Pam212 cells resulted in a significant reduction in cell proliferation
compared with TGF-f plus control siRNA-treated group (Fig 3G and
Appendix Fig S6A). Endogenous TGF-f3 expression in Pam212 cells
was not affected by knocking down IL-33 (Appendix Fig S6B). Treat-
ment of Pam212 cells with SB431542, an inhibitor of TGF-} receptor
(Hjelmeland et al, 2004; James et al, 2010), significantly reduced
Ki67" proliferating cells (Appendix Fig S6C and D). SB431542 treat-
ment reduced Pam212 cell proliferation to the same degree as
knocking down IL-33 (Fig 3H). Importantly, knocking down IL-33
in Pam212 cells that were treated with SB431542 did not further
reduce cell proliferation (Fig 3H). These results indicate that IL-33
regulates cell proliferation via TGF-B/SMAD signaling pathway. To
investigate the interplay of IL-33 and TGF-B/SMAD signaling in
promoting cell proliferation in vivo, WT and IL-33%° mice were
treated with DNFB plus either SB431542 (test) or acetone (control)
for 22 days. DNFB-induced epidermal hyperplasia and keratinocyte
proliferation in WT mice was significantly attenuated in IL-33%°
mice (Fig 31 and J) (Ameri et al, 2019). However, no change in
epidermal keratinocyte apoptosis was observed (Appendix Fig S6E).
SB431542 treatment markedly decreased the epidermal hyperplasia
and keratinocyte proliferation in DNFB-treated WT mice (Fig 3I and
J). However, SB431542 treatment had no impact on the epidermal
hyperplasia or keratinocyte proliferation in DNFB-treated IL-33%°
mice (Fig 3I and J). These findings demonstrate that nuclear IL-33
promotes epithelial cell proliferation via TGF-B/SMAD signaling
pathway.

© 2021 The Authors

Nuclear IL-33/SMAD signaling pathway promotes
skin carcinogenesis

To examine the specific impact of nuclear IL-33/SMAD signaling on
skin cancer, we used the standard skin carcinogenesis protocol in
which mice were treated with one dose of DMBA followed by topi-
cal application of 12-O-tetradecanoylphorbol-13-acetate (TPA) three
times a week for 30 weeks (Appendix Fig S7A). TPA treatment
caused a significantly less IL-33 induction in the skin compared with
DNFB treatment (Appendix Fig S7B). Considering the low levels of
nuclear IL-33 in WT skin keratinocytes (Fig 4A), blocking the TGF-
B/SMAD signaling pathway by SB431542 over the 30-week DMBA/
TPA treatment had no significant impact on skin tumor onset, tumor
numbers over time, or endpoint tumor volumes in WT mice
(Fig 4B-D and Appendix Fig S7C). To study the impact of TGF-B/
SMAD signaling on skin cancer development in the presence of
increased nuclear IL-33 while excluding IL-33 cytokine function, we
generated K14-I1L33'€,ST2X° mice that overexpressed IL-33 specifi-
cally in their skin keratinocytes but lacked IL-33 cytokine receptor
(ST2) on all their cells (Fig 4E). K14-I1L33'8,ST2%° mice treated with
SB431542 showed markedly increased tumor latency and developed
significantly fewer skin tumors compared with acetone-treated mice
in response to DMBA/TPA treatment (Fig 4F and G). Moreover, skin
tumors that developed in K14-IL33'8,ST2XC mice treated with
DMBA/TPA and SB431542 were smaller than those developed in
DMBA/TPA-treated  K14-1L33'8,5T2X°  controls (Fig 4H and
Appendix Fig S7C). SB431542 treatment reduced the number of
p-SMAD2/3" and Ki67" epidermal keratinocytes without impacting
apoptosis in DMBA/TPA-treated K14-1L33'8,ST2X° skin compared
with the acetone-treated controls (Appendix Fig S7D and E). Consis-
tent with the specific requirement for TGF-B/SMAD signaling in
K14-1L33'%,ST2X° skin tumor promotion, DMBA/TPA-treated K14-
IL33'8,ST2XO skin had higher expression of both p-SMAD2/3 and
p-SMAD1/5 and lower expression of SMAD6 compared with WT
mice (Fig 41 and Appendix Fig 8A). These results demonstrate that

