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Abstract
Intestinal tumorigenesis in the ApcMin/+ model is initiated by aberrant activation of Wnt pathway. Increased IL-4
expression in human colorectal cancer tissue and growth of colon cancer cell lines implied that IL-4–induced Stat6-
mediated tumorigenic signaling likely contributes to intestinal tumor progression in ApcMin/+ mice. Stat6 also
appears to promote expansion of myeloid-derived suppressor cells (MDSCs) cells. MDSCs promote polyp
formation in the ApcMin/+ model. Hence, Stat6 could have a broad role in coordinating both polyp cell
proliferation and MDSC expansion. We found that IL-4–induced Stat6-mediated proliferation of intestinal epithelial
cells is augmented by platelet-derived growth factor–BB, a tumor-promoting growth factor. To determine whether
polyp progression in ApcMin/+ mice is dependent on Stat6 signaling, we disrupted Stat6 in this model. Total
polyps in the small intestine were fewer in ApcMin/+ mice lacking Stat6. Furthermore, proliferation of polyp
epithelial cells was reduced, indicating that Stat6 in part controlled polyp formation. Stat6 also promoted
expansion of MDSCs in the spleen and lamina propria of ApcMin/+ mice, implying regulation of antitumor T-cell
response. More CD8 cells and reduced PD-1 expression on CD4 cells correlated with reduced polyps. In addition,
a strong CD8-mediated cytotoxic response led to killing of tumor cells in Stat6-deficient ApcMin/+ mice.
Therefore, these findings show that Stat6 has an oncogenic role in intestinal tumorigenesis by promoting polyp
cell proliferation and immunosuppressive mediators, and preventing an active cytotoxic process.

Neoplasia (2017) 19, 595–605
Address all correspondence to: Alfred L.M. Bothwell, P.O. Box 208011, TAC 641D,
300 Cedar Street, New Haven, CT 06520-8011.
E-mail: alfred.bothwell@yale.edu
Received 28 February 2017; Revised 19 April 2017; Accepted 20 April 2017

© 2017 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open
access articleunder theCCBY-NC-NDlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1476-5586
http://dx.doi.org/10.1016/j.neo.2017.04.006
Introduction
Colorectal cancer (CRC) is one of the leading causes of death among
cancer-related deaths worldwide [1]. Familial adenomatous polyposis
is genetically acquired and always results in colon cancer. As familial
adenomatous polyposis develops due to mutations in the adenoma-
tous polyposis coli (APC) gene, a relevant genetic model is provided
by ApcMin/+ mice which have a mutation resulting in truncated APC
protein [2]. This mutation in ApcMin/+ mice causes aberrant Wnt
signaling leading to polyp development in the small intestine and
colon. Hence, this model allows study of earlier stages of CRC which
will provide important clues about the mechanism leading to CRC.
Expression of constitutively activated Stat6 in leukemia, lymphomas,

and prostate cancer suggests that it contributes to tumor cell proliferation
[3]. In T cells, IL-4–induced Stat6 directly upregulates growth factor
independence–1 expression, which correlates with decreased expression
of cell cycle inhibitor p27Kip1, and results in increased cell proliferation
[3,4]. IL-4–dependent growth of murine and human colon tumor cell
lines and primary colorectal cancer cells suggested that it could promote
proliferation of intestinal epithelial cells (IECs) similar to that of
lymphocytes [5]. As IL-4 was highly expressed in human CRC tissue,
lack of correlation between IL-4 expression and overall survival suggested
a probable causal role for IL-4 in CRC [6]. Phosphorylated Stat6 was
observed in IECs of patients with inflammatory bowel disease; however,
as colitis progressed to colitis-associated cancer [7], phosphorylated Stat3
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was detected. Hence, further investigation is required to evaluate the role
of IL-4–induced Stat6 signaling in intestinal tumorigenesis.

