ORIGINAL RESEARCH

CELLULAR AND MOLECULAR
GASTROENTEROLOGY AND HEPATOLOGY

MUC1-mediated Macrophage Activation Promotes Colitis-

Check for
Updates

associated Colorectal Cancer via Activating the Interleukin-6/
Signal Transducer and Activator of Transcription 3 Axis

Yong H. Sheng,"* Julie M. Davies,>® Ran Wang,'® Kuan Yau Wong,' Rabina Giri,?
Yuanhao Yang,** Jakob Begun,? Timothy H. Florin,® Sumaira Z. Hasnain,' and

Michael A. McGuckin'>*

TImmunopathology Group, Mater Research Institute, The University of Queensland, Translational Research Institute,

Woolloongabba, Queensland, Australia; 2/nflammatory Bowel Diseases Group, Mater Research Institute, The University of
Queensland, Translational Research Institute, Woolloongabba, Queensland, Australia; 3Cognitive Health Genomics Group,
Mater Research Institute, The University of Queensland, Translational Research Institute, Woolloongabba, Queensland,
Australia; *Institute for Molecular Bioscience, University of Queensland, Queensland, Australia; and 5Faculty of Medicine

Dentistry and Health Sciences, University of Melbourne, Parkville, Victoria, Australia

W4 Aom/Dss
ETF & &2
2| |
[)
< | |
=
=
5 Macrophage ‘/
g infiltration/activation e
[ ] °o® [ ]
[ [ N )
E Immuno suppressive
IS factors such as IL-6 & ABcIXL
— (
IDO1 4Cyclin D1/
Suppression of T cell
proliferation and cytotoxic )
function T
# Damaged :
7 MUCT epithelial cells ) Macrophage

M4 Aom/DSS

Muc1
deficiency -

_/Invasive tumor %
growth N
Angiogenesis S

Bl

) Inhibiting
tumor growth

Activated

Macrophage [@! Tumor cell

CD8* T cell

SUMMARY

MUC1 cell surface mucin plays a pivotal role in colonic
inflammation-induced cancer development by facilitating
CCL2-mediated macrophage infiltration and modulating

macrophage function, promoting interleukin-6 production
and signal transducer and activator of transcription 3 acti-
vation and suppressing anti-tumor immunity, thereby pro-
moting colitis and colitis-associated cancer.

BACKGROUND & AIMS: MUC1 is abnormally expressed in
colorectal cancer, including colitis-associated colorectal cancer
(CAC), but its role in tumorigenesis is unclear. This study
investigated MUC1’s effects in murine models of colitis and CAC
and elucidated mechanisms of action.

METHODS: Colitis and CAC were induced in mice by exposure
to dextran sodium sulfate or azoxymethane plus dextran so-
dium sulphate. Clinical parameters, immune cell infiltration,
and tumor development were monitored throughout disease
progression. Experiments in knockout mice and bone marrow
chimeras were combined with an exploration of immune cell
abundance and function.

RESULTS: Deficiency of Mucl suppressed inflammation,
inhibited tumor progression, increased abundance of CD8* T
lymphocytes, and reduced abundance of macrophages in colon
tumors. Bone marrow chimeras showed promotion of CAC was
primarily mediated by Mucl-expressing hematopoietic cells,
and that MUC1 promoted a pro-tumoral immunosuppressive
macrophage phenotype within tumors. Mechanistic studies
revealed that Mucl deficiency remarkably reduced interleukin-
6 levels in the colonic tissues and tumors that was mainly


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2022.06.010&domain=pdf

790 Sheng et al

produced by infiltrating macrophages at day 21, 42, and 85. In
bone marrow-derived macrophages, MUC1 promoted respon-
siveness to chemoattractant and promoted activation into a
phenotype with high 16 and Ido1 expression, secreting factors
which inhibited CD8" T cell proliferation. MUC1 potently drives
macrophages to produce interleukin-6, which in turn drives a
pro-tumorigenic activation of signal transducer and activator of
transcription 3 in colon epithelial tumor and stromal cells, ul-
timately increasing the occurrence and development of CAC.

CONCLUSIONS: Our findings provide cellular and molecular
mechanisms for the pro-tumorigenic functions of MUC1 in the
inflamed colon. Therapeutic strategies to inhibit MUC1 signal
transduction warrant consideration for the prevention or
therapy of CAC. (Cell Mol Gastroenterol Hepatol
2022;14:789-811; https://doi.org/10.1016/jjcmgh.2022.06.010)

Keywords: Colitis-associated Colorectal Cancer; IL-6; Inflam-
mation; Macrophages; MUC1.

hronic inflammation is a significant risk factor for
cancer initiation and progression in the colon.' Pa-
tients with ulcerative colitis (UC) with long-term uncon-
trolled inflammation are at an increased risk of developing
colorectal cancer (CRC), known as colitis-associated cancer
(CAC).” * The microenvironment in the inflamed intestine
leading to CAC comprises a complex network of multiple cell
types communicating through the autocrine and paracrine
production of cytokines, chemokines, and other factors to
control the growth, survival, and progression of mutated
epithelial cells. This network controls tumorigenesis and
progression, both intrinsically and extrinsically. Intrinsi-
cally, cytokines like interleukin (IL)-6 and tumor necrosis
factor-«, promote tumor cell proliferation and survival by
activating transcription factors such as signal transducer
and activator of transcription 3 (STAT3) and nuclear factor
kappa B (NFkB).* Extrinsically, chemokines and cytokines
also regulate the recruitment, activation, and tumor-
promoting/suppressing activities of immune and stromal
cells, which promote tumor growth through tissue remod-
eling and angiogenesis.” However, not all chronic inflam-
matory diseases increase cancer risk, and some, such as
psoriasis, may even reduce cancer risk.>° It is not clear how
inflammatory factors drive tumorigenesis in the colon.”
Immune cells have complex, heterogeneous, and, in some
cases, counteracting functions in the colonic tumor micro-
environment. The most abundant immune cells within the
tumor microenvironment are the tumor-associated macro-
phages (TAMs) and T cells.” In recent years, increasing
attention has focused on TAMs. Macrophages (M¢s) are
hematopoietic cells that can undergo a spectrum of activa-
tion states respond to different stimuli. These can be typi-
fied as M1 (induced by interferon [IFN]y and
lipopolysaccharide [LPS]) and M2 (induced by IL-4, IL-10,
and IL-13), often exploited in in vitro experiments. However,
these extreme M¢ phenotypes do not fully recapitulate the
plasticity and range of differentiation states of TAMs in vivo,
where Més are polarized to diverse and more complex
phenotypes.” Indeed, tumor cells can manipulate TAMs’

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 4

polarization by releasing cytokines, chemokines, and extra-
cellular matrix components that give rise to a large range of
pro-tumoral macrophages.” During tumor evolution, most
TAMs are considered to have an M2 phenotype that pro-
motes tumor angiogenesis,”’ and facilitates tumor cell in-
vasion and metastasis formation.®'° However, most
confirmed tumor-promoting cytokines are M1 cytokines
such as IL-6."* Like M¢s, T cells can exert both tumor-
suppressive and tumor-promoting effects, depending on
their differentiation state and effector functions.'” Increased
T cell numbers in the tumor microenvironment, specifically
activated CD8™" cytotoxic T cells and CD4" helper T 1 cells,
correlate with better survival in invasive colon cancer.”"* In
addition, in experimental models, cytotoxic T cells have
been shown to protect against CAC tumorigenesis.M