The EMBO Journal 40: 10615112021 7 of 16



The EMBO Journal

Jong Ho Park et al

A B c P=07197
WT skin — WT + acetone -®- WT + acetone 0037 '/
— WT + SB431542 @ WT + SB431542 ‘g o o
: 251007 . £
. X o
: . - 0.02 1
1‘_ : ) €4 NS GEJ 9
¢ Q S 5 o
E 8 31 )
2 @ 50 c >
? o} G ,. — 0011
— = £ o
- 5 =P §
£ 1 [
e : | 0.00-
10 15 20 25 30 14 16 18 20 22 24 26 28 30 P
Weeks Weeks R
E F t KO G t KO H
K14-1L33'9,5T2%0 skin — K14-1L3319,ST2 -®- K14-IL339,ST2
+ acetone + acetone 0.010 P =00136
Ry — K14-IL3319,ST2KO @ K14-1L33!9,ST2KO o 2?
oy g =
g 100 —-2B431542 *SBA3542 50002 € 0.008 -
N ey X o
el % l N 8 € M £ 0006
2% R E o 2
Al ® 50 et > 0.004 - )
= — 9 o 2] [
g 5 P =0.0007 E g
LB > 3 Sy 9 =9 2 1 € 0.002-
W AN % ~
RS % 5 20 % 14 16 18 20 22 24 26 28 30 0095
» n g’ﬂrﬁ\\(\oX%%
™ 3 Weeks Weeks %,gg, 6{?,
- et ’\\, R
S, b(,\\55’5
W
' J Human skin
WT K14-IL33!9,ST2K0 Normal SCC
kba 1 2 3 4 5 6 7 8 9 10
50 <pSMAD23
o| . !_!.44 p-SMAD1/5 2
B[ 50fwm o - _|«swabs
-(% so M S S <«SMAD23
SO A I 0 0 4 |« SMADT a
7| MM e e w/«cAPDH |
7 :
al. 3

Figure 4. Nuclear IL-33/SMAD signaling promotes skin cancer development.

A Representative images of IL-33 immunostaining on WT skin. Inset highlights the IL-33-negative nuclei in the epidermis (scale bar: 100 pum).

B-D Skin tumor outcomes in WT mice treated with DMBA/TPA carcinogenesis protocol in combination with SB431542 (test, n = 9) or acetone (carrier control, n = 5). (B)

Tumor latency (log-rank test), (C) skin tumor counts per mouse over time, and (D) skin tumor volume at the completion of the DMBA/TPA carcinogenesis protocol.

Representative images of IL-33 immunostaining on K14-1133',ST2° skin. Inset highlights the IL-33-positive nuclei in the epidermis (scale bar: 100 pm).

Skin tumor outcomes in K14-1133',5T2° mice treated with DMBA/TPA carcinogenesis protocol in combination with SB431542 (test, n = 6) or acetone (control,

n = 5). (F) Tumor latency (log-rank test), (G) skin tumor counts per mouse over time, and (H) skin tumor volume at the completion of the DMBA/TPA carcinogenesis

protocol.

| SMAD signaling proteins levels in WT and K14-1L33'€ ST2° skin treated with acetone (control) at the completion of the DMBA/TPA carcinogenesis protocol. Tissue
lysates prepared from the whole back skin of the animals were subjected to immunoblot with p-SMAD2/3, p-SMAD1/5, SMAD6, SMAD2/3, and SMAD1 antibodies.
GAPDH is used as the control housekeeping protein (n = 5 in each group).

J Representative images of I1L-33 and p-SMAD2/3 immunostaining on the adjacent sections of human squamous cell carcinoma (SCC) and normal skin (scale bar:
100 pm).

Data information: Graphs show mean + SD, NS: not significant, unpaired t-test.

Source data are available online for this figure.
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Figure 5. Nuclear IL-33 promotes pancreatic cancer development.

Jong Ho Park et al

A Representative images of IL-33 and p-SMAD2/3 immunostaining on WT pancreas treated with caerulein or PBS (carrier control) to induce chronic pancreatitis

(scale bar: 100 um).

B 1133 and Smad6 mRNA levels in caerulein-treated WT pancreas compared with PBS-treated controls at the completion of chronic pancreatitis protocol (n = 8 in
caerulein and n = 9 in PBS group for /133, n = 9 in caerulein and n = 10 in PBS group for Smadé, unpaired t-test).
C Immunoblot for p-SMAD2/3, p-SMAD1/5, SMAD6, SMAD2/3, and SMADL1 proteins in lysates from caerulein (n = 3)- and PBS (n = 4)-treated WT pancreas. GAPDH is

used as the control housekeeping protein.

D  Pancreatic tumor-free survival of WT (n = 4), IL-33%° (n = 5), and ST2° (n = 6) mice at the completion of the DMBA/caerulein carcinogenesis protocol (log-rank

test).

E Representative H&E images of two pancreatic tissues from WT, IL-33%°, and ST2XC groups treated with DMBA/caerulein (scale bar: 100 pm).
F Representative images of IL-33 and p-SMAD2/3 immunostaining on adjacent sections of matched normal pancreas, chronic pancreatitis, and PDAC collected from

pancreatic cancer patients (scale bar: 2100 um).

G, H Quantification of nuclear (G) IL-33" and (H) p-SMAD2/3" epithelial cells per HPF in the matched human pancreatic tissues. Each dot represents the average cell
counts across three randomly selected HPF images per sample (n = 18 patients, paired t-test).
| Correlation between IL-33" and p-SMAD2/3" epithelial cell counts across normal pancreas, chronic pancreatitis, and PDAC samples (n = 54 matched samples from

18 patients, t-test for the Pearson correlation coefficient).

