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Deficiency in STAT1 Signaling Predisposes Gut
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Abstract: Signal transducer and activator of transcription 1 (STAT1) is part of the Janus kinase
(JAK/STAT) signaling pathway that controls critical events in intestinal immune function related to
innate and adaptive immunity. Recent studies have implicated STAT1 in tumor-stroma interactions,
and its expression and activity are perturbed during colon cancer. However, the role of STAT1
during the initiation of inflammation-associated cancer is not clearly understood. To determine the
role of STAT1 in colitis-associated colorectal cancer (CAC), we analyzed the tumor development
and kinetics of cell recruitment in wild-type WT or STAT1~/~ mice treated with azoxymethane
(AOM) and dextran sodium sulfate (DSS). Following CAC induction, STAT1~/~ mice displayed an
accelerated appearance of inflammation and tumor formation, and increased damage and scores on
the disease activity index (DAI) as early as 20 days after AOM-DSS exposure compared to their WT
counterparts. STAT1~/~ mice showed elevated colonic epithelial cell proliferation in early stages of
injury-induced tumor formation and decreased apoptosis in advanced tumors with over-expression
of the anti-apoptotic protein Bcl2 at the colon. STAT1~/~ mice showed increased accumulation of
Ly6G*Ly6C~CD11b"* cells in the spleen at 20 days of CAC development with concomitant increases
in the production of IL-17A, IL-17F, and IL-22 cytokines compared to WT mice. Our findings suggest
that STAT1 plays a role as a tumor suppressor molecule in inflammation-associated carcinogenesis,
particularly during the very early stages of CAC initiation, modulating immune responses as well as
controlling mechanisms such as apoptosis and cell proliferation.
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1. Introduction

Colorectal cancer is one of the most frequent neoplasms and is the second most common cause of
death by cancer in Western countries [1]. Colitis-associated colon cancer (CAC), which develops under
chronic inflammatory conditions in the intestinal tissue, is different from sporadic cancer and is one of
the most frequent causes of morbidity and mortality in inflammatory bowel disease (IBD) patients [2,3].
Ulcerative colitis (UC) and Crohn’s disease (CD) are considered the main components of human IBD.
Patients with UC have an increased risk of developing CAC, and the extent and duration of the disease
augment its threat. After 8-10 years of diagnosis of IBD, the risk of developing CAC augments to
2-40% compared to that of the general population, depending on the severity and location of IBD [4,5].
In addition, CAC is considered to have greater malignant potential than sporadic colorectal cancer and
patients show poor survival rates in the advanced stages [6]. However, the immunological mediators
underlying the development and progression of colorectal cancer preceded by chronic inflammation
are still unclear.

During the transformation process, inflammatory cytokines are constantly present in the intestinal
tissue, and many of these cytokines generate cellular effects and functions through the Janus kinases
(JAK)/signal transducer and activator of transcription (STAT) signaling pathway. The JAK/STAT
pathway controls important events in intestinal immune function as well as in inflammatory
responses [7], and its role in colorectal cancer development is just starting to be understood [8].
The binding of type I or type II interferons (IFNs) induces oligomerization of their receptor and
activation of Janus kinases (JAKs), Jakl and Jak2. The activation of these proteins favors the
phosphorylation of the intracellular domain of the receptor which function as a docking site for signal
transducer and activator of transcription 1 (STAT1) proteins. STAT1 forms homo- or hetero-dimers
and translocates to the nucleus to initiate the transcription of a repertoire of target genes [9]. Studies
in mice and data from human patients have suggested that STAT1 has tumor suppressor properties;
however, there is growing evidence that it can also act as a tumor promoter [10,11]. A decrease or loss
of STAT1 signaling activity has been reported in many types of cancer, such as colon cancer [8], breast
cancer [12], leukemia, and melanoma [13] and a correlation between the high expression of STAT1 and
good prognosis has been observed in colorectal [14,15], pancreatic [16], and esophageal cancers [17].