Genome-wide association studies have vastly increased
our knowledge of inflammatory bowel disease (IBD) ge-
netics. MUC1 is a cell surface mucin present on intestinal
epithelial cells and some leukocytes. In health, MUC1 is
expressed at relatively low levels on the apical surface of
ductal epithelial cells in the colonic epithelium that provide
protection against toxic substances and harmful infection,
playing a protective role in maintaining intestinal integ-
rity.">'® Repeated injury and regeneration of intestinal
epithelial cells caused by chronic inflammation or other
factors can lead to overexpression of MUC1.**’

MUC1 polymorphisms have been linked to Crohn’s dis-
ease’® and are associated with developing gastritis and
gastric cancer following H. pylori infection.'” Aberrant
expression of cell surface mucins occurs in many cancers
and is linked to the initiation, progression, and poor prog-
nosis of multiple types of adenocarcinoma.”*" High MUC1
expression represented a marker of poor prognosis in CRC
and was associated with advanced TNM stage, greater depth
of invasion, and lymph node metastasis.’’> However, few
studies have explored a functional role for MUC1 in driving
CAC. When assessed using the dextran sulfate sodium (DSS)
model of chemically induced colitis, Muc1”~ mice are pro-
tected from inflammation as they demonstrate a thickened
mucus layer with fewer infiltrating T cells.’® In contrast,
Muc1”" mice have exacerbated chronic inflammation in both

*Authors share co-corresponding authorship; SAuthors share co-
second authorship.
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Th1- and Th2- mediated colitis models.”* These diverse
results highlight the complexity of MUC1 physiology in IBD.

Recent studies suggest that MUC1 expression is upre-
gulated in patients with both UC and CRC and that targeting
the MUC1 cytoplasmic domain attenuates inflammation in
human MUC1-transgenic mouse models of CAC.”>*® These
observations raise the intriguing possibility that blockade of
MUC1 function can dampen the ongoing mucosal inflam-
mation in UC, and reduce the risk of CAC. However, a single
study conducted in wild-type (WT) mice transplanted with
Muc1”” bone marrow showed that MUC1 inhibited rather
than promoted the formation and growth of tumors, which
was attributed to less infiltrating CD11b" GR" myeloid-
derived suppressive cells following exposure to carcino-
gens and inflammation,”’ suggesting an anti-inflammatory/
anti-tumorigenic role for MUC1. In contrast, human MUCI-
transgenic mice have activated inflammatory pathways,
enhanced colitis severity, and more aggressive CACs.?**® An
improved understanding of the role of MUC1 in inflamma-
tion and especially in the microenvironment of CAC will
provide novel opportunities for prevention and therapeutic
intervention. Therefore, the current study focused on
providing definitive evidence of the role of MUC1 in regu-
lating the tumor microenvironment in CAC and the under-
lying cellular and molecular mechanisms of MUC1 action.

We found that Mucl”™ mice are protected against DSS-
induced colitis and azoxymethane (AOM)-DSS induced CAC.
Somewhat unexpectedly, we found that promotion of CAC is
primarily mediated by MucI-expressing bone marrow-
derived cells, with MUC1 promoting infiltration and activa-
tion of M¢s. Mechanistic studies revealed that Muc1 deficiency
remarkably reduced proinflammatory cytokine IL-6 levels in
the colonic tissues and tumors that was mainly produced by
infiltrating macrophages. Greater infiltration of macrophages
and increased levels of IL-6 were also observed in the colonic
mucosa of WT mice at days 21 and 42 in the early stages of
CAC before tumors arise. MUC1-dependant IL-6 production
elicited STAT3 activation in neoplastic cells, further promot-
ing tumor growth. Together, our results highlight a pro-
neoplastic role for leukocyte Mucl in regulating M¢
accumulation and activation. Therefore, MUC1 represents a
promising target for therapeutic intervention.

Results
Loss of Muc1 Protects Against Colitis-associated
Tumorigenesis and Progression

To ascertain the roles of MUC1 in inflammation-
associated tumorigenesis, we used an established mouse
model of CAC induced by the carcinogen AOM followed by 3
cycles of DSS (Figure 1, A).*?*" Muc1”" mice developed
significantly fewer and smaller tumors in the colon
compared with WT mice. Macroscopically visible tumors
formed in only 5 of 13 Muc1”" mice (0.85 + 0.37 tumors per
colon) compared with 13 of 13 WT mice (14.85 + 1.08 tu-
mors per colon) (Figure 1, B), and these mice had lower
colon weight and longer colon length than WT mice
(Figure 1, €). No submucosal invasion was observed in tu-
mors of the Muc1?”” mice, whereas 85% of the WT mice had
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invasive tumors (WT vs Mucl”", 85% vs 0%) (Figure 1, D
and E). indicating that, in the absence of Mucl, tumors arise
less frequently and do not progress to invasive tumors.
These data underline a role of MUC1 not only in colitis-
associated tumor initiation but also in the progression of
dysplasia and invasive behavior of tumors.

Muc1 Deficiency Reduces the Innate Immune
Response and Colitis Severity Following DSS
Treatment

Given the above, we further investigated and character-
ized the development of DSS-induced colitis in Muc1”" mice.
With an acute 8-day exposure to DSS, Muc1”" mice exhibited
less severe colitis than WT mice, based on clinical signs and
histopathological examination (Figure 2). Weight loss and
daily activity index (DAI) scores (DAI score of rectal
bleeding, diarrhea, body weight change) were significant
lower in DSS-treated Mucl”” mice when compared with WT
mice (Figure 2, A). Furthermore, WT mice had a significantly
shorter colon length and lower hematocrit when compared
with Muc1”” mice after 8 days of DSS treatment (Figure 2,
A-B). This suggests that MucI”" mice have reduced DSS-
induced colonic damage and intestinal bleeding. Hematox-
ylin and eosin (H&E) staining of WT colons showed the
entire colon was severely inflamed with extensive crypt
destruction and ulceration and disappearance of goblet
cells, together with mucosal edema, whereas Mucl”" mice
had significantly less disturbed morphology (Figure 2, C).

Quantification of immunohistochemical (IHC) staining
for F4/80 showed significantly lower number of M¢s infil-
trating the colons of Muc1”~ mice compared with WT mice
(Figure 2, D). In line with these observations, mRNA
expression of inflammatory cytokines (11183, 116 and Tnfa)
and the chemokine Ccl2 were also significantly lower in the
DSS-treated colons of the Muc1”™ mice compared with WT
mice (Figure 2, E).

Hematopoietic Muc1 is Primarily Responsible for
CAC Promotion

Considering that MUC1 is expressed in both colonic
epithelial and immune cells, we examined the contribution of
each compartment in promoting CAC using bone marrow
(BM) chimeras (Figure 3, A). As expected, WT mice (mice"'")
receiving WT BM (BM"“") developed more tumors than
Muc1”" mice (mice”") receiving Muc1”” BM (BM ") (Figure 3,
B-C). Muc1”" mice transplanted with WT-derived BM cells
(BM"“"mice”") had significantly higher tumor burden and
heavier colon weight than that in either WT or Mucl”" mice
transplanted with Muc1”"-derived BM cells (Figure 3, B-D).
These observations indicate that Mucl expression in
hematopoietic cells play a major role in promoting CAC.