Stat6 is activated by several ligands in addition to its canonical
stimuli IL-4 and IL-13. Other Stat6-activating ligands include
PDGF, IL-15, IFNα, IL-3, kit ligand, angiotensin II, and obese
receptor [8]. Among these ligands, PDGF is noteworthy due to its
established tumor-promoting role in glioma, Kaposi's sarcoma,
prostate cancer, and pancreatic cancer [9] and because it activates
Stat6 in fibroblasts and promotes their proliferation [10]. It is secreted
by endothelial cells, epithelial cells, and platelets [9]. Due to
vascularization of tumors, endothelial cells constituting blood vessels
and platelets are abundant in the tumor microenvironment. PDGF
most likely activates Stat6 in stromal cells and IECs in a paracrine manner
due to the close proximity of PDGF sources such as endothelial cells and
platelets with polyp epithelial cells. Hence, Stat6 could be activated in
IECs due to the combined effect of IL-4 and PDGF.

In addition to having a tumor-proliferating function, Stat6 appears
to promote the expansion of myeloid suppressor cells similar to
myeloid-derived suppressor cells (MDSCs) in a murine model of
induced injury and in a murine breast cancer metastasis model
[11,12]. However, there was no difference in MDSC accumulation in
IL-4Rα−/− or wild-type (WT) mice with implanted murine colon
cancer [13]. MDSCs are immunosuppressive cells that expand in
tumor-bearing mice and are tumorigenic in ApcMin/+ mice [14,15].
They suppress T-cell responses by several mechanisms including the
production of IL-4–dependent arginase [15,16]. Therefore, MDSC
expansion in the ApcMin/+ model could be Stat6 dependent.

Stat6 could emerge as a potent tumorigenic factor regulating both
polyp cell proliferation and MDSC expansion. To explore this
rationale, we genetically disrupted Stat6 in ApcMin/+mice. Disrup-
tion of Stat6 function significantly reduced polyps in ApcMin/+ mice
due to reduced proliferation of polyp epithelial cells and MDSC
accumulation, and increased cytotoxic effectors. Overall, we show
that a tumor microenvironment with elevated IL-4 is ideal for the
tumorigenic effect of Stat6 in intestinal tumorigenesis.
Materials and Methods

Mice
C57BL/6J and ApcMin/+ mice were purchased from The Jackson

Laboratory. Stat6−/− mice on C57BL/6J background were kindly
provided by Dr. Joe Craft (Yale University). Both male and female
mice at 15 weeks were used in all experiments. WT littermates were
used as controls. All mouse protocols were approved by the Yale
University Institutional Animal Care and Use Committee.

Histology and Immunohistochemistry
Five-micrometer sections of paraffin-embedded polyps were processed

for hematoxylin and eosin staining or immunohistochemistry. Antigen
retrieval was done with sodium citrate solution. Antibodies to Ki67 (Cell
Signaling), phospho-Stat6 (Thermofisher Scientific), or isotype control
were used for immunohistochemistry. Terminal deoxynucleotidyl
transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay was done
using the Apoptag kit (Millipore). Signal was visualized using the ABC
reagent and DAB peroxidase substrate (Vector laboratories).

Flow Cytometry
Splenocytes obtained by mechanical disruption were stained with

CD45, CD4, CD8, TCRβ, PD-1, CD11b, Gr-1, Ly6C, Ly6G,
CD11c, F4/80, and CD19. For intracellular cytokine staining,
splenocytes were activated with 0.5 μg/ml of anti-CD3 and
anti-CD28 (eBioscience) for 48 hours; brefeldin A was added during
the last 6 hours of culture before fixation. Cells were surface stained,
permeabilized with permeabilization buffer (eBioscience), and stained
with anti-IFNγ. Lamina propria lymphocytes were prepared by
digestion of small intestine fragments with collagenase (Sigma) and
DNase (Roche) at 37°C for 30 minutes; live lymphocytes were
separated on a Percoll density gradient and stained for flow cytometry
as described. Viable CD45+ population was used for all analysis.