Data information: Graphs show mean + SD.
Source data are available online for this figure.

IL-33 induction promotes skin cancer development via the TGF-f/
SMAD signaling pathway. To determine whether IL-33/SMAD
signaling was also active in human skin cancer, we examined IL-33
and p-SMAD2/3 protein levels in human skin cancer versus normal
tissues. Consistent with our findings in mice, IL-33 and p-SMAD2/3
were significantly upregulated in the nuclei of human cutaneous
squamous cell carcinoma (SCC) cells compared with normal skin
keratinocytes (Fig 4J and Appendix Fig S8B and C).

Nuclear IL-33 promotes pancreatic cancer development in
chronic pancreatitis

To extend our findings to other epithelial cancers affected by
chronic inflammation, we investigated the role of nuclear IL-33 in
pancreatic cancer. Chronic pancreatitis is a common risk factor for
developing pancreatic cancer (Bansal & Sonnenberg, 1995; Guerra
et al, 2007). To examine the expression and localization of IL-33 in
cancer-prone chronic pancreatitis, we treated WT mice with
intraperitoneal injections of caerulein in phosphate-buffered saline
(PBS) or PBS alone hourly for 6 h per day, three days per week for
4 weeks (Appendix Fig S9A) (Lin et al, 2014). Caerulein treatment
led to the development of chronic pancreatitis and a significant
upregulation of IL-33 in the WT pancreas (Appendix Fig S9B and C).
IL-33 and p-SMAD2/3 were highly increased in the nuclei of pancre-
atic acinar cells in caerulein compared with PBS-treated WT mice
(Fig 5A). Consistent with the nuclear function of IL-33 in epithelial
cells, 1133 upregulation associated with a marked reduction in
Smad6 expression in caerulein compared with the PBS-treated
pancreas (Fig 5B). Furthermore, p-SMAD2/3 and p-SMAD1/5 were
increased and SMAD6 was decreased in caerulein compared with
PBS-treated pancreas (Fig 5C and Appendix Fig S9D). These results
suggest that nuclear IL-33 via the induction of TGF-/SMAD signal-
ing may promote the transformation of pancreatic acinar cells to
PDAC in the context of chronic pancreatitis.

To examine the impact of nuclear IL-33 on pancreatic cancer
development in chronic pancreatitis, IL-33%°, ST2X°, and WT mice
received an intrapancreatic injection of DMBA followed by intraperi-
toneal injections of caerulein once a day, three-time a week for
25 weeks (Appendix Fig S9E; Guerra et al, 2007; Scarlett et al,
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2011). DMBA/caerulein-treated WT mice developed PDAC while IL-
33%9 mice only showed mild pancreatitis with no pancreatic cancer
detectable at the completion of the 25-week DMBA/caerulein treat-
ment (Fig 5D and E, and Appendix Fig S9F). DMBA/caerulein treat-
ment caused severe pancreatitis in ST2XO mice, which led to their
early demise compared with IL-33%° animals (Fig 5D). Post-mortem
analysis revealed severe fibrotic tumors in the pancreas of ST2X°
mice (Fig SE and Appendix Fig S9F). To determine whether IL-33/
SMAD signaling is active in pancreatitis-associated PDAC in
humans, we examined IL-33 and p-SMAD2/3 expression in the
nuclei of the epithelial cells across 18 matched samples of the
normal pancreas, pancreatitis, and pancreatitis-associated PDAC. IL-
33 and p-SMAD2/3 were highly expressed in the epithelial cells in
pancreatitis and pancreatitis-associated PDAC samples (Fig 5F-H).
Moreover, the number of IL-33" epithelial cells was positively corre-
lated with the number of p-SMAD2/3" epithelial cells across the
samples (Fig 5I). Collectively, these outcomes demonstrate that the
nuclear IL-33/SMAD signaling axis promotes cancer development in
the context of chronic inflammation in the skin and pancreas.

Discussion

Our findings reveal that IL-33 has a tumor-promoting role as a
nuclear protein, which is independent of its cytokine function.
Nuclear IL-33 binds transcription factor RUNX2 thereby preventing
RUNX2 from binding to Smad6 promoter. By suppressing Smad6
expression, nuclear IL-33 elevates p-SMAD2/3 and p-SMAD1/5
levels in the skin and pancreatic epithelial cells during chronic
inflammation. The IL-33-dependent activation of the TGF-B/SMAD
signaling pathway accelerates epithelial cell proliferation and contri-
butes to cancer development in chronic inflammation. Therefore,
blocking the nuclear IL-33/SMAD signaling axis with small molecule
inhibitors is a novel strategy for cancer treatment and prevention,
which can impact a large array of malignancies with increased IL-33
and SMAD signaling within the cancer cells.