Muc1 Deficiency is Associated With Decreased
Recruitment of Macrophages and Increased
Abundance of CD8" T Cells into the Tumor-

containing Tissue
To explore the hematopoietic basis for the tumor-
promoting role of Mucl, we investigated the recruitment
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Figure 1. MUC1 promotes development and progression of CAC. (A) Scheme showing the induction procedure for the
AOM/DSS model of CAC. At sacrifice on day 85: (B) Number of colon tumors (left panel, n > 13); and representative
macroscopic images of the colonic mucosa (right panel). (C) Colon length and weight (n > 13). (D) Representatlve H&E-stained
sections of colonic tissue. (E) The percentage of mice with submucosal invasive tumors in the WT and Muc1”~ mice (n > 13).
Statistics: box plots show median, quartiles, and range (B-C); nonparametric Mann-Whitney U test: n > 13; *Muc1™ vs WT;
P < .01; *™P < .001; ***P < .0001. The data are representative of 3 independent experiments.

of specific leukocyte subsets to tumor stroma in WT and
Muc1”" mice. IHC staining was used to measure tumor
infiltration of M¢s (F4/80), neutrophils (Ly6G), B cells
(B220), CD4" T cells (CD4), and CD8a™* T cells (CD8).
Although the abundance of CD4™ T cells, B cells or neutro-
phils did not significantly differ between Mucl”~ and WT
mice at day 85 in AOM/DSS-treated tumor-containing tis-
sues (Figure 4), we detected a marked reduction (~ 4-fold)
in M¢s and increased (~5-fold) CD8" T cells in colonic
tissues of Muc1”” mice compared with WT mice (Figure 4).
Importantly, cytotoxic CD8' T cells isolated from mesen-
teric lymph nodes of Mucl”" mice produced more IFNy
when compared with CD8" T cells from mesenteric lymph
nodes of WT mice (Figure 5, A), consistent with greater
potential antitumor immunity.

Gene expression analysis showed reduced inflammatory
and M2 M¢ gene signatures (Timp2, Ym1) in tumors of

Muc1”" mice (Figure 5, B). This finding, accompanied by the
reduction in CD206" M¢ (Figure 5C) in Mucl”" tumors,
suggests that loss of Mucl reduces the accumulation of
alternatively activated macrophages into tumors. Given that
we did not detect any difference in gene expression in the
colons of healthy WT and Mucl”" mice (Figure 5, B), the
recruitment and activation of M¢ in response to signals from
the inflammatory tumor microenvironment appears sub-
stantially influenced by MUC1 on hematopoietic cells.

Loss of Muc1 Reduces Macrophage Infiltration
via CCL2 in the Early Stages of CAC
Development

Chronic inflammation contributes to tumor initiation in
CAC, and infiltration of immune cells, specifically myeloid
cells, plays a central role in tumorigenesis.”'' To determine
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Figure 2. Muc1-deficient mice are protected against DSS-induced colitis. (A-E) Assessments of WT and Muc?™”" mice
given 3% DSS in drinking water for 8 days. (A) Percent body weight loss, the total clinical DAI (combined scores of rectal
bleeding, diarrhea, and loss of bodfy weight), and colon length (n > 8). (B) Hematocrit (n > 8). (C) H&E-stained colon sections
from representative WT and Muc1™ mice treated with DSS (left panels); scale bars, 200 um. Histological colitis scores grading
severity of inflammation and tissue damage shown on right (n > 8). Crypt destruction and ulceration (arrow heads), disap-
pearance of goblet cells (arrow), and mucosal edema (diamonds) are highlighted. (D) Representative sections showing F4/80-
stained macrophages in the colon of WT and Muc1”~ mice exposed to DSS (left panels); scale bars are shown. Quantitative
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if Mucl is playing a role in immune cell infiltration, we
assessed an early stage of CAC development prior to the
development of visual tumors. To this end, immune cell
profiles in the colonic lamina propria at day 42 of AOM/DSS
treatment (a time just before tumors develop) were
analyzed by flow cytometry (Figure 6). No differences in the
abundance of CD3™, CD4", or CD8" T lymphocytes, B lym-
phocytes, neutrophils, dendritic cells, or myeloid-derived
suppressor cells were detected (Figure 7, A). However,
Muc1”" mice had significantly reduced numbers of Mgs
(CD11b*F4/80") compared with WT mice (Figure 7, B).
Colonic tissue staining confirmed a reduction in M¢ abun-
dance at day 21 and 42 of AOM/DSS treatment compared
with WT mice (Figure 8, A-B). To further investigate this,
gene expression of chemokines Ccl2, Ccl3, and the adhesion
molecule Icaml were assessed. Increasing CclZ2 mRNA
expression was evident at day 21 and 42 in WT mice;
however, this was not evident in the Muc1”" mice (Figure 8,
(). No differences were observed in the expression of Ccl3 or
Icam1 between WT and Mucl- deficient colonic tissues at
day 21 and 42 (Figure 8, C). CCL 2 plays an important role in
recruitment of monocytes/M¢s into tumors and their
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subsequent polarization TAMs into a tumor-permissive tis-
sue microenvironment.***?

CCL2 can be secreted by tumor, stromal, and immune
cells and is regulated by NF-kB.** To study whether loss of
Mucl alters NFkB activity during CAC, colon tissues were
assessed by Western blot. We found lower levels of phos-
phorylated NFkB p65 protein in colonic tissues of Mucl”
mice compared with WT mice at day 42 and day 85
(Figure 8, D; Figure 9, A).

MUCT Promotes Colorectal Tumorigenesis via
Enhanced NF B and IL-6/STAT3 Activation

NF-«B also regulates the production of the pleiotropic
cytokine IL-6, which is often elevated in CAC. Analysis of IL-
6 protein by Western blotting demonstrated greater IL-6 in
WT colonic tissues that correlated strongly with NFkBp65
activation (Figure 9, A-B), further strengthening the po-
tential functional link between these proteins in vivo. By
using flow cytometry to characterize the cellular source of
IL-6 in leukocytes from WT and Mucl”" mice, we showed
that M¢s were not only the major producers of IL-6, but also
a higher percentage of M¢s from colonic tissue of WT mice
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Figure 4. Reduced infiltration of M¢s and increased number of CD8™" T cells in the colons of Muc1”~ mice treated with
AOM/DSS. Mice were treated with AOM followed by DSS as per Figure 1, A and sampled after 85 days. (A) Representative IHC
pictures of colonic sections take from WT and Muc1™”" mice on day 85 and stained with B220, CD4, Ly6G, F4/80, and CD8 on
the left, and quantification of positive cells counts in colon section on the right (n > 8). Statistics: box plots show median,
quartiles, and range; Mann-Whitney U test; *vs WT day 85, **P < .01. The data are representative of 3 independent
experiments.

expressed IL-6 (median, 28%) than from Mucl”" mice dendritic cells and B cells, there was no difference in IL-6
(median, 12%) at day 42 of AOM/DSS treatment (Figure 9, production between WT and Mucl”" mice in these cells
C). Although a smaller proportion of IL-6 was produced in (Figure 9, ().
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Figure 5. Muc1 deficiency in CAC correlates with increased activation of CD8* T cells in tumor-draining lymph nodes
and a reduced gene signature from alternatively activated M¢s in tumors. Mice were treated with AOM followed by DSS
as per Figure 1, A and sampled after 85 days. (A) Quantification of IFNy" CD4 or CD8 T cell of mesenteric node lymphocytes
with AOM/DSS treatment based on flow cytometry (n > 8). (B) Real-time quantitative PCR gene expression analysis of
alternative Mé¢s markers from WT and Muc1™ tumors on day 85 of the CAC model (n > 13). (C) Representative micrographs of
colonic sections from WT and Muc1”~ mice on day 85 and stained with CD206 by IHC on the left, and quantification of positive
cells counts in colon section on the right (n > 8). Statistics: box plots show median, quartiles, and range (A and C), mean +
standard error of the mean (B); Mann-Whitney U test, # vs WT day 0, *vs WT day 85, *P < .05; *or ##P < .01; ™ or ###P <
.001; = or ####P < .0001. The data are representative of 3 independent experiments.

was evident over the course of tumor development in WT
mice. Strikingly however, this was not evident in the Muc1”"
mice (Figure 9, D). This also correlated with increasing IL-6

Because IL-6 plays a crucial role in colon tumorigen-
esis,”” we measured IL-6 at early, mid, and late timepoints
in colonic tissue and serum. Increasing II6 mRNA expression
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Figure 6. Flow cytometry plots showing the gating strategy used to identify T cells, B cells, M¢s, myeloid-derived
suppressive cells, and dendritic cells in lamina propria mononuclear cell preparations.

protein in serum over time in the WT mice vs much lower
increases of protein over time in Muc1”” mice (Figure 9, E).
Enzyme-linked immunoassay measurements of IL-6 protein
in colonic tissue at D85 were consistent with lower 116
mRNA levels in Mucl”” tumors after AOM/DSS compared
with WT tumors (Figure 9, F).