However, high levels of STAT1 expression and activation in mucosal samples have been observed
in patients with UC and CD [18] which may account for accelerated colon cancer development.
In contrast, higher levels of total STAT1 but not phospho-STAT1 were observed in patients with CD
compared to UC and controls [19]. Dextran sodium sulfate (DSS)-induced colitis was attenuated
in STAT1~/~ mice who had significantly decreased tissue damage and hyaluronan (a molecule
involved in leukocyte attachment) deposition at the intestines [20]. Additionally, a decrease in
Th1-type cytokine production and a reduction in chemically-induced colitis was observed in mice
when pharmacological inhibition of STAT1 was performed [21]. Suppressor of cytokine signaling 1
(SOCS1) acts as an important negative regulator for IFN-y signaling by binding to JAKs and inhibiting
their function. The restriction of IFN-y-STAT1 signaling by SOCS1 seems to be necessary for the
maintenance of Foxp3 expression and regulatory T cell integrity and function [22], an essential
population that protects the host from excessive immune responses. Colons from SOCS1 deficient mice
exhibited hyperactivation of STAT1, accompanied with an increased in carcinogenesis-related enzymes,
cyclooxygenase-2, and inducible nitric oxide and showed spontaneous development of colorectal
carcinomas [23]. Nevertheless, some evidence suggests that STAT1 seems to have a protective function
in CAC development; for example, normal intestinal fibroblasts inhibited the proliferation of colon
cancer cells via stimulation of STAT1 signaling in contrast to fibroblasts isolated from CD, UC, or colon
cancer patients [24]. STAT1 has been shown to mediate the anti-proliferative effect of IFN-y on tumor
cells [25], and STAT1 is an important mediator for antiangiogenic signals, and inhibits tumor growth
and metastasis of RAD-105 cells in vivo [26]. A recent report showed that pro-oncogenic activity
of SOCS1 is related to the down-modulation of STAT1 expression [27]. Furthermore, active KRAS
mutations in colon cancer cells were shown to inhibit the expression of STAT1, allowing them to escape
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tumor surveillance mechanisms due to reduced responsiveness to IFN-y [28]. However, the role of
STAT1 during inflammation-associated colon cancer has not been well stablished.

In this study, we demonstrate, for the first time, that STAT1 signaling has an important role in vivo
during the development of CAC. Early STAT1 deficiency promotes rapid and extensive intestinal
damage, increased proliferation in the early stages of injury-induced tumor formation, and reduced
apoptosis in advanced tumors. A lack of STAT1 renders mice highly susceptible to CAC which
correlates with dysregulation in the recruitment of monocytic and granulocytic cells. Thus, STAT1
signaling may represent a potential target for therapeutic intervention during the initial stages of
colorectal cancer.