Immunoblotting
A total of 3 × 105 HT29 cells obtained from ATCC were used

between 3 and 10 passages after thawing. Cells were serum starved for
3 hours followed by treatment with recombinant human IL-4 at 1 ng/
ml and human PDGF–BB at 1, 10, and 30 ng/ml for 30 minutes.
After lysis with RIPA buffer, equal amounts of protein were loaded on
a 4% to 15% polyacrylamide gel and detected for phospho-Stat6,
total Stat6 (Cell Signaling), or β-actin (Sigma-Aldrich). ImageJ was
used for densitometry.

Quantitative Reverse Transcriptase Polymerase Chain
Reaction (PCR)

RNA was extracted with Trizol from size-matched polyps and
nontumor small intestine tissue. cDNA was reverse-transcribed from
DNase-treated RNA using Superscript III reverse transcriptase
(Invitrogen). Target gene amplification was done by SYBR green
PCR master mix (Biorad). Expression of target genes was normalized
to rpl32. Relative quantification of gene expression was done using
the standard curve method, where the same control RNA sample was
used to generate standard curve for all assays. Primer sequences are
listed in Supplementary Table 1.

Statistical Analysis
GraphPad prism software was used to determine statistical

significance by analysis of variance unless otherwise specified. Data
are presented as means ± SEM. P value less than .05 was considered
significant.

Results

Stat6 Promotes Polyp Progression in the Small Intestine of
ApcMin/+ Mice

Increased IL-4 and IL-4Rα expression and Stat6 phosphory-
lation were observed in ApcMin/+ polyps compared to nontumor
small intestine tissue from WT mice (Figure 1, A and B). To assess
whether Stat6 signaling in ApcMin/+ mice promotes polyp
development, we generated ApcMin/+ mice lacking Stat6. Homozy-
gous and heterozygous deletion of Stat6 in ApcMin/+ mice resulted in
86% and 74% reduction in polyps, respectively, compared to
ApcMin/+ mice (Figure 1, C and F). There was stronger reduction of
polyps in the proximal small intestine in ApcMin/+ Stat6−/− mice
compared to ApcMin/+ and ApcMin/+ Stat6+/− mice (Figure 1D).
However, ApcMin/+Stat6+/− and ApcMin/+Stat6−/−mice had fewer
polyps in the middle and distal small intestine than ApcMin/+ mice.
Few large polyps (≥3.0 mm) were seen in ApcMin/+Stat6+/− and
ApcMin/+Stat6−/− mice compared to ApcMin/+mice (Figure 1E).
All small polyps (≥2.0 and ≥1.0 mm) were reduced in both ApcMin/
+Stat6+/− and ApcMin/+Stat6−/− mice; however, there was greater
reduction of polyps ≥1.0 mm in the total absence of Stat6.
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Figure 1. Deficiency of Stat6 reduces intestinal polyps in ApcMin/+ mice. (A) IL-4 and IL-4RαmRNA expression in ApcMin/+ polyps (n=
5). UD, undetected. (B) Representative images (630× magnification) of immunohistochemical analysis of phospho-Stat6 in polyps from
ApcMin/+ mice and nontumor small intestine tissue from WT. (C) Total polyp counts from each small intestine of ApcMin/+ (n = 14),
ApcMin/+ Stat6+/− (n= 12), and ApcMin/+ Stat6−/−mice (n= 16). (D and E) Polyp counts in proximal, middle, and distal segments of
the small intestine and number of polyps ≥3.0 mm, 2.0 mm, and 1.0 mm in the groups described above. Data in C to E are presented as
box andwhiskers plot, wheremedian is shown by the center black line inside the box andmin tomax values are represented by the closed
error bars. (F) Representative images of hematoxylin and eosin–stained sections of small intestine “Swiss rolls” at 100× magnification
show intestinal polyps in mice from each group described above. Dashed areas indicate polyps. Scale bars = 1mm. * P b .05, ** P b .005,
*** P b .0005, ****P b .0001.
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Splenomegaly, loss of Peyer’s patches, and lymphodepletion [17] are
characteristic features of tumor progression in ApcMin/+ mice. Total
splenocytes were reduced in Stat6-deficient ApcMin/+ mice,
indicating reduced splenomegaly compared to ApcMin/+ mice that
had more total splenocytes. Further, there were five to eight Peyer’s
patches and an overall increase in T and B cells in Stat6-deficient
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ApcMin/+ mice compared to ApcMin/+ mice with two or less Peyer’s
patches and fewer T and B cells (Supplementary Figure 1). Together,
these results show that absence or reduction of Stat6 inhibits polyp
progression and related features of tumorigenesis in ApcMin/+ mice.