IL-6 activity is mediated through STAT3,%® a critical
modulator of chronic inflammation and malignant pro-
gression.”” Intriguingly, MUC1 has also been shown to
activate STAT3 in human breast*® and lung cancer.*’
Therefore, we quantified the amount of phosphorylated
STAT3 at a late stage of tumor development by immuno-
fluorescence. Fewer phospho-STAT3 positive cells were
observed in Mucl”" colons compared with WT mice
(Figure 10, A). Cells exhibiting strong nuclear staining for
p-STAT3 were seen in tumors and the adjacent epithelium
and stroma in WT colons (Figure 10, A), but these were
mostly absent in the Muc1”” tissue. We confirmed reduced
levels of activated STAT3 (phospho-STAT3) in Muc1”" co-
lon tissue by Western blotting (Figure 10, B). Finally, we

assessed target protein activity downstream of STAT3 and
found lower levels of cyclin D1 (driver of cell cycle G1/S-
phase transition) and BclXL (critical anti-apoptotic gene
in colon cancer*’) in Muc1”" tumor tissue than WT tumor
tissue (Figure 10, B). Consistent with this finding, less BrdU
was incorporated into Mucl”" tumors (Figure 10, C),
demonstrating their reduced proliferative activity. Taken
together, these results suggest that loss of Mucl inhibits
tumor cell proliferation through STAT3 and its downstream
targets.

MUC1 Skews Macrophages to a Pro-tumoral
Phenotype

We next determined whether MUC1 intrinsically regu-
lates macrophage recruitment or acts through other leuko-
cytes to impact recruitment. BM-derived macrophage
(BMDM) cultures were generated from WT and Mucl”
mice. BM progenitors differentiated into M¢ with compa-
rable efficiency in both strains (Figure 11, A). The migration
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of BMDM towards CCL2 was assessed. Mucl”~ BMDM
showed a significant 2-fold reduction in cell migration
in response to CCL2Z compared with WT BMDM
(Figure 11, B).

Because we observed a reduction in macrophage-
associate gene expression in tumor tissue in the Muc1””
mice, we next investigated whether loss of Mucl altered
BMDM responses to tumor-conditioned medium (TCM)
generated from the MC38 murine colon adenocarcinoma cell
line. In WT BMDM, TCM induced expression of a complex set
of genes, including pro-inflammatory /l6 and immunosup-
pressive Arg1 and Ido1 (Figure 11, C), supporting the notion
that the tumor microenvironment induces a complex
response from BMDM. In contrast, the response of the
Muc1”” BMDM to the TCM was attenuated; most notably, the
upregulation of Idol and IlI6 was completely abrogated
(Figure 11, €). IDO1 is a potent enzyme working in dendritic
cells and macrophages to limit the extracellular availability
of tryptophan, essential for T cell proliferation.”’** Blocking
IDO1 activity increases T cell proliferation, survival, and
function.**>** We hypothesized that the low level of Idol
expression in Mucl”~ BMDM in response to TCM would
translate to increased T cell proliferation. To test this, we
generated conditioned media by incubating BMDM with
TCM for 48 hours followed by 24 hours rest. The condi-
tioned media was added to CD8" T cells, and their prolif-
eration was assessed in a suppression assay (after 5 days).

tion in the colon during the
pre-malignant stages of
CAC. Lamina propria mono-
nuclear cells (LPMCs) were
prepared by enzymatic diges-
tion from AOM/DSS treated
mice at day 42 and analyzed
by flow cytometry. (A) The
abundance of T cells, B cells,
myeloid-derived  suppressive
cells, dendritic cells, and neu-
trophils in Ilved LPMC of WT
and Muc1” at day 42 (n > 6).
(B) Representative plots for
CD11b vs F4/80 within a Ly6G-
gate for M¢s in LPMCs. Right,
percentage of CD11b+F4/
80+Ly6G- M¢s from LPMCs (n
> 6). Statistics: box plots show
median, quartiles and range;
Mann-Whitney U test, n > 6. *
vs WT, P < .01. The data are
representative of 3 indepen-
dent experiments.
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As expected, TCM-exposed WT BMDM-conditioned media
reduced CD8™ T cell proliferation. In contrast, TCM-exposed
Muc1”~ BMDM-conditioned media induced as much prolif-
eration as conditioned media from unstimulated BMDM
(Figure 11, D-E). Taken together, these experiments show
that MUC1 promotes macrophage recruitment and regulates
functional  responses  relevant to the  tumor
microenvironment.

High numbers of TAMs are positively associated with
tumor angiogenesis and facilitate cell invasion and metas-
tasis.*> As we have observed a reduced number of M¢ in the
tumors of Mucl”" mice, we assessed the vascularization of
the tumors in our model. The endothelial marker CD31 was
significantly reduced in tumors in MucI”” and in the bone
marrow-specific Mucl-deficient mice tumors compared
with their corresponding controls (Figure 11, F), suggesting
a role for MUC1 in hematopoietic cells in the tumor
microenvironment that promotes tumor angiogenesis.

We also compared MUC1 expression in our AOM/DSS
CAC model and observed that MUC1 is significantly upre-
gulated in both epithelial and immune cells by [HC than
untreated control (Figure 12).

Discussion
Taken together, our findings support the notion that
MUC1 promotes colonic epithelial tumor development and
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Figure 9. Reduced activation of NF B and induction of IL-6 in the tumors of Muc1”~ mice treated with AOM/DSS. Mice
were treated with AOM followed by DSS as per Figure 1, A and sampled after 85 days. (A) Immunoblot analysis of NF B and its
downstream tumor promoting gene IL-6. Each lane represents a pool of all tumors from an individual mouse (n > 5).
Densitometry analysis of level of proteins corrected for §-actin is shown. (B) Correlation plot of p-p65 and IL-6 in the tissues
from (A). (C) Left, Quantification of IL6" CD8, CD4, CD19, M¢s, and dendritic cells of lamina propria mononuclear cells
(LPMCGCs) at Day 42 AOM/DSS treatment based on flow cytometry (n > 6). Right, Representative plots for IL-6 within a
CD11b-+F4/80+Ly6G-gate for M¢s in LPMCs. (D) Real-time quantitative PCR analysis of //6 expression from WT and Muc1™-
colon tissues on days 0, 21, 42, and 85 of the CAC model (n > 6). (E) Concentration of IL-6 in serum of WT and Muc1™~ mice on
day 0, 21, 42, and 85 (n > 6). (F) Concentration of IL-6 in colonic tissue (50 mg tissue/mL assayed) of WT and Muc1”" mice on
day 0 and day 85 (n > 6). Statistics: box plots show median, quartiles and range (A, C, and F), mean + standard error of the
mean (D and E); Mann-Whitney U test, # vs WT at day 0, * vs WT at same time point, * or #P < .05; ** or ##P < .01; *** or ####P
< .0001. The data are representative of 3 independent experiments.