2. Results

2.1. STAT1 Deficiency Leads to Rapidly Increase Development of CAC

To determine whether STAT1 participates in the development of CAC, we subjected WT and
STAT1 deficient animals (STAT1~/~) to an azoxymethane (AOM)/DSS regiment, a well-established
previously reported protocol [29]. Single administration of AOM and three cycles of DSS exposure
induced colon tumorigenesis in mice with chronic colitis. We evaluated the course of the disease for 20-,
40-, and 68-day periods in STAT1~/~ and WT mice (Figure 1A) as an approximation of different stages
of tumor progression. First, we monitored weight loss, stool consistency, and bleeding as the DAI
score (Figure 1B). STAT1~/~ AOM/DSS mice featured an early and dramatic enhancement in diarrhea
and rectal bleeding, and a reduction in weight at the end of every DSS cycle compared to similarly
treated WT animals (Figure 1B,C). Additionally, AOM/DSS administration in STAT1~/~ mice resulted
in significantly reduced early survival during the first and third DSS cycles (Figure 1D). At this early
stage (Day 20), at least 20% of STAT1~/~ AOM/DSS mice displayed small colon tumors (Figure 2A,B),
whereas WT AOM/DSS animals did not show any tumors. By Day 40, 100% of STAT1~/~ AOM/DSS
mice had developed tumors, while, in the WT AOM/DSS group, only 70% of mice had tumors
(Figure 2A). Interestingly, at necropsy on Day 68, 100% of STAT1~/~ and WT AOM/DSS treated
animals presented reddish polypoid tumors at the medial and distal zones of the colon with no
differences in size and number between groups (Figure 2A-E).
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Figure 1. Changes during the course of colorectal cancer (CAC) in WT and signal transducer
and activator of transcription (STAT1) deficient mice (STAT1~/~). (A) Schematic time schedule of
azoxymethane (AOM) and dextran sodium sulfate (DSS) administration. After the initial AOM
injection (12.5 mg/kg), DSS was given in drinking water for seven days followed by 14 days of regular
drinking water. Mice were sacrificed on Days 20, 40 (early tumor development), and 68 (late tumor
development) post AOM injection. (B) The disease activity index score (DAI) was assessed on the
indicated days for each animal and averaged per day for each group (mean + SEM, n = 5 mice/group).
(C) Weight changes in healthy mice and AOM/DSS-treated mice relative to initial body weights during
the course of the experiment. The graph shows data from four independent experiments (mean +
SEM, n = 5 mice/group). One-way ANOVA and Tukey’s multiple comparisons tests were completed.
* represents p < 0.05, *** represents p < 0.001. There was a significant difference between WT AOM/DSS
versus STAT1~/~ AOM/DSS at the indicated time. (D) Survival curve comparing WT AOM/DSS
(black solid line, n = 5) versus STAT1~/~ AOM/DSS WT (dashed line, n = 8). There was a significant
difference in survival between WT AOM/DSS and STAT1~/~ AOM/DSS (log rank test, * p = 0.0074).
Data were pooled from two independent experiments.
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Figure 2. STAT1 deficiency leads to rapid development of CAC. Colons were removed and the number
of macroscopic tumors were determined at the indicated time intervals. (A) Time course of the
percentage of tumor-free mice during the AOM/DSS treatment in WT and STAT1~/~ mice. (B) Tumor
diameter (mm) of colorectal tumors formed in WT AOM/DSS and STAT1~/~ AOM/DSS animals at
the indicated times. (C) Number of colorectal tumors per mouse 68 days after AOM administration.
(D) Representative photographs of the colon 68 days after the AOM injection (asterisks and arrows
point to the tumors). (E) AOM/DSS treated mice had significantly smaller colons than control mice.
Total data (A,B,C,E) and representative data (D) of two independent experiments with at least three
mice per group. Data are expressed as means + SDs. Statistically significant differences between two
groups were judged by the Student’s t-test. * p < 0.05, ** p < 0.01.
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2.2. STAT1~/~ AOM/DSS Animals Have More Histological Damage Compared to WT AOM/DSS Mice

To investigate the impact of STAT1 deficiency on tumor progression, a histological analysis
of the colons was performed. Microscopic examination showed that STAT1~/~ AOM/DSS mice
developed significant severe inflammation with massive infiltration of leucocytes into the mucosa,
and extensive ulceration and erosion, particularly in the middle to distal colon at Day 20 after AOM
administration compared with WT AOM/DSS animals (Figure 3A,C). In conjunction with increased
histologic damage at this time, STAT1~/~ AOM/DSS mice showed increased DAI and a 10% reduction
in survival (Figure 1B,D), demonstrating that the loss of STAT1 reduces the resistance to AOM/DSS
CAC. At Day 40, inflammatory cell infiltration persisted in both treated groups, accompanied by
dystrophic goblet cells, decreased mucin production, and loss of crypts and surface epithelium
(Figure 3A-C). At Day 68, histological analyses revealed dysplastic glands with hyperchromatic nuclei
and dystrophic goblet cells that were compatible with well-differentiated adenocarcinomas in all
mice that received the AOM/DSS regimen (Figure 3A-C). However, the severity and extent of tissue
damage were more pronounced in STAT1~/~ AOM/DSS mice, where 90% of analyzed tissue was
affected. In contrast, in WT AOM/DSS mice, high-grade-dysplasia areas were alternated with normal
areas. No evidence of damage was noted in WT or STAT1~/~ control mice.
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Figure 3. STAT1 deficient mice have more advanced dysplasia and goblet cell decreases compared
to WT colons. The colons were removed, fixed, and stained with H&E (A) or Alcian blue (B) at the
indicated time intervals. (C) The histological score shown in each group of mice was determined
as mentioned in M&M and is expressed as mean £ SD. Scale bars: 50 um. * indicate hyperplastic
lymphoid node, arrow indicate numerous hyperplastic gland polyps and arrowhead atypical epithelial
cells with dysplastic nucleus and mitotic figures. A remarkable decrease of goblet cells was observed
at Day 40 in STAT1~/~ AOM/DSS. Demonstrative photographs and data are representative of two
independent experiments with at least three mice per group per day of the analysis. Statistically
significant differences between two groups were judged by Student’s ¢-tests. * p < 0.05.