Stat6 Activation in Tumor-Derived IECs Is Driven by IL-4
and PDGF-BB

As both IL-4 and PDGF-BB are Stat6-activating agonists, we tested
whether they induced Stat6 phosphorylation in IECs. HT29 colorectal
cancer–derived IECs were treated with IL-4 alone or IL-4 plus PDGF-BB.
IL-4 induced Stat6 phosphorylation, whereas PDGF-BB treatment alone
induced no response (Figure 2, A and B; and data not shown). However,
combined treatment with IL-4 and PDGF-BB induced stronger Stat6
phosphorylation relative to treatment with IL-4 alone. Further, IL-4
enhanced growth ofHT29 cells, and PDGF-BB augmented IL-4–induced
proliferation (Figure 2C). Collectively, these results show Stat6 activation in
IECs and IEC growth is enhanced by combined action of IL-4 and
PDGF-BB.

Stat6 Increased Epithelial Cell Proliferation in ApcMin/+
Polyps

Stat6 phosphorylation in ApcMin/+ polyps and in IL-4 treated
HT29 cells, and IL-4 and PDGF-BB–induced proliferation of HT29
cells implied Stat6-mediated proliferation of polyp epithelial cells.
Hence, to assess if absence of Stat6 affects proliferation of polyp
epithelial cells, we analyzed Ki67+ cells in polyps. Fewer Ki67+ cells
were seen in ApcMin/+Stat6+/− and ApcMin/+Stat6−/− polyps than
37
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Figure 2. Stat6 is activated by IL-4 and PDGF-BB in intestinal epithel
cells activated by hIL-4 (1 ng/ml) and hPDGF-BB (10 and 30 ng/ml). Tot
analysis of p-Stat6 normalized to β-actin. (C) HT29 cells treated with hIL
trypan blue assay. Statistical significance was determined by two-tai
in ApcMin/+ polyps (Figure 3, A and B). Stronger reduction of
proliferation in ApcMin/+Stat6−/− mice showed that tumor cell
proliferation is partly regulated by Stat6. Further, Wnt target genes
associated with rapid proliferation of IECs including CD44, Sox-9,
Lgr5, and c-Myc were reduced in polyps of ApcMin/+Stat6−/− mice,
but only Sox-9 and Lgr5 were significantly reduced in ApcMin/
+Stat6+/− mice polyps (Figure 3C). Further, Vegf-A was unaltered in
polyps from ApcMin/+ mice and those lacking Stat6 (Figure 4),
suggesting that Stat6 provides a key proliferative signal for polyp
epithelial cells other than growth factors supplied by increased
vascularization induced by Vegf-A. Notably, Vegf-A was highly
expressed in the nontumor small intestinal tissue of ApcMin/+ mice,
indicating that aberrant Wnt signaling potentiates a tumorigenic gut
environment, which is consistent with higher IL-6, CD44, and c-Myc
expression in the nontumor small intestinal tissue of ApcMin/+ mice.
Overall, Stat6 promotes polyp development by inducing proliferation
of polyp epithelial cells and regulating expression of tumor promoting
factors.