that MUC1 in immune cells rather than epithelial cells is
predominantly responsible. Although overexpression of
MUC1 in epithelial tumor cells has been shown to be crucial
to the transformation process, MUC1’s role in immune cells
during cancer development and its role in modulating
interaction between tumor cells and the immune system has
not been well-appreciated. We showed that MUC1 functions
as a neoplastic factor that regulates M¢ infiltration and
function, and fosters a tumor-permissive microenvironment

that influences tumor initiation and progression to invasive
carcinoma in the AOM/DSS animal model of CAC.*® AOM
treatment followed by repeated cycles of DSS resulted in
chronic inflammation and the development of colon tumors
in 100% of the treated WT mice. In the absence of Mucl,
colonic inflammation was reduced, as was the tumor inci-
dence, size, and invasiveness. Our experiments reveal mul-
tiple underlying mechanisms by which MUC1 promotes
cancer development, demonstrating that MUC1 has a major
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are representative of 3 independent experiments.
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role in immune cell signalling, thus promoting chronic
inflammation-associated cancer development. In addition to
previous reports identifying MUC1 as an epithelial cancer
cell-intrinsic driver of aggressive behavior in colorectal,
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gastric, and non-small cell lung cancer,”” the current finding
demonstrates that MUC1 in innate immune cells drives
cancer progression, at least in CRC, adding to its promise as
a therapeutic target.
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Figure 12. MUC1 is upregulated in both tumor and immune cells in repose to AOM/DSS. MUC1 IHC staining colon
section from WT mice ether treated with AOM followed by DSS as per Figure 1, A at day 85 or untreated at day O (n > 6).
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of 3 independent experiments.

MUC1 is a cell surface mucin that in healthy physiology
promotes healing from acute injury by promoting cellular
proliferation and survival. However, MUC1’s role in the
development of cancer during chronic inflammation is not
thoroughly studied, and the limited data to date has deliv-
ered some conflicting results. By using models of CAC in
mice overexpressing transgenic human MUC1, MUC1 was
shown to drive progression of colitis to CRC with the
mechanism ascribed to inducing the expansion of intestinal
stem cells?® and epithelial NFkB activation.”® However,
these studies did not investigate or consider the effect of
MUC1 on the immune cells with regards to inflammatory
signaling and contribution to CAC development. There is a
previous study that examined the role of MUC1 in immune
cells on CAC and that suggested that Mucl expression on
hematopoietic cells decreased tumor formation in the AOM/
DSS model, while at the same time, increased colitis severity
by inhibiting expansion of myeloid-derived suppressor
cells.?” These results are completely opposite to our find-
ings, which demonstrated that Mucl expression on he-
matopoietic cells plays a major role in driving the

progression of colitis to CRC. The opposing results are
difficult to reconcile as both studies utilize a similar AOM/
DSS protocol. However, while we used WT and Muc1”” mice
on a clean C57BL/6 background, the background of Muc1”"
mice was not made clear, and additionally, only irradiated
mice were used in the previous study.

Our results indicate that one of the mechanisms driving
MUC1-dependent promotion of colitis and CAC is the ability
of MUC1 to stimulate M¢ infiltration into the inflamed
colonic tissues both before and after development of tu-
mors. These data suggest that MUC1 may sustain an in-
flammatory circuit that promotes the growth of colon cancer
during inflammation. Indeed, in the absence of Mucl, colonic
inflammation was reduced, and Mucl deficient mice were
resistant to DSS-induced colitis and produced less inflam-
matory cytokines, such as 116 and Tnfa, thought to be master
regulators of tumor-associated inflammation and tumori-
genesis in the colon.”® We also demonstrated that the ma-
jority of IL-6-producing cells were M¢s, and Muc1-deficient
bone marrow-derived M¢s cultured in vitro produced
significantly less IL-6 compared with WT M¢s, which in

Figure 11. (See previous page). MUC1 specifies a pro-tumoral phenotype of M¢s. (A) BM-derived cells differentiated into
M¢ (BMDM) with comparable efficiency in both the WT and Muc1™" after stimulation with MCSF for 7 days, with ~98%
CD11b"F4/80" cells (n = 5). (B) 10° BMDM were seeded on the upper layer of an 8-um transwell chamber and medium with or
without CCL2 at 100 ng/mL was placed below the chamber. After 24-hour incubation, migrated cells were counted (n = 5). (C)
mRNA expression of indicated genes in WT and Muc1”~ BMDM cultured in the presence or absence of colon TCM (n = 5).
D-E, Flow cytometry analysis (D) and quantification (E) showing carboxy fluorescein succinimidyl ester (CFSE) proliferation
assays performed on CD8" T cells isolated from mouse spleens after exposing to M¢s conditioned media (c.m.) (n = 5). M¢s
were polarized with stimuli (TCM) or without stimuli (MO) for 48 hours, then media was washed out and replaced. c.m. for the
experiment was collected after 24 hours. (F) CD31 IHC staining of colon sections from WT and Muc1~~ mice on day 85 (n > 8).
(G) CD31 IHC staining of colon sections from BM" mice’’” and BM”"mice"’” mice on day 85 as described in Figure 3 (n > 8).
Statistics: mean + standard error of the mean (A and C) box plots show median, quartiles and range (B, E-G); Mann-Whitney U
test, P value is shown or # vs WT without TCM * vs WT with TCM (C and E), * vs WT (F and G), * or #P < .05; ™*P < .01; *™*P <
.001. The data are representative of 3 independent experiments except for (G).
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turn, results in less MUC1-dependent IL-6/STAT3 activation
in epithelial cells with the potential for transformation.
Although several inflammatory molecules have been shown
to modulate the different stages of CAC development, our
data indicate that MUC1-induced IL-6 production may pro-
vide an important link between immune cell infiltration and
activation of STAT3 pro-tumorigenesis pathways during
CAC development.

M¢s have emerged as key effector cells in the tumor
microenvironment of many solid tumor malignancies,
including CRC. CRC is associated with a significantly
increased infiltration of M¢s, particularly skewed toward a
M2 differentiation state, which has previously been
demonstrated to correlate with metastasis and poor prog-
nosis of the patients.*” Our understanding of the factors that
influence M¢ and/or monocyte recruitment, polarization,
and function continues to expand. We report here a strong
association between MUC1 and an accumulation M¢ during
AOM/DSS treatment. Therefore, we investigated 2 notions
to account for decreased tumor burdens in in this model:
that Muc1-deficient mice lack key chemo-attractants for M¢,
and that Mucl-deficient M¢ have intrinsic defects in differ-
entiation, activation, and migration. Both CCL2 and ICAM1
have been shown to act as mediators that recruit M¢s®%>"
and promote colitis-associated tumorigenesis.”> Our re-
sults suggested that Mucl-deficient mice are not able to
upregulate colonic Ccl2 gene expression under inflamma-
tory conditions. This low level of Ccl2 expression in the
colonic mucosa of Mucl-deficient mice may contribute to
low levels of M¢ infiltration due to the lack of chemotactic
signal upon inflammation. Because CCL2 can be expressed
by epithelial cells,”® and high levels of expression of
secreted form of MUC1-1 have been shown to be associated
with upregulation of CCL2 in the tumor cells,”” it is possible
that the deficiency of MUC1 in epithelial cells leads to lower
epithelial CCL2 secretion. We also found reduced Ccl2
expression in Muc1-deficient BMDM activated in vitro. Thus,
our data support that both epithelial and M¢ MUC1 in-
fluences M¢ infiltration by boosting CCL2 production, which
is likely mediated by enhanced NFkB activation. The intra-
cellular mechanisms by which MUC1 enhances NFkB in-
flammatory signaling shown previously include: (1) binding
to and promoting activation of the transforming growth
factor-( activated kinase 1 and the IkB kinase complex, and
(2) binding directly to the NFkB p65 transcription factor to
drive NFkB target genes.”””° The cell surface MUC1 extra-
cellular domain expressed on leukocytes has also been
demonstrated to mediate trans-endothelial cellular migra-
tion of M¢s by binding to endothelial ICAM-1,°"°% partly by
instigating Src-CrlL-Racl/Cdc42 facilitated actin cytoskel-
etal protrusive motility.”>°? Although a lower level of ICAM-
1 expression in the Mucl deficient pancreas leads to
reduction of infiltration of M¢s in a coxsackie virus B3-
infection model,”" we did not observe a difference of
expression of Icam1 between WT and Muc1 deficient colonic
tissues during AOM/DSS treatment.