2.3. The Absence of STAT1 Does Not Alter the Early Expression of Markers for Tumorigenesis

[3-Catenin and cyclooxygenase-2 enzyme (COX-2) play essential roles in colon carcinogenesis.
Increased expression of both could be used as a marker of tumor progression and poor prognosis [29].
A significant increase in COX-2 expression was observed in WT AOM/DSS and STAT1~/~ AOM/DSS
mice compared with control mice in immunohistochemical staining (Figure 4A,B). However,
the percentage of COX-2* cells in the colon tissue was significantly lower in STAT1~/~ AOM/DSS
mice compared with WT AOM/DSS animals at 40 and 68 days after AOM administration (Figure 4A,B).
As expected, strongly positive cytoplasmic or nuclear 3-catenin staining was observed in transformed
tissue in WT and STAT1~/~ AOM/DSS treated mice compared with the control groups (Figure 4C,D).
At 20 and 68 days after AOM administration, the percentage of 3-catenin+ cells was similar in WT
AOM/DSS and STAT1~/~ AOM/DSS animals. Conversely, at Day 40, we observed a significant
decrease in the percentage of B-catenin+ cells in STAT1~/~ AOM/DSS animals compared with WT
AOM/DSS mice. These results suggest that STAT1 deficiency is related to colorectal cancer initiation
and/or promotion.
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Figure 4. Immunohistochemical detection of COX-2 and [3-catenin in colon tissue. Distal/affected
colons were obtained from WT and STAT1~/~ AOM/DSS-treated or control mice at the indicated
time intervals. (A) Immunostaining for cyclooxygenase-2 enzyme (COX-2) in the colons of control
and treated groups. (B) Average percentages of COX-2" cells in distal colon samples are indicated in
the bar graph. (C) Immunostaining for -catenin. (D) Average percentages of 3-catenin+ cells in the
colon (scale bars, 50 pm). Quantification of COX2* and -catenin* cells was performed using Image]
software v.1.48 by counting cells in 10 high-powered fields in at least three slides per animal. Data are
expressed as mean + SEM and are representative of two independent experiments with at least three
mice per group per day of the analysis. * p < 0.05, ** p < 0.01.

2.4. STAT1 Deficiency Increases Cell Proliferation and Reduces Apoptosis during Early CAC Development

One potential mechanism contributing to accelerated tumorigenesis in STAT1~/~ mice is the
increased proliferation and reduced apoptosis in the mucosa and tumors of these mice. To test
this hypothesis, we analyzed the expression of Ki67, a marker of cell proliferation, in intestinal
epithelial cells at Days 20, 40, and 68 of the AOM/DSS regimen in WT and STAT1~/~ mice.
The immunohistochemistry of Ki67 showed a significant increase in the number of proliferating
cells stained with anti-Ki67 antibody in colon crypts of STAT1~/~ AOM/DSS mice compared with
WT AOM/DSS animals at Day 20 of AOM injection (Figure 5A). There was no substantial difference
in the number of Ki67+ cells between control groups. In advanced stages of tumor development,
at Days 40 and 68, the number of Ki67+ cells also increased in both WT and STAT1~/~ AOM/DSS
treated mice. However, at Day 40, STAT1~/~ AOM/DSS mice presented less proliferation than
WT AOM/DSS animals. At Day 68, no substantial differences in the number of Ki67* cells were
observed between groups (Figure 5A). These data demonstrated that the proliferation of the intestinal