Previous studies have shown that IL-33 can act as a transcrip-
tional repressor by inhibiting NF-«B protein and thereby dampening
its transcription activity in vitro and function as histone

© 2021 The Authors
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methyltransferase in endothelial cells (Carriere et al, 2007; Ali et al,
2011). In addition, the cell-intrinsic role of IL-33 in regulatory T cells
is found to be essential for their suppressive function in the tumor
microenvironment (Hatzioannou et al, 2020). However, IL-33 is
mostly known as an epithelium-derived alarmin cytokine in allergic
diseases and cancer (He et al, 2017; Chan et al, 2019). We demon-
strate that the N-terminal domain of IL-33, which interacts with
RUNX2, plays an essential role in nuclear IL-33’s regulation of the
SMAD signaling pathway. Thus, our discovery of IL-33 nuclear func-
tion in epithelial cells of skin and pancreas provides novel insights
into the pathogenesis of cancer and inflammation in these organs.
Ultimately, our work reveals that nuclear IL-33 functions to potenti-
ate TGF-B/SMAD signaling in epithelial cells by repressing Smadé6
expression via interaction with RUNX2. The novel cell-autonomous
effect of IL-33 in cancer cells suggests an innovative therapeutic
path to blocking cancer development in chronic inflammation by
targeting the IL-33/SMAD signaling axis with small molecules
instead of antibodies against IL-33 cytokine.

Our work provides a much-needed insight into the pathogenesis
of pancreatic cancer. It is well established that pancreatic cancer
arises in the context of chronic inflammation and contains a severely
immunosuppressive environment nonresponsive to immunothera-
peutics (Torphy et al, 2018). TGF-B/SMAD signaling is found to be
upregulated in PDAC (Perera & Bardeesy, 2015). This signaling path-
way can induce cell proliferation, angiogenesis, and epithelial-
mesenchymal transition (Jakowlew, 2006; Colak & Ten Dijke, 2017).
In addition, the inhibition of SMAD signaling reduces PD-L1 and PD-
L2 expression, which indicates the importance of this signaling path-
way in creating an immunosuppressive microenvironment (Martinez
et al, 2014). However, it is still unclear how this pathway is regulated
in pancreatic cancer. Our research provides a mechanism for this
upregulation by demonstrating that nuclear IL-33, which is induced
in the inflamed epithelia, promotes TGF-B/SMAD signaling within
the cancer cells. The majority of IL-33 and p-SMAD2/3 proteins are
localized in the nuclei of the pancreatic acinar cells in cancer-prone
chronic pancreatitis of mice and humans. Pancreatic acinar cells are
considered the prime origin of PDAC (Guerra et al, 2007). Therefore,
our findings suggest that the IL-33/SMAD signaling axis is involved
in the transformation of acinar cells into cancer cells that form in the
context of chronic pancreatitis.

Previous studies have provided conflicting views of IL-33’s role in
cancer development. The IL-33/ST2 axis has been shown to promote
intestinal tumorigenesis and metastasis of colorectal cancer, suggest-
ing that IL-33 plays a tumor-promoting role in the colon (Maywald
et al, 2015; He et al, 2017; Zhang et al, 2017b; Ameri et al, 2019).
However, these findings have been countered by evidence that IL-33
inhibits colorectal tumor growth, suggesting a tumor-suppressing
role instead (Malik et al, 2016; Chen et al, 2018). These studies have
focused on the cytokine function of IL-33. Based on our results, we
propose a need to distinguish the cellular source of IL-33 (epithelial
versus stromal) and its cell-autonomous versus cytokine function
across malignancies in which IL-33 has been implicated in order to
reconcile the divergent conclusions. Interestingly, a recent report
shows that IL-33/TGF-p cytokine loop between tumor-initiating cells
and macrophages promotes skin cancer progression (Taniguchi et al,
2020). Our findings suggest that nuclear IL-33 can further amplify
TGF-p signaling within the tumor-initiating cells. Ultimately, under-
standing the distinct contributions of nuclear versus secreted IL-33 is
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key to developing proper therapeutic strategies directed at IL-33 in
cancer and inflammatory diseases.

Materials and Methods
Human samples

De-identified slides of formalin-fixed paraffin-embedded human
tissue sections were obtained from the Department of Pathology at
Massachusetts General Hospital.

Animal studies

All mice were housed under pathogen-free conditions in an animal
facility at Massachusetts General Hospital in accordance with
animal care regulations. WT C57BL/6 mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). K14-IL33'® mice were
purchased from the Transgenic Inc. (Kobe, Japan). IL-33%° mice
were a gift from Dr. Marco Colonna, and ST2XC mice were a
gift from Dr. Peter Nigrovic. All mouse strains are on the
C57BL/6 background. Age- and gender-matched mice were used in
all experiments.