We also found that Mucl-deficient M¢s matured nor-
mally but had intrinsic defects in chemotactic migration.
Decreased CCL2-induced migration as may be in part due to

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 4

lower expression levels of Ccr2, which we found to be
poorly induced after activation. Our findings are supported
by a recent investigation showing Muc1-deficient BMDMs
had reduced Ccr2 expression, resulting in decreased LPS-
induced migration in a coxsackie virus B3-infection
model.°" Thus, our results suggest that MUC1 contributes
to colonic tissue M¢ infiltration by enhancing both epithelial
and M¢ CCL2 production and by promoting M¢ migration
responses to CCL2.

TAMs are phenotypically plastic, and factors produced
by the cancer cells and the tumor microenvironment can
induce M¢s to become tumor-promoting by producing
various factors, such as Idol, vascular endothelial growth
factor, and IL-6, which can inhibit the activation and pro-
liferation of effector T cells critical to anti-tumor immunity,
and promote cancer cell survival, proliferation, and metas-
tasis.”*? In vitro studies of a sialyated tumor-associated
glycoform of MUC1 have been shown that MUC1 can
induce: (1) monocytes to secrete tumor progression factors;
(2) Més to display TAM-like phenotype, with increased
expression of the immunosuppressive molecule, pro-
grammed death-ligand 1; and (3) differentiation of mono-
cytes to TAM through binding of Siglec-9 expressed on
myeloid cells.°°®> However, prior to the current study, it
was unknown whether MUC1 expressed on Més also con-
tributes to the detrimental microenvironment promoting
colon cancer progression. Our data shows increased
expression of M2 M¢s gene signatures in MucI-expressing
AOM/DSS tumors, together with enhanced angiogenesis.
Our in vitro studies show that MUC1 influences the
response of macrophages to tumor-derived factors, with a
prominent influence on Ido1 and II6 expression. Both IDO1
and IL-6 are key molecules produced by TAMs that promote
colon cancer progression,'*** indicating that MUC1 directly
promotes the pro-tumoral function of M¢s. The ability of
MUC1 to trigger Idol and Il6 expression in M¢s is most
likely due to promoting activation of NFkB, as MUC1 has
been shown binding to transforming growth factor-g-acti-
vated kinase 1 directly and confer the transforming growth
factor-gB-activated kinase 1 linked with TRAF6, leading to
activation of NFkB in colon cancer cells.’”

TAMs are known to inhibit T cell proliferation and
cytotoxic activity and promote tumorigenesis in CRC.M
Consistent with this, we found fewer CD8" T cells in
AOM/DSS tumors when MUC1 was present in hematopoietic
cells. The reduced abundance of CD8" T cells most likely
involves reduced proliferation of CD8" T cells in the tumor
microenvironment because: (1) we did not observe a dif-
ference in CD8™ T cell infiltration at day 42 of AOM/DSS
treatment prior to tumor development, and (2) we
demonstrated that only WT TCM-treated BMDM produced
inhibitors of CD8™" T cell proliferation. However, the CD8" T
cell from tumor-draining lymph nodes of AOM/DSS tumor-
bearing Muc1”" mice expressed higher levels of IFNy than
CD8" T cells derived from WT mice, suggesting effects also
in the lymph node away from the tumor microenvironment,
potentially explained by impaired antigen-presenting cell
activation in the tumor microenvironment. Together, these
findings highlight the dynamic roles of MUC1 in regulating
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immune cell function during inflammation and
tumorigenesis.

We also showed that Mucl expression is required for IL-
6 production during intestinal inflammation and tumor
formation after AOM/DSS administration. The significantly
increased level of IL-6 in Mucl proficient mice was associ-
ated with amplified activation of STAT3, both in the colonic
epithelium and stroma at day 85 of AOM/DSS. Activation of
the STAT3 pathway by IL-6, produced by TAMs, is required
for CAC formation in AOM/DSS-dependent mouse models,*’
and STAT3 activation has been demonstrated to have an
important role in tumor progression by augmenting tumor
survival and angiogenesis and suppressing antitumor im-
munity.” Therefore, it is plausible that the reduced incidence
and size of tumors seen in Mucl-deficient mice is in part
dependent on the reduced activation of the IL-6/STAT3 axis
due to reduced M¢ recruitment and their altered activation.
Moreover, STAT3 induces expression of genes important for
proliferation (such as cyclin D) and suppression of
apoptosis (BclXL),>”** induction of the Cyclin D and BclXL
protein, is a common observation during the mucosal
response to the AOM/DSS insult °® that was absent in
Muc1”" mice, which further supports our model of MUC1-
dependent IL-6/STAT3 signalling as a promoter of tumors.

We chose to investigate the role of MUC1 in the AOM/
DSS model because this model recapitulates the aberrant
crypt foci-adenoma-carcinoma sequence’’ that occurs in
human CRC and gives large numbers of spontaneously
arising colonic tumors,®® which presents similarities with
human CRC pathogenesis. Because of its high reproducibility
and potency, as well as affordable and simple model of
application, the AOM/DSS has become a well-accepted
model to interrogate the link between inflammation and
cancer development in the colon.®®

Our study proposed a schematic model of MUC1 function
on CAC carcinogenesis as follows: intrinsically, administra-
tion of AOM and DSS leads to MUC1-enhanced NFkB acti-
vation in epithelial cells and tissue resident macrophages,
which in turn leads to CCL2 production that attracts M¢
infiltration into the inflamed colonic tissues. Activation of
these recruited Més results in amplification of production of
inflammatory chemokines, cytokines, and reactive oxygen
species, thus creating a tumor initiation environment that is
potentiated by Mucl expression on the M¢s. MUC1-
enhanced IL-6 production further induces a strong STAT3
response in these tumor-initiating cells and immune cells
via autocrine and paracrine pathways. STAT3 promotes
hyperproliferation and survival of the cells through upre-
gulation the expression of cyclin D1 (drivers of cell cycle
G1/S-phase transition) and BclXL and thus accelerates tu-
mor growth and progression. As tumors emerge, the MUC1-
modulated tumor microenvironment is not permissive for
the evolution of CD8 T cell-mediated anti-tumor immunity.
We predict that production of both CCL2 and IL-6 by cells
expressing MUC1 are important drivers of the increased
tumor burden in the AOM/DSS model. Higher levels of CCL2
in the Mucl-expressing mice is likely to underlie the infil-
tration and activation of M¢ in the colon, which occurred
during the early stage of tumor development. Subsequently,
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high levels of IL-6 produced by Mucl-expressing M¢ is likely
to contribute to tumor survival, growth, and progression.
Future experiments with CCL2 and IL-6 neutralizing anti-
bodies treatment would provide insights into the relative
importance of these factors in DSS-azoxymethane carcino-
genesis. However, to dissect the importance of MUC1 in
their generation, and to define the immune cell sources,
these neutralizing experiments would be best combined
with genetic models of immune cell-specific Mucl
deficiency.