Cancers 2018, 10, 341 8 of 18

epithelium is augmented in STAT1~/~ mice that receive AOM/DSS treatment during the early stages
of CAC development.
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Figure 5. Enhanced colon epithelial cell proliferation and reduced apoptosis in STAT1~/~ mice during
CAC development. Distal/affected colons were obtained from WT and STAT1~/~ AOM/DSS-treated
or control mice at the indicated time intervals. (A) Representative Ki67 immunohistochemistry (left)
in WT and STAT1~/~ mice given AOM/DSS or control groups. Scale bars: 50 um. Ki67* cells were
quantified using Image] software v.1.48 by counting cells in 10 high-powered fields in at least three
slides per animal (right). (B) Apoptotic cells in distal colons from WT and STAT1~/~ control and
AOM/DSS treated mice were monitored by an in situ cell death assay in which cleavage of genomic
DNA during apoptosis yields double strand as well as single strand breaks (nicks), and then were
identified by labeling free 3’-OH terminal with fluorescein. Representative images at 20 days after AOM
injections are shown (left). Scale bars: 20 um. The positive control was treated with DNase enzyme,
while in the negative control; the cells were incubated with label solution only. Data are presented as
the percentage of mean fluorescence, which was expressed as arbitrary units (right). (C) Representative
images of immunofluorescence staining of Bcl-2 in the distal/affected colon tissue of the indicated
experimental groups. The thymus was used as a positive control. Scale bars: 20 um. Data are expressed
as mean + SEM and are representative of two independent experiments with at least 3 mice per group
per day of the analysis. * p < 0.05, ** p < 0.01.
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Next, to analyze the state of epithelial apoptosis between WT and STAT1~/~ mice during
AOM/DSS administration, we performed the in situ terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay on colon sections on Days 20, 40, and 68. WT AOM/DSS
animals showed an increased percentage of TUNEL-positive cells in the early stages of CAC
development (Days 20 and 40) compared with control mice (p < 0.05) (Figure 5B). TUNEL-positive
cells were seen in the surface epithelium of the colon in both WT AOM/DSS and STAT1~/~
AOM/DSS animals, and there was no difference in the number of apoptotic cells at Day 20. However,
TUNEL-positive cells were significantly decreased in STAT1~/~ AOM/DSS mice compared with WT
AOM/DSS mice at Day 40 and 68 (Figure 5B). No differences were observed between control groups.

To investigate the possible involvement of STAT1 in apoptosis control during CAC, we evaluated
the protein expression of Bcl-2 at the distal/affected part of the colon. The Bcl-2 family includes proteins
that play central roles in cell death regulation, and they are altered in cancer [30]. Recently, it was
reported that STAT1 is able to modulate apoptosis regulators like Bcl-2 [31]. To detect Bcl-2 expression at
the tumor site, we performed immunofluorescence on colon slides. As expected, immunofluorescence
of Bcl-2 showed greater amounts of this protein in STAT1~/~ AOM/DSS colons than in WT AOM/DSS
and control colons (Figure 5C). These results suggest that STAT1 is related to the balance of proliferation
and apoptosis in the colon during CAC development.