Skin chronic inflammation

Four- to six-week-old male and female mice were shaved on their
abdomen and sensitized to 50 pl 0.5% 1-Fluoro-2,4-dinitrobenzene
(DNFB, Millipore Sigma, St. Louis, MO, catalog no. 42085) dissolved
in acetone plus olive oil at a 3:1 ratio (refer to as acetone). Two days
after first sensitization, mice were re-sensitized to 50 pl 0.25%
DNFB on their abdomen. After 5 days, mice were challenged with
100 pl 0.25% DNFB on their back skin, which was repeated three
times per week for 22 days. The skin rash was monitored over the
duration of the study.

Skin carcinogenesis in chronic inflammation

For DMBA/DNFB carcinogenesis protocol (Ameri et al, 2019), four-
to six-week-old male and female mice were shaved on their
abdomen and sensitized to 50 pl 0.5% DNFB. Two days later, mice
were re-sensitized to 50 pul 0.25% DNFB on the abdomen. Five
days later, mice were treated with 100 pug 7,12-dimethylbenz(a)an-
thracene (DMBA, Millipore Sigma, catalog no. D3254) in 200 pl
acetone on their back skin. After a week, mice were challenged with
100 pl 0.25% DNFB on their back skin, which was continued three
times per week for 30 weeks at the dosage that maintained mild
erythematous dermatitis in WT mice. Skin rash and tumor develop-
ment were monitored and recorded weekly over the duration of the
study. For DMBA/TPA carcinogenesis protocol, mice were treated
with 6 ug 12-O-tetradecanoylphorbol-13-acetate (TPA, Millipore
Sigma, catalog no. P1585) in 200 pl acetone instead of DNFB in
DMBA/DNFB protocol without abdominal sensitization.

Skin treatment with SB431542

To inhibit the TGF-B/SMAD signaling pathway (Mordasky Markell
et al, 2010), mice were treated with 10 uM SB431542 (Millipore
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Sigma, catalog no. 301836-41-9) in 200 pl acetone or 200 pL acetone
alone to their back skin twice a week. SB431542/acetone treatments
were given in between TPA or DNFB doses.

Colitis-associated colorectal carcinogenesis

Mice were weighed and injected intraperitoneally with 10 mg/kg
Azoxymethane (AOM, Millipore Sigma, catalog no. A5486) in 100
uL PBS. One week later, they received a 2% dextran sodium sulfate
(DSS, Millipore Sigma, catalog no. 42867) solution in their drinking
water for 5 days. After DSS administration, drinking water was
changed to regular water for two weeks. This AOM/DSS protocol
was repeated for five cycles. Mice were harvested 20 weeks after
initial AOM injection.

Chronic pancreatitis

Mice were weighed and injected with 50 pg/kg caerulein (BACHEM,
Torrance, CA, catalog no. 4030451) in 100 pl of PBS intraperi-
toneally every hour for 6 h, three days per week for 4 weeks and
mice were harvested.

Pancreatic cancer in chronic pancreatitis

Mice were anesthetized with isoflurane, and the body and tail of the
pancreas were exposed through a right lateral subcostal incision in
the abdominal wall and exteriorization of the spleen. 1 mg DMBA in
50 pL PBS with 0.001% of the Tween-20 solution was injected into
the tail of the pancreas using a 25-G needle (Scarlett et al, 2011). The
spleen and pancreas were returned into the abdominal cavity, and the
peritoneum/muscle layers and skin were sutured and covered with
CURAD ointment and petrolatum gauze for a week. One week later,
mice were injected with 50 pg/kg caerulein in 100 pl of PBS once a
day, three days a week, until harvesting. Mice were monitored for any
sign of distress, weight loss, or palpable abdominal mass. Mice were
harvested 25 weeks after DMBA treatment.

Cell lines, plasmids, and transfection

Pam212 cells (Mouse keratinocyte cell line) were grown at 37°C in
DMEM (Thermo Fisher Scientific, Waltham, MA, catalog no.
11995065) supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific, catalog no. 26140079), 1X penicillin-streptomycin—
glutamine (Thermo Fisher Scientific, catalog no. 10378016), 1X
MEM non-essential amino acid solution (Thermo Fisher Scientific,
catalog no. 11140050), 1X HEPES (Thermo Fisher Scientific, catalog
no. 15630080), and 0.1% 2-Mercaptoethanol (Thermo Fisher Scien-
tific, catalog no. 21985023). PyMT cell lines (derived from a primary
breast tumor of MMTV-PyMT'® mouse on a C57BL/6 background)
were grown at 37°C in RPMI Medium 1640 (Thermo Fisher Scien-
tific, catalog no. 11875093) supplemented with 10% fetal bovine
serum, 1X penicillin—streptomycin-glutamine and 0.1% 2-Mercap-
toethanol. cDNAs for mouse IL-33 full length and IL-33 cytokine
domain were subcloned in pcDNA3.1-HA vector. Transfections of
plasmids or Poly (I:C) (Invivogen, San Diego, CA, catalog no. tlrl-
pic) in Pam212 cells were performed using Lipofectamine 2000
(Thermo Fisher Scientific, catalog no. 11668019) according to the
manufacturer’s instructions.
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Western blot