Stat6 Deletion in ApcMin/+ Mice Limits Inflammation in the
Small Intestine

To determine whether Stat6 deficiency alters proinflammatory
mediators including cytokines in the small intestine of ApcMin/+
mice, mRNA expression of cyclooxygenase-2 (Cox-2), IL-6,
IL-23p19, and IL-1β in polyps and nontumor small intestine tissue
was assessed. In ApcMin/+ polyps, Cox-2, IL-6, IL-23p19, and IL-1β
were upregulated (Figure 4), which is consistent with our previous
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led Student’s t test. * P b .05, ** P b .005, *** P b .0005.
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Figure 3. Proliferation of epithelial cells in ApcMin/+ polyps is mediated by Stat6. (A) Representative images (630× magnification) of
Ki67+ cells in individual polyps from ApcMin/+, ApcMin/+Stat6+/−, and ApcMin/+ Stat6−/−mice (n=5/group). (B) Percent Ki67+ cells
per field. Four fields were counted per polyp per mouse. (C) mRNA expression of Wnt target genes CD44, Lgr5, Sox-9, and c-Myc in
size-matched polyps from ApcMin/+, ApcMin/+ Stat6+/−, and ApcMin/+ Stat6−/− mice (n = 4/group). * P b .05, ** P b .005, *** P b
.0005.
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findings [18]. These proinflammatory mediators were downregulated
in polyps from ApcMin/+Stat6+/− and ApcMin/+Stat6−/− mice,
which correlates with reduced polyps in these mice. IL-6 was lower in
the nontumor small intestine tissue of Stat6-deficient ApcMin/+
compared to ApcMin/+ mice, but there was no difference in Cox-2,
IL- 23p19, and IL-1β. However, expression of Cox-2, IL-23p19, and
IL-1β in the nontumor small intestine tissue of ApcMin/+ mice with
and without Stat6 was comparatively lower than that in ApcMin/+
polyps, indicating reduced inflammation. Collectively, absence of
Stat6 lowers overall inflammation in polyps and surrounding small
intestine tissue, resulting in an unfavorable environment for polyp
progression.

Accumulation of MDSCs in ApcMin/+ Mice Is Stat6
Dependent

MDSCs secrete many tumor-promoting factors including IL-6
and Vegf-A [19]. They suppress T-cell responses via IL-4–dependent
arginase and by engaging PD-1 with its ligand PD-L1 [20].
Monocytic MDSCs (M-MDSCs: CD11b+Ly6G–Ly6Chi) and
polymorphonuclear-MDSCs (PMN-MDSCs: CD11b+Ly6G+Ly6-
Clo) accumulated more in both the spleen and lamina propria of
ApcMin/+ mice compared to WT monocytes and neutrophils
(Figure 5). An additional population that is CD11b+Ly6GloLy6Cint
(intermediate-MDSCs or I-MDSCs) which is also CD11b+Gr-1int
was observed in ApcMin/+ spleen (Figure 5, A and B, and
Supplementary Figure 2C). Similar populations of CD11b+Gr-1int
cells were observed in other implanted tumor models [16,21,22]. As
these cells have medium Ly6C, low Ly6G, but negligible F4/80
expression, they closely resemble monocytes (Figure 5C). Consistent
with the strong increase in M-MDSCs and PMN-MDSCs, there was
a significant increase in total CD11b+Gr-1+ cells in ApcMin/+ mice
compared to WT (Supplementary Figure 2, A and B). Together,
these results show that tumor progression in ApcMin/+ mice is
associated with expansion of MDSCs. Splenic M-MDSCs and
PMN-MDSCs (Figure 5, A and B) were reduced in Stat6-deficient
ApcMin/+ mice, which is consistent with an overall decrease of
CD11b+Gr1+ cells (Supplementary Figure 2, A and B). I-MDSCs
were also significantly reduced in ApcMin/+ mice lacking Stat6
(Figure 5B). A fourth population that is CD11b+Ly6CloLy6G−
appears in ApcMin/+Stat6+/− mice and is increased in ApcMin/
+Stat6−/− (Figure 5A and Supplementary Figure 2D), which is the
CD11b+F4/80+ macrophages. In the lamina propria, both
M-MDSCs and PMN-MDSCs were reduced in Stat6-deficient
ApcMin/+ mice (Figure 5, D and E). These findings show that
MDSCs do not accumulate in the spleen or lamina propria of ApcMin/+
mice in the absence of Stat6, which correlates with polyp inhibition.
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PD-1 Expression on CD4 Cells Is Reduced in ApcMin/+ Mice
Deficient in Stat6