2.5. STAT1 Deficiency Alters the Expression of Proinflammatory Mediators in the Colon

To determine if some critical cytokines and inflammatory factors such as TNF-c, IL-17A, and iNOS,
which are involved in inflammation and tumor progression, were altered during CAC in STAT1
deficiency, we analyzed their gene expression in distal colon samples by RT-PCR in both control
and CAC-induced mice. As shown in Figure 6A,B we observed a significant increase in TNF-oc and
iNOS expression in WT AOM/DSS colons compared with control colons during the development of
CAC. This increase was observed from Day 20 until Day 68. In contrast, in STAT1 AOM/DSS mice,
significant increases in the transcription levels of TNF-« and iNOS were observed later, at Day 40,
suggesting that at early times, other inflammatory mechanisms may take place in the absence of STAT1
(Figure 6A,B). We also examined IL-17A transcripts (Figure 6C). Our results indicated that STAT1/—
mice expressed higher IL-17A transcripts than WT mice (Figure 6C). Additionally, IL-17A expression
was slightly higher in STAT1~/~ AOM/DSS colons compared with WT AOM/DSS colons at 20 and
68 days, although this difference was not statistically significant.
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Figure 6. STAT1 can modulate the inflammatory responses involved in tumor development. RT-PCR
analyses of (A) TNF-«, (B) IL-17A, and (C) iNOS were performed on total RNA extracted from distal
colons at indicated times and were normalized to GAPDH mRNA levels. Data are expressed as mean
=+ SEM and are representative of two independent experiments with at least three mice per group per
day of the analysis. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 7. Increase of Ly6G*Ly6C~Cd11b* cells in STAT1~/~ mice during CAC development.
Circulating and spleen cells were obtained from WT or STAT1~/~ AOM/DSS-treated or control mice
at the indicated time intervals and were analyzed for expression of Ly6C and Ly6G on living CD11b*
population cells by flow cytometry. (A) Representative dot plots in total blood. (B) Frequencies
of Ly6G*Ly6C~CD11b™" cells and (C) Ly6C*Ly6G*CD11b* cells in the blood of WT or STAT1/~
AOM/DSS-treated or control mice, gated as in (A). (D) Representative dot plots in splenocytes.
Frequencies of (E) Ly6G*Ly6C~CD11b"* cells and (F) Ly6C*Ly6G*CD11b* cells in the splenocytes of
WT or STAT1~/~ AOM/DSS-treated or control mice, gated as in (D). Data are expressed as mean +
SEM and are representative of two independent experiments with at least three mice per group per day
of the analysis. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.6. The Recruitment of Inflammatory Monocytes and Granulocytes during CAC Is STAT1 Dependent

Monocytes and granulocytes can be recruited during tumor development and can alter tumor
specific immune defense mechanisms [32]. To investigate whether the deletion of STAT1 results in
compensatory accumulation of monocytes and granulocytes, as well as in promoting inflammation
and tumor growth in STAT1~/~ AOM/DSS mice, we evaluated the expression of CD11b, Ly6C,
and Ly6G in the spleens and peripheral blood. As shown in Figure 7, two subsets of CD11b+ cells were
distinguished in the spleens and blood of mice—a major one, marked as Ly6C+Ly6G+CD11b+, and a
minor one, marked as Ly6G*Ly6C~CD11b*. The abundance of these populations was dependent
on STAT1. Ly6G*Ly6C~CD11b™" cells were detected at a high frequency in the blood of control and
AOM/DSS treated animals with STAT1 deficiency (Figure 7A,B) and increased as CAC progressed.
In contrast, this population was significantly less abundant in WT AOM/DSS animals. In spleen
cells, STAT1~/~ AOM/DSS mice presented enhanced accumulation of Ly6G*Ly6C~CD11b* cells
compared with WT AOM/DSS and control mice at 20 days of AOM injection. We also observed
an increased frequency of Ly6G*Ly6C~CD11b* in the spleens of control STAT1~/~ mice compared
with WT counterparts (Figure 7D,E). In addition, circulating Ly6C*Ly6G*CD11b* and spleen cells
were significantly less abundant in STAT1~/~ AOM/DSS mice compared with WT AOM/DSS at
20 days of CAC progression (Figure 7A-C,F). The spleens of WT AOM/DSS mice showed enhanced
accumulation of Ly6C*Ly6G*CD11b* cells at Days 40 and 68 compared with STAT1 AOM/DSS mice
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(Figure 7D,F). Thus, the absence of STAT1 resulted in increased accumulation of granulocytic myeloid
cells (GMCs), particularly at Day 20.