Cell lysates were prepared in LIPA buffer (Thermo Fisher Scien-
tific, catalog no. 89900) consisting of 1X protease inhibitor cock-
tail, EDTA-free (Thermo Fisher Scientific, catalog no. A32955).
Mice tissues were meshed and lysed by 0.1% Tween-20 (Millipore
Sigma, catalog no. P1379) in PBS. Mice tissues were frozen by
liquid nitrogen and thaw by incubation at 37°C for further lysis.
Cell lysates were sonicated for 20 s, and then, they were centrifu-
gated at 17,000 g. After checking the protein concentration of each
sample, the same amount of proteins was loaded into Mini-
PROTEIN TGX™ Gels (BIO-RAD, Hercules, CA, catalog no. 456-
1083 or 456-1086) with 1X Tris/Glycine/SDS buffer (BIO-RAD,
catalog no. 1610732). A few minutes later (according to protein
size), they were transferred to Immobilon—P membrane (Millipore
Sigma, catalog no. IPVH00010) with Transfer buffer (Boston
Bioproducts, Ashland, MA, catalog no. BP-190). Then, they were
incubated 3% bovine serum albumin (Thermo Fisher Scientific,
catalog no. BP1600) or 5% Skim milk (BD biosciences, San Jose,
CA, catalog no. 232100) in 1X Tris-Buffered Saline (Boston
Bioproducts, catalog no. BM301X) containing 0.1% Tween, called
TBS-T for 30 min. After the membrane was washed with TBS-T,
they were subjected to immunoblot with proper antibodies over-
night at 4°C. The following day, they were incubated with proper
secondary antibodies and were developed with Pierce ECL
Western blotting substrate kit (Thermo Fisher Scientific, catalog
no. 32106). First and secondary antibodies are found in
Appendix Table S2.

Western blot quantification

Western blot bands were quantified with cSeries Capture software
(Azure biosystem, Dublin, CA, catalog no. Azure 600). Each band
quantity was calculated by measuring band intensity minus the
background. Total proteins were normalized based on GAPDH
levels. p-SMAD2/3 and p-SMADI1/5 were normalized based on
endogenous SMAD2/3 and SMADI levels, respectively. Pictures of
full Western blot gels are provided as a source data file.

Immunoprecipitation

Cell lysates were prepared in buffer A consisting of 50 mM
Tris—HCl (pH 8.0), 150 mM NaCl, 0.5% NP-40 and 1X protease
inhibitor cocktail. After confirming the concentration of total
proteins, the cell lysates were incubated with IL-33 (Nessy-1)
overnight at 4°C and incubated with 30 ul of 50% slurry of
protein A-conjugated Sepharose (Cell Signaling Technology,
Danvers, MA, catalog no. 9863S) for the next 2 h. The samples
were precipitated, washed three times with buffer A containing
300 mM NaCl. Samples were added to 25 ul SDS sampling
buffer (Boston Bioproducts, catalog no. BP-111R) and boiled at
95°C for 10 min. Samples were subjected to SDS-PAGE followed
by immunoblot analysis.

RNA-Seq

IL-33%° and WT mice were treated with DNFB-induced skin
inflammation protocol (Appendix Fig S2A) and epidermis was
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isolated from the back skin. RNA was extracted using an RNeasy
micro kit (Qiagen, Hilden, Germany, catalog no. 74004) and quanti-
fied using Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA).
Libraries were prepared by Novogene (Sacramento, CA) using the
NEBNext Ultra RNA Library Prep kit for Illumina (New England
Biolabs, Ipswich, MA, catalog no. E7770). Sequencing was
performed by Novogene using the Illumina NovaSeq6000 System.
Reads were aligned to the mouse reference genome (mm10) using
STAR. Differential expression analysis was performed by Novogene
using the DESeq2R package. Each group includes three mice. Origi-
nal data are available in the NCBI Gene Expression Omnibus (GEO)
with accession number GSE149579 (RNA-Seq).