Fewer splenic lymphocytes including CD4 and CD8 cells were
observed in ApcMin/+ mice than in Stat6-deficient ApcMin/+ mice
(Figure 6, A and B, and Supplementary Figure 1, C and D).
However, the proportion of lamina propria CD4 cells was similar
between ApcMin/+ and Stat6-deficient ApcMin/+ mice. To
determine if lamina propria CD4 cells were qualitatively altered by
the absence of Stat6 in ApcMin/+mice, we analyzed PD-1 expression
on T cells as it is associated with functional exhaustion and inhibition
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of immune response. Lamina propria CD4 T cells from ApcMin/
+mice had high PD-1 expression, whereas it was downregulated on
CD4 cells from ApcMin/+ mice lacking Stat6 (Figure 6C). Hence,
CD4 cells in ApcMin/+Stat6−/− have the potential to function
normally by producing sufficient IL-2 to favor an effective
CD8-mediated cytotoxic effect.



5.2

3.4

6.2

2.1

6.9

1.3

Spleen

5.3

2.0

2.8

1.4

11.5

5.5

Lamina 
propria

ApcMin/+ ApcMin/+Stat6-/-ApcMin/+Stat6+/-

CD8

C
D

4 

A

**
****

C
CD4+ PD-1+

*
ns

***

*

CD4 CD8 
B

Spleen

*
ns

CD4 CD8 

Lamina 
propria

Figure 6. Elevated CD8 T cells in Stat6-deficient ApcMin/+ correlates with downregulation of PD-1 on CD4 T cells. (A and B) Splenocytes
and lamina propria cells from ApcMin/+ (n = 6), ApcMin/+ Stat6+/− mice (n = 8), and ApcMin/+ Stat6−/− mice (n = 8) were analyzed
for CD4 and CD8 T cells. Student’s t test was used to determine statistical significance. (C) Lamina propria cells from the above groups
were analyzed for CD4 T cells expressing PD-1. * P b .05, ** P b .005, *** P b .0005, **** P b .0005.

602 Stat6 Promotes Intestinal Tumorigenesis Jayakumar and Bothwell Neoplasia Vol. 19, No. 8, 2017
Cytotoxic CD8 Cells Inhibit Polyp Progression in the Absence
of Stat6

To assess if reduction of MDSCs in the lamina propria and spleen
improved T-cell function, T cells and their effector functions were
analyzed. More CD8 T cells accumulated in the spleen and lamina
propria of ApcMin/+Stat6−/− mice (Figure 6, A and B) than in
ApcMin/+Stat6+/− and ApcMin/+ groups. Splenic CD4 T cells were
significantly higher in ApcMin/+Stat6+/− and ApcMin/+Stat6−/−
mice compared to ApcMin/+. Next, we found that CD8 cells from
ApcMin/+Stat6+/− and ApcMin/+Stat6−/− mice produced more
IFNγ compared to those from ApcMin/+ mice (Figure 7A). CD4
cells from all groups were poor producers of IFNγ. Perforin was
increased in the polyps and nontumor small intestine tissue of
ApcMin/+Stat6−/− mice compared to ApcMin/+ polyps, whereas
granzyme B was elevated in the nontumor small intestine tissue from
ApcMin/+Stat6−/− mice (Figure 7B). Further, more apoptosis in
Stat6-deficient ApcMin/+ polyps than in ApcMin/+ polyps showed
killing of polyp cells (Figure 7C). Together, our results show that, in
the absence of Stat6, CD8 T cells in ApcMin/+ mice acquire
cytotoxic capacity and inhibit tumor cells which effectively limit
polyp progression.