2.7. IL-17A, IL-17F and IL-22 Cytokine Production Is Increased during STAT1 Deficiency

The increase in Ly6G*CD11b" cells is probably the result of cytokines promoting their
development and accumulation. Recent reports have shown that the expansion of peripheral GMCs
is correlated with higher stages and histological grades of colon cancer, suggesting that they play
a role in colon cancer progression [33]. To determine whether cytokine production was involved
in the observed accumulation of Ly6G*Ly6C~CD11b" cells in the spleens, as well as in increased
development of CAC in STAT1~/~ mice, we exanimated TNF-«, IEN-y, IL-6, IL-17A, IL-17F, and IL-22
cytokine production in stimulated splenocytes in both control and CAC-induced mice (Figure 8). Our
results indicated that TNF-«, IFN-y, and IL-6 levels were significantly increased at Day 20 in WT
AOM/DSS mice compared with WT mice. As CAC progressed, the production of these cytokines
decreased (Figure 8A-C). On the contrary, spleen cells from STAT1~/~ AOM/DSS mice showed lower
levels of TNF-o and IFN-y at Days 20 and 40, but there were increased levels of these cytokines at Day
68 (Figure 8A-C). Interestingly, the analysis of IL-17A, IL-17F, and IL-22 cytokine production indicated
that STAT1 AOM/DSS stimulated splenocytes produced higher levels of these cytokines than WT
AOM/DSS splenocytes (Figure 8D-F) as CAC progressed. Interestingly, STAT1~/~ mice were shown
to intrinsically produce more Th-17 cytokines in T cells stimulated with anti-CD3 antibody in vitro
which was enhanced by AOM/DSS administration.
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Figure 8. The deficiency of STAT1 alters cytokine production during CAC development. (A) TNF-«,
(B) IFN-y; (C) IL-6; (D) IL-17A; (E) IL-17F; and (F) IL-22 cytokine production from splenocytes of
control or CAC-induced WT and STAT1~/~ mice stimulated for 48 h with anti-CD3 antibody. Data are
expressed as mean + SEM and are representative of two independent experiments with at least three
mice per group per day of the analysis. * p <0.05, ** p < 0.01, *** p < 0.001.

3. Discussion

Emerging data show the importance of the JAK/STAT signaling pathway in the control of
important events in intestinal homeostasis, like cell differentiation, the secretion of cytokines,
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and proliferation and apoptosis during IBD and colorectal cancer [34-36]. The tumor suppressor
function of STAT1 in colorectal cancer development and progression has been established [10]. Some
studies reported longer survival rates in CRC patients with high nuclear STAT1 and low nuclear
STAT3 levels [37], and STAT1 was identified as belonging to a group of tightly co-regulated immune
related genes that influence the tumor immunophenotype and are linked with disease-free survival in
a cohort of colon cancer patients [10]. However, the mechanisms through which STAT1 might exert
that function remain controversial. We investigated the relevance of STAT1 to intestinal tumorigenesis
under inflammatory conditions and evaluated the role of immune cells which, in conjunction with
STAT1, are important for the prevention of CAC.

In our experimental model, in the absence of STAT1, tumor appearance was faster, suggesting
a favorable microenvironment for tumor development. Persistent activation of STAT3 is frequent in
maligned cells, and STAT3 signaling induced the expression of genes that are important for cancer
inflammation [38]. STAT1 signaling can modulate STAT3 function by different mechanisms. A previous
study showed that CRC cell lines with a low STAT1/high STAT3 ratio presented faster tumor growth
when they were xenografted into SCID mice. On the contrary, decreased STAT3 signaling caused
an augment in STAT1 expression and reduced tumor growth [37]. In accordance with this finding,
we observed increased cell proliferation at the initial steps of tumor development in STAT1~/~
CAC-induced colons, consistent with more signs of the disease, damage, and reduced survival.
Considering that STAT1 can antagonize STAT3 function, the complete knockout nature of STAT1
mice could favor the persistent activation of STAT3, increasing colon tumorigenesis. Additionally,
in advanced stages of the disease, STAT1~/~ tumors exhibited a significantly reduced percentage of
apoptotic cells accompanied by an increased level of the anti-apoptotic protein Bcl-2. These data
highlight that the absence of STAT1 results in a decreased ability to control the expression of
pro-survival proteins, such as Bcl-2, during colorectal cancer. In fact, STAT1 can inhibit the transcription
of anti-apoptotic members of the Bcl-2 family of proteins [39]. However, we did not observe any
differences in the number of tumors at the end of the experiment, suggesting that other mechanisms
were taking place.

Even though STAT1 deficient mice have more advanced dysplasia and a greater decrease in goblet
cells compared to WT colons, the absence of STAT1 does not alter the early expression of markers of
tumorigenesis—COX2 and [3-catenin—with the same magnitude in WT animals. COX2 and other
mediators are critical for maintaining a cancer promoting inflammatory milieu, and they are mostly
produced by the stromal inflammatory cells. In the absence of STAT1, other oncogenic pathways could
also participate. KRAS mutations in colorectal cancer cells are related to inactivation of STAT1 and
decreased sensibility of tumor cells to the anti-tumorigenic effects of IFN-y [27]. IFN-y, thus, may
inhibit tumor cell growth through a STAT1-dependent pathway [24].

In the present study, we found that WT CAC-induced animals with complete STAT1 signaling
showed a significant increase in IFN-y production by spleen cells and an augmentation in the
transcription levels of iNOS and TNF-« in the colon during the early stages of injury and tumor
formation, suggesting an effective Th1 response. In contrast, in STAT1 =/~ CAC-induced mice, Th17
type cytokines increased, showing an imbalance in cytokine expression and production. At the
intestines, IL-22 promotes survival, tissue healing, and intestinal epithelial homeostasis—functions
which are critically dependent on STAT3. During experimental colitis, the ablation of IL-22/STAT3
signaling using tyrosine kinase 2 (TIK2) deficient mice exacerbates inflammatory bowel disease [40].
However, in our study, it was shown that IL-22 might have a detrimental role due to elevating the
Th17 adaptive immune response. JAK1, JAK?2 as well as TIK2 are activated in response to cytokines,
and following the phosphorylation of STAT, proteins signal downstream target genes and establish
autocrine and paracrine loops. Our results further support the idea that perturbations in STAT1
signaling not only affect apoptosis or survival functions, they seem to be important for maintaining
cytokine balance and probably T cell function.
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During CAC, in the absence of STAT1, we observed an important increase in Ly6G*Ly6C~CD11b*
circulating cells and their accumulation in the spleen at Day 20, suggesting that under these conditions,
STAT1 signaling may play a critical role in the differentiation of myeloid cells. In our model, the increase
in tissue damage and inflammation in STAT1~/~ CAC-induced mice, particularly in the initial steps
of tumor development, indicates that another source of inflammation is induced when STAT1 is not
present. Several studies have linked IL-17 production with colorectal cancer [41,42]. IL-17A deficient
mice treated with the AOM/DSS regimen developed significantly less tumors and inflammatory
mediators, such as IL-6, TNF-«, and IFN-y, than WT mice [43]. In the present study, the absence of
STAT1 significantly increased the production of Th17 cytokines (IL-17A, IL-17F, and IL-22) but not
of TNF-« and IFN-vy, indicating that a lack of STAT1 signaling induces a significant change in the
microenvironment that supports inflammation and tumor formation.

Th17 responses are affected by STAT1-activating cytokines like IFN-y and IL-27 [44]. Indeed,
during systemic inflammation, STAT1 deficient T cells exhibited a hyper-Th17 phenotype relative
to wild type controls [45]. This can explain the upregulated levels of IL-17A and IL-17F found
in STAT1~/~ mice during the development of CAC. Moreover, IL-17A has been associated with
susceptibility to CAC [43]. Thus, STAT1 may affect several other immunological pathways that may
stop a Th17 inflammatory response in the local microenvironment. In line with this, the high levels of
IL-17A produced by splenocytes from STAT1~/~ AOM/DSS mice may also favor the recruitment of
granulocytes at the colon site as observed by accumulation in the spleen as well as at the circulatory
level. In accordance with this finding, it has been well established that Th17 cytokines play a critical role
in activating and recruiting neutrophils [