ChIP-qPCR assay

Pam212 cells that had been transfected with plasmids were fixed in
1% formaldehyde (Millipore Sigma, catalog no. F8775) for 10 min
and were washed by cold PBS. Cells were lysed with buffer
contained with 2.5% of glycerol, 50 mM HEPES (pH 7.5), 150 mM
NaCl, 0.5 mM EDTA, 0.5% NP-40, and 0.25% Triton X-100. After
centrifugation at 400 g, cell lysates were resuspended in buffer A
contained with 1 mM Tris-HCI (pH 7.9), 20 mM NaCl, and 0.5 mM
EDTA and incubated at room temperature for 10 min. Following the
second centrifugation at 400 g, cells were sonicated in sonication
buffer containing 10 mM HEPES, 1 mM EDTA, and 0.5% SDS for
30 min to achieve chromatin fragmentation. Following centrifuga-
tion at 16,200 g, proteins were immunoprecipitated with anti-
RUNX2 or anti-IL-33 antibody at 4°C overnight. The next day, the
samples were incubated with 30 ul 50% slurry of ChIP-Grade
Protein G agarose beads (Cell Signaling Technology, catalog no.
9007S) for 2 h. Samples were precipitated, washed three times with
wash buffer containing 20 mM Tris-HCl (pH 7.9), 10 mM NaCl,
2 mM EDTA, 0.1% SDS, and Triton X-100. After the last wash step,
samples were eluted with 100 pl of TE buffer contained with
100 mM Tris—HCl (pH 8), 1 mM EDTA, and 1% SDS three times.
De-crosslinking was performed by overnight incubation with 15 pl
of 3 M NaCl at 65°C. Precipitated DNA was purified by ChIP DNA
Clean & Concentrator (ZYMO research, Irvine, CA, catalog no.
D5205) and subjected to quantitative PCR.

ChiP-Seq

Mouse Pam212 cell line was transfected with HA-IL-33 full length or
HA-IL-33 cytokine domain or HA-empty vector. Transfections of
these vectors were performed using Lipofectamine 2000 according
to the manufacturer’s instructions. After 24 h, each cell lysate
underwent ChIP assay using anti-HA antibody and eluted DNA was
purified by ChIP DNA Clean & Concentrator to obtain 50 ng DNA
for each sample. Sequencing was performed by Novogene using the
[llumina NovaSeq6000 System. For the raw data which passed the
quality control, the adapter sequences and low-quality bases were
trimmed off to get clean data. The MACS2 software was used to
predict the fragment sizes of IP experiments. The fragment sizes
were used in the peak calling. MACS2 software (threshold q
value = 0.05) was used to perform peak calling and find the peak-
related genes (Zhang et al, 2008). Original data are available in the
NCBI Gene Expression Omnibus (GEO) with accession number
GSE149579 (ChIP-Seq).
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Histology, immunohistochemistry, and immunofluorescence

Tissue samples were collected and fixed in 4% paraformaldehyde
(Millipore Sigma, catalog no. P6148) overnight at 4°C. Next, tissues
were dehydrated in ethanol, processed, and embedded in paraffin.
S um sections paraffin-embedded tissues were placed on slides,
deparaffinized, and stained with H&E. For immunohistochemistry,
antigen retrieval was performed in 500 pl of antigen unmasking
solution (VECTOR Laboratories, Burlingame, CA, catalog no.
H3300) diluted in 50 ml water using Cuisinart pressure cooker for
20 min at high pressure. Slides were washed three times for 3 min
each in 1X TBS with 0.025% Triton X-100. Sections were blocked
with 1% bovine serum albumin (Thermo Fisher Scientific, catalog
no. BP1600) and 5% goat serum (Millipore Sigma, catalog no.
G9023) for 1 h. Slides were stained overnight at 4°C with a primary
antibody diluted in TBS containing 1% BSA (Appendix Table S2).
The following day, slides were washed as above and incubated in
100 pl biotinylated secondary antibody (VECTOR Laboratories, cata-
log no. PK-6200) for 30 min. After washing, slides were incubated
with 100 pl mixture of reagent A and B from VECTASTAIN Elite
ABC universal kit Peroxidase (VECTOR Laboratories, catalog no.
PK-6200) for 30 min. After washing, slides were incubated with
100 ul ImmPACT DAB chromogen stating (VECTOR Laboratories,
catalog no. SK-4105) for a few minutes. Finally, slides were dehy-
drated in ethanol and xylene and mounted with a coverslip using 3
drops of mounting media. For immunofluorescence staining, rehy-
drated tissue sections were permeated with 1XPBS supplemented
with 0.2% Triton X-100 for 5 min. Antigen retrieval was performed
similar to immunohistochemistry. Slides were washed three times
for 3 min each in 1XPBS with 0.1% Tween-20. Sections were
blocked with 1% bovine serum albumin and 5% goat serum for
1 h. The slides were stained overnight at 4°C with primary antibod-
ies (Appendix Table S2). The following day, slides were washed as
above and incubated for 2 h at room temperature with secondary
antibodies conjugated to fluorochromes (Appendix Table S2). Next,
slides were incubated with 1:2,000 DAPI (Thermo Fisher Scientific,
catalog no. D3571) for 5 min at room temperature, then washed as
above. Slides were mounted with Prolong Gold Antifade Reagent
(Thermo Fisher Scientific, catalog no. P36930). The number of posi-
tive cells was counted in randomly selected high power field (HPF,
200x magnification) images in a blinded manner by a trained inves-
tigator. Clinical samples were reviewed by a pathologist.