Discussion
In the ApcMin/+ model, initiation of intestinal tumorigenesis by
aberrant Wnt signaling is promoted by IL-17 [18], EGF-activated
ERK signaling [23], or TLR activation [24]. The abundance of IL-4
in ApcMin/+ polyps [25] and the tumorigenic function of PDGF
suggested that Stat6 might be important for promoting intestinal
tumors. We demonstrate that Stat6 provides a proliferative signal
promoting polyp epithelial cell growth and regulates expansion of
M-MDSCs, I-MDSCs, and PMN-MDSCs, thereby contributing to
intestinal tumorigenesis.
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Stat6+/−mice (n= 4), and ApcMin/+ Stat6−/−mice (n= 5). Statistical significance was determined by two-way analysis of variance. (C) TUNEL
assay showing apoptosis of polyp epithelial cells in ApcMin/+ (n=3) and ApcMin/+ Stat6−/−mice (n=3). TUNEL-positive cells were counted in
three to four fields per polyp/mouse. * P b .05, ** P b .005, *** P b .0005, **** P b .0001.
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In chemically induced murine colon cancer, although IL-4Rα
deletion reduced colonic tumors [26], there was no difference in
tumors arising from MC38 cells with knockdown of IL-4Rα and
unaltered MC38 cells. Formation of more aberrant crypt foci in the
absence of IL-4Rα indicated that IL-4 could be inhibiting polyps
[27]. However, IL-4 was ineffective as a therapeutic [28]. Therefore,
by deleting Stat6 which is the main downstream signaling mediator of
IL-4, we targeted transcriptional control of polyp formation.
Furthermore, on finding that Stat6 could be costimulated by IL-4
and PDGF-BB, we reasoned that Stat6 activation by more than one
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ligand contributes to its central role in regulating polyp epithelial cell
proliferation. This is consistent with the potent tumorigenic effect of
PDGF in glioma, Kaposi's sarcoma, prostate cancer, and pancreatic
cancer, and elevated PDGF receptor expression on tumor and stromal
cells [9]. To our knowledge, we have shown for the first time that
PDGF-BB augments IL-4–induced proliferation of a tumor-derived
intestinal cell line.

Although ApcMin/+ mice with heterozygous or homozygous
deletion of Stat6 resulted in similar reduction of total polyps,
ApcMin/+Stat6+/− mice had more tumors in the distal segment of
the small intestine (P b .05 vs. P b .0001) and more small polyps
(N1.0 mm; P b .005 vs. P b .0001) compared to ApcMin/+Stat6−/−.
This could be due to dampened cytotoxic effect in ApcMin/+ mice
with heterozygous Stat6 expression. However, there was similar
reduction of total polyps in ApcMin/+Stat6+/− and ApcMin/+Stat6
−/− mice. This is consistent with reduced proliferation of polyp
epithelial cells and reduced expression of stem cell markers Lrgr5 and
Sox-9 in both ApcMin/+Stat6+/− and ApcMin/+Stat6−/− mice
compared to ApcMin/+ mice, suggesting that Stat6-mediated
proliferation is critical for polyp formation. Similarly, in an implanted
pancreatic cancer model, both heterozygous and homozygous
deletion of host Stat6 resulted in tumor reduction compared to
WT tumor-bearing mice [29]. Notably, Vegf-A does not fully
compensate for the absence of Stat6-induced proliferation in
ApcMin/+ polyps. Therefore, Stat6 signaling is critical for polyp
epithelial cell proliferation.