Blockade of the IL-6/STAT3 axis has been proposed as a
mechanism to treat diverse chronic inflammatory disorders,
including IBD.®” Given the unacceptable side effects of sys-
temic IL-6/STAT3 inhibition,°® MUC1 inhibitors are
currently under active development, encouraged by an
acceptable safety profile of a phase I trial of the MUC1 in-
hibitor-G0-203.%° Our genetic Mucl knock out mice results
agree with recent studies testing the efficacy of cytoplasmic
MUC1 inhibition on regression of colon tumors in vivo.*°
Our study, together with others, encourages the potential
use of MUC1 inhibition for preventing and/or treating
inflammation-associated malignancies, as well as the un-
derlying inflammation.

Materials and Methods
Mice

Muc1*/*(WT) and Mucl”"~ male mice on a C57BL/6
background were bred at Mater Research Institute, The
University of Queensland, Translational Research Institute,
Queensland, Australia. The experiments involving mice were
conducted in accordance with the Australian Code for the
Care and Use of Animals for Scientific Purposes 8th edition
(2013) and were approved by University of Queensland
Animal Experimentation Ethics Committee. Mice were sex-
and age-matched within experiments (6-12 weeks of age;
n = 8-15).

Induction of CAC

Colon tumors were induced using a AOM and DSS model
(Figure 1, A) as previously described.**>* Briefly, mice were
injected intraperitoneally with 10 mg/kg AOM (A5486;
Sigma). Seven days later, 1.5% DSS (molecular mass, 36-40
kDa) was given in the drinking water for 5 days followed by
regular drinking water for 2 weeks. This cycle was repeated
twice. Mice were sacrificed at day 85; grossly visible polyps
were counted and measured with calipers by a trained
researcher blinded to the genotype and experimental con-
dition of the animals. The colons were bisected longitudi-
nally, and one-half was snap frozen for tissue sample and
the other one-half was Swiss rolled and fixed in 10% buff-
ered formalin overnight and transferred to 70% ethanol for
subsequent paraffin embedding and histological analysis.

Induction of Colitis and Assessment of Clinical

Scores of Colitis
Induction of acute colitis was performed as previously
described.®® In brief, acute colitis was induced through
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administration of 3% DSS (molecular mass, 36-40 kDa) via
drinking water for 8 days. Symptoms of colitis were
assessed by the daily DAL®® The DAI is a score based on sum
of subscores for diarrhea, rectal bleeding, and loss of body
weight. In brief, stool scores were determined as follows: 0,
well-formed pellets; 1, semi-formed stools; 2, soft stools; 3,
liquid stools that adhered to the anus. Bleeding scores were
determined as follows: 0, no blood; 1, small traces of blood
in stool; 2, blood traces in stool clearly visible; 3, gross
rectal bleeding. Weight loss scores were determined as
follows; 0, less than 5% weight loss; 1, 5% to 15% weight
loss; 2, 15% to 20% weight loss; 3, more than 20% weight
loss.

Histological Analysis Scoring of Inflammation

Colons were examined using 4-um sections and stained
with H&E. Histological assessment of colonic mucosae was
carried out in a blinded fashion using a protocol described
previously.”%”*

BM Chimeras

Male mice were subjected to two doses of 5.5 Gy irra-
diation separated by a 3-hour interval, then, the next day,
transplanted intravenously with 5 x 10° BM cells harvested
from femurs and tibias of female donor mice. Three months
after BM reconstitution, mice were used for CAC experi-
ments. The following 4 groups of chimeric mice were
generated: BM" mice’" (WT BM was transplanted into WT
mice), BM” mice"" (Muc1”~ BM was transplanted into WT
mice), BM"Y"mice”” (WT BM was transplanted into Muc1”"
mice), and BM”/ mice”” (Muc1”~ BM was transplanted into
Muc1”” mice).

IHC and Immunofluorescence

Paraffin sections were affixed to adhesive slides and air-
dried overnight at 37 °C. After dewaxing in xylol and
rehydration through descending graduated ethanol, sections
were subjected to antigen retrieval in either citrate buffer
pH 6.1 (for CT2, CD31, BrdU, and p-STAT3) or pH 9 (for F4/
80 and CD206) (Dako, Carpinteria, CA). For IHC, sections
were treated with 3% hydrogen peroxide in phosphate
buffered saline (PBS) for 10 minutes. Sections were blocked
with blocking solution (10% goat serum, 2% bovine serum
albumin [BSA] in PBS with 0.5% Tween 20 [Sigma-Aldrich,
St. Louis, MO]) and then incubated overnight at 4 °C with
antibody against F4/80-clone A3.1 (Abcam, cat. No.
ab6640), CD31 - clone D8VIE (Cell Signaling Technology,
cat. No. 77699), MUC1 cytoplasmic tail - clone MH1 (CT2)
(Thermo Fisher Scientific, cat. No. MA5-11202), BrdU
(Abcam, cat. No ab2284), CD206 - clone 15-2; (Abcam, cat.
No. ab64693) All the sections were further stained with
appropriate peroxidase-conjugated secondary antibody,
detected with DAB, and counter stained with hematoxylin.
For B220, Ly6G, CD4, and CD8, IHC stains were outsourced
to a professional pathology laboratory with validated pro-
tocols (QIMR, Queensland, Australia).

For immunofluorescence p-STAT3 staining, sections
were blocked as described above and incubated with anti-
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phosphorylated (p)-STAT3 (Tyr705) clone D3A7 (Cell
Signaling Technology, cat. No. 9145) diluted to in 1:200
dilution to detect p-STAT3. The slides were then incubated
with Alexa Fluor 488 goat anti-rabbit (Molecular Probes)
prepared in PBS-T with 2% BSA. The slides were counter-
stained with DAPI (Molecular Probes) and imaged using the
confocal laser-scanning microscope Olympus FV1200
microscopy.

Immunoblot Analysis

Protein concentrations were measured using the BCA
Protein Assay Kit (Thermo Scientific, Waltham, MA) with
BSA as a standard. Aliquots of the lysate containing 30 ug of
total protein were mixed in SDS-PAGE Laemmli buffer
(0.05M Tris-HCI, pH 6.8; 0.1% 2-mercaptoethanol; 1.0%
SDS; 5% glycerol; and 0.15% bromophenol blue), boiled for
5 minutes, and resolved on 4% to 12% acrylamide gels.
Resolved proteins were transferred to polyvinylidene
difluoride membranes, probed with appropriate antibodies,
and detected by chemiluminescence or dual-label infrared
analysis.

Isolation of Cells from Organs

For isolating immunocytes of lamina propria, colonic
tissues were carefully separated and cut into small pieces.
Intraepithelial immunocytes were separated by incubating
tissues in 0.15% dithioerythritol (Sigma) for 30 minutes at
room temperature. After washing with media, the remaining
tissue was incubated with 1 mm EDTA for 30 minutes at
room temperature to remove the epithelium. After incuba-
tion, EDTA was washed, and the tissue was minced and
digested in RPMI culture medium containing 0.25 ug/ml
liberase TL (Sigma) and 10 U/mL RNase-free DNasel
(Sigma) in a bacterial incubator for 15 to 25 minutes at 37
°C. Single-cell suspensions were passed through a 70-mm
mesh cell strainer. Discontinuous (30% and 70%) Percoll
(GE) gradient centrifugation was used to enrich
immunocytes.