Quantitative PCR

Mouse dorsal skin samples were homogenized and lysed in RLT
lysis solution (QIAGEN, catalog no. 79216)/0.1% MeOH using Mini-
BeadBeater-8 (BioSpec Products, Inc., Bartlesville, OK). Total RNA
was extracted using an RNeasy micro kit and quantified using Nano-
Drop ND-1100 (NanoDrop Technologies, Wilmington, DE). cDNA
samples were synthesized from 1 pg of total RNA using Invitrogen
SuperScripts III Reverse Transcriptase (Thermo Fisher Scientific,
catalog no. 18080085). Expression levels of all cDNA samples were
determined with LightCycler 480 system (Roche Molecular Systems
Inc., Pleasanton, CA) using iTaq Universal SYBR green supermix
(Bio-Rad Laboratories, Hercules, CA, catalog no. 1725121) or
TagMan Universal Master Mix II (Thermo Fisher Scientific, catalog
no. 44-400-40). Primer sequences for SYBR green and TaqMan
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assays are listed in Appendix Table S2. Quantitative real-time PCR
for SYBR green analyses were performed in a final reaction volume
of 25 pl consisting of 5 pl of cDNA of the respective sample and
12.5 pl of SYBR green master mix mixed with the corresponding
primers (2 uM) for each gene. The TagMan analysis was performed
in a final reaction of 10 pl with 4.5 pl ¢cDNA and 5.5 pl TagMan
master mix and corresponding primers (20 uM). All assays were
conducted in triplicate and normalized to Gapdh expression.

PCR

DNA was isolated from mouse tissue using KAPA Express Extract
buffer and KAPA Express extract Enzyme from Mouse genotyping
kit (Kapa Biosystems Inc, Wilmington, MA, catalog no. KK7302).
After tissue lysis, PCR was performed with a 2X KAPA2G Fast geno-
typing mix from the same kit wusing primers listed in
Appendix Table S2.

Proliferation assay

Pam212 cells were transfected with sill33 (QIAGEN, catalog no.
S100870443) or siCon (QIAGEN, catalog no. 1022076) using Lipo-
fectamine RNAiMax Transfection reagent (Thermo Fisher Scien-
tific, catalog no. 13778075) according to the manufacturer’s
instructions. The following day, cells were divided into 96-well
plates with a serial dilution of cells. The next day, the cells were
treated with 5 nM of TGF-B (Cell Signaling Technology, catalog
no. 5231LF) or 10 uM of SB431542 for 3 h. After incubation,
the proliferation assay was performed by CellTiter 96 Non-radioac-
tive Cell proliferation assay (Promega, Madison, WI, catalog no.
G4001) according to the manufacturer’s instructions. O.D was
recorded as the measure of cell proliferation in each well. Absor-
bance (0.D) reading is directly proportional to the cell proliferation
in each well.

Nuclear extraction

Pam212 cell line was transfected with poly (I:C) using Lipofec-
tamine 2000 according to the manufacturer’s instructions. After 8 h,
cells were lysed using Nuclear Extraction Kit (Novus Biologicals,
Littleton, CO, catalog no. NBP2-29447). Briefly, cells were washed
with 1XPBS supplemented with PMSF (Novus biologicals, catalog
no. KC-407). Cells were centrifuged for 5 min at 100 g. Cell pellets
were resuspended in 1x cold hypotonic buffer (Novus biologicals,
catalog no. KC-401) and incubated on ice for 15 min. After adding
10 pl of the 10% detergent solution (Novus biologicals, catalog no.
KC-403), cell lysates were centrifuged 10 min at 17,000 g. The
supernatants were kept as a cytoplasmic fraction, and the cell pellets
were resuspended in 100 pl nuclear lysis buffer (Novus biologicals,
catalog no. KC-402). Lysates from the pellets were sonicated for a
few seconds and incubated for 10 min at 4°C. Then, lysates were
centrifuged at 17,000 g for 10 min. The supernatants were kept as
the nuclear fraction.

Statistical analysis

Unpaired t-test was used as the test of significance for tumor
volume, counts, epidermal thickness, count of nuclear protein
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staining, RNA and protein expression levels, and other quantita-
tive measurements. The log-rank test was used as the test of
significance for time to tumor onset outcomes. A paired t-test
was used for the comparison of IL-33" and pSMAD2/3" cell
counts, and t-test for the Pearson correlation coefficient was
used to determine significance in the correlation between IL-33"
and pSMAD2/3" counts across matched human pancreatic
samples. P-value < 0.05 is considered significant. Bar graphs
show mean + SD.

Study approval

Massachusetts General Hospital IRBs approved the analysis of de-
identified clinical samples. Massachusetts General Hospital IACUC
approved animal studies.

Data availability

The data that support the findings of this study are available from
the corresponding author upon reasonable request. RNA-Seq and
ChIP-Seq data have been deposited to the NCBI Gene Expression
Omnibus (GEO, accession number GSE149579; http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE149579).

Expanded View for this article is available online.
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