MDSCs and immune checkpoint inhibitor PD-1 curtail antitumor
immunity by immunosuppression [30]. MDSCs suppress T cells by
depleting essential arginine with IL-4–dependent arginase or by
engaging PD-1 [15,20]. Elevation of M-MDSCs in the lamina
propria suggests that T cells could be suppressed by IL-4–dependent
arginase as the immunosuppressive capacity of M-MDSCs is
dependent on IL-4Rα [16]. Previously, it was shown that blocking
PD-1 resulted in CD8-mediated rejection of MC38 tumors [31].
Increased MDSCs and CD4+PD-1+ cells in ApcMin/+ lamina
propria imply inhibition of CD4 function by MDSCs via PD-1
interaction. Absence of CD4-mediated help may diminish the
antitumor effect of CD8 T cells. Reduced M-MDSCs and
PMN-MDSCs, and strong reduction of PD-1 expression on CD4
cells in the local tumor environment of Stat6-deficient ApcMin/+
mice likely allowed development of an efficient cytotoxic response
resulting in increased apoptotic killing of polyp epithelial cells. We are
currently investigating whether MDSCs directly suppress CD8 cells
or inhibit CD8 cells via CD4 T-cell suppression.

Accumulation of splenic MDSCs is linked to increased tumor
burden as shown previously in lung, colon, and breast cancer models
[32]. In addition to suppressing immune response, MDSCs secrete
tumorigenic factors including IL-6 and Vegf-A [19]. In ApcMin/+
mice, more splenic MDSCs are reflected by increased MDSCs in the
lamina propria and increased expression of IL-6 and Vegf-A in polyps,
providing evidence that MDSCs contribute to tumorigenesis. Our
finding is supported by a study where inhibition of CCL2-mediated
recruitment of MDSCs to the intestine of ApcMin/+ mice reduced
polyps [14]. In our study, expansion of all MDSC subsets is Stat6
dependent in the ApcMin/+ model, implying an association between
Stat6-dependent intestinal tumorigenesis and MDSC expansion. As
IL-4 signaling on host stromal cells was ineffective in modifying
MDSC expansion in an implanted murine colon cancer model [13],
Stat6 signaling in ApcMin/+ polyp cells might be critical for
expanding MDSCs. As MDSCs eventually differentiate to macro-
phages or neutrophils [15], reduction of I-MDSCs, which have
monocytic characteristics, in the absence of Stat6 could be due to
differentiation into a specific macrophage subset or failure to
accumulate. In our system, increased accumulation of CD11bhi
F4/80+ macrophages in the absence of Stat6 could be due to
I-MDSCs or M-MDSCs differentiating into M1-like macrophages.
These cells are unlikely to be M2-like TAMs as classical M2 markers
arginase, Fizz1, CD206, and Ym1 are Stat6 dependent [33,34].
Instead, they could be aiding antitumor immunity as shown in an
implanted breast cancer induced metastasis model where breast
cancer metastasis was likely prevented by tumoricidal M1 macro-
phages in the absence of Stat6 [12].

Stat6 mediates two processes contributing to intestinal polyp
progression. First, it directly promotes proliferation of polyp epithelial
cells, and second, it mediates expansion of MDSCs, which possibly
limits effective antitumor CD8 cytotoxicity. Furthermore, positive
correlation between polyp numbers and MDSCs suggests that these
immunosuppressive cells promote intestinal polyps. In this model, we
found I-MDSCs that are equivalent to the previously identified
CD11b+Gr-1int cells. Further analysis of Stat6-dependent genes in
I-MDSCs could reveal novel therapeutic targets. Collectively, our
findings show that disruption or reduction of Stat6 could significantly
reduce the progression of adenomatous polyposis by inhibiting polyp
growth and downregulating immunosuppressive mechanisms. There-
fore, we show that Stat6 signaling is critical for the preliminary stages
of intestinal tumorigenesis.

Conclusions
• Stat6 promotes proliferation of polyp epithelial cells determining the progression of
early tumorigenesis.

• M-MDSC, I-MDSC, and PMN-MDSC expansion is promoted by Stat6 in the
ApcMin/+ model.

• Cytotoxic CD8 response inhibits polyp epithelial cells and is associated with
reduction of MDSCs.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neo.2017.04.006.
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