BMs were collected from femurs by flushing. Mesenteric
lymph nodes were dissected and disaggregated on a 70-um
cell strainer.

Flow Cytometry Analysis

Immune cells isolated from colonic lamina propria and
mesenteric lymph nodes were stained using fluorescently
labeled antibodies for 30 minutes on ice after blocking with
Fc-block (Cd16/CD32, Biolegend). The following anti-mouse
antibodies were used (most from Bio Legend unless speci-
fied): Live or dead BD Horizon Alexa Fluor 700 (cat no
564997, BD), CD3e BUV395 (Clone 145-2C11, BD), CD 19
PercP (clonelD3, cat no 115532), CD4 BV711 (clone RM4-5,
cat no 100549), CD8«a BV605 (clone 53-6.7, cat no 100743),
Ly-6GBV510 (clone 1A8, cat no 127601),
CD11cBv421(clone N418,cat no 117329), CD11bPecy7
(clone M1/70, cat no 101215), F4/80 APC (clone T45-2342,
cat no 566787, BD), I-A/I-EFITC(MHCII, clone M5/114.15.2,
cat no 107605), Grl APC Cy7 (clone RB6-8C5, cat no
108423), IL-6PE (clone MP5-20F3, cat no 504503),



2022

MUC1 Drives Tumorigenesis 807

Table 1.Primer Set for Quantitative PCR to Detect the Indicated mRNA Levels

Forward primers

Reverse primers

6 actin 5’-CTTCTTGGGTATGGAATCCTGTG-3’
Ccl2 5’-TTCTGGGCCTGCTGTTCAC-3’

Csfr1 5’-GGACCTACCGTTGTACCGAG-3’
Csf2 5’-GGCCTTGGAAGCATGTAGAGG-3’
Cxcr2 5’-GCCCTGCCCATCTTAATTCTAC-3’
Egfr 5’-GCATCATGGGAGAGAACAACA-3’
Arg1 5’-CGTAGACCCTGGGGAACACTAT-3’
Mrc1 5’-TTCAGCTATTGGACGCGAGG-3’

116 5’-CCCCAATTTCCAATGCTCTCC-3’
Timp2 5’-GCAACTCGGACCTGGTCATAA-3’
Ym1 5’-GAAGCTCTCCAGAAGCAATCCTG-3’
IL13 5’-CTCCCTCTGACCCTTAAGGAG-3’
IL33 5’-CGGATCCACTTCACTTTTAACACAGTC-3’
Ccr2 5’-AGGAGCCATACCTGTAAATGCC-3
Ido1 5’-CGACAAGGGCTTCTTCCTCGTC-3’
Icam1 5’-AGCTCGGAGGATCACAAACG-3’
Fizz1 5’-TCCCAGTGAATACTGATGAGA-3’

5’-AGCACTGTGTTGGCATAGAGGTC-3’
5’-GGCGTTAACTGCATCTGGCTG-3
5’-CAAGAGTGGGCCGGATCTTT-3’
5’-GGAGAACTCGTTAGAGACGACTT-3’
5’-ACCCTCAAACGGGATGTATTG-3’
5’-CTGCCATTGAACGTACCCAGA-3’
5’-TCCATCACCTTGCCAATCCC-3’
5’-GAATCTGACACCCAGCGGAA-3’
5’-GGATGGTCTTGGTCCTTAGCC-3’
5’-CGGCCCGTGATGAGAAACT-3’
5’-CAGAAGAATTGCCAGACCTGTGA-3’
5’-GAAGGGGCCGTGGCGAAACAG-3’
5’-GAGATCTTTAGATTTTCGAGAGCTTA-3’
5’-TGTGGTGAATCCAATGCCCT-3’
5’-TGGGTCCACAAAGTCACGCATC-3’
5’-TCCAGCCGAGGACCATACAG-3’
5’-CCACTCTGGATCTCCCAAGA-3’

PCR, Polymerase chain reaction.

I[FNyBV785 (clone XMG1.2, cat no 563773, BD) following
the manufacturer’s instructions with greater than 10°
events collected by a LSR Fortessa flow cytometer (BD
Biosciences, Schwechat, Austria). Data were analyzed using
the Flow Jo v10 software (Flow Jo, LLC, Ashland, OR).

Mouse BM-derived Mononuclear Cell (BMMC)
Cultures

For this step, 1 x 10° BM cells per well were cultured in
tissue culture-treated 10-cm plates in 10 mL of complete
medium (RPMI 1640 supplemented with glutamine, peni-
cillin, streptomycin, 2-mercaptoethanol [all from Invi-
trogen]), 10% heat-inactivated fetal calf serum (Source
BioScience), M-CSF (20 ng/ml, Peprotech) to allow differ-
entiation of BMMCs. One-half of the medium was removed
at day 3, and new medium supplemented with M-CSF (20
ng/ml) and warmed at 37 °C was added. The BMMCs were
used for experiments at day 6 or 7.

In Vitro Suppression Assay

In vitro suppression assays were performed in 96-well
U-bottom plates. CD8* cells were isolated from native
splenocytes by using EasySep mouse CD8™ T cell isolation
kit (STEMCELL Technologies, Vancouver, Canada) according
to manufacturer’s instructions. Isolated cells were labeled
with 5 uM CFSE (Molecular Probes) and activated with ani-
CD3 and ani-CD28 antibodies (BD) according to the manu-
facturer’s instructions. Condition media of polarized
macrophages was added to the culture. After 5 days, cells
were acquired by a LSR Fortessa flow cytometer (BD Bio-
sciences, Schwechat, Austria). Data were analyzed using the
Flow Jo v10 software (Flow Jo, LLC, Ashland, OR).

RNA Preparation and Real-time Polymerase
Chain Reaction (PCR)

Total RNA was prepared using the RNeasy Mini Kit
(Qiagen, Valencia, CA). The quantity and quality of the RNA
was determined by spectrophotometry (ND-1000; Nano-
Drop Technologies Inc, Wilmington, DE). Total RNA (1 ug)
from each sample was used for first strand cDNA synthesis
using SuperScriptTM III reverse transcriptase (Life Tech-
nologies) following the manufacturer’s instructions. Real-
time PCR was performed on a Rotor-Gene 3000 cycler
(Qiagen) by using SYBR Green I fluorescence (Life Tech-
nologies) in the presence of Platinum Taq DNA-Polymerase
(Life Technologies), 3 mM MgCl,, 2 uM of each of the
primers, and 200 uM dNTPs. The cycling conditions were
denaturation for 10 minutes at 95 °C, followed by 40
amplification cycles of 20 seconds of denaturation at 94 °C,
30 seconds of annealing at 60 °C, and 30 seconds of
extension at 72 °C. To confirm the specificity of the ampli-
fied DNA, a melting curve was determined at the end of each
run. The reaction efficiency was determined with a dilution
series of cDNA containing the PCR products. Expression of
the target genes were normalized to that of §-actin, and the
results were presented as their ratios (arbitrary units).

The primers used for PCR were designed from Primer
Bank (http://pga.mgh.harvard.edu/primebank/index.html)
or using Oligoperfect Designer (Life Technologies), and their
sequences to amplify the target genes are shown in Table 1.

Statistical Analyses

All statistical analyses were performed using Prism v5
(GraphPad Software). Sample sizes for experiments were
determined by power analyses based on the variation
shown in previous experiments and predicted effect sizes
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considered to be of biological relevance. No data were
excluded from any analyses. The normal distribution of
data was assessed by probability plots, and where a normal
distribution could not be established, nonparametric
testing was used. The statistical test used and the sample
sizes for individual analyses are provided within the figure
legends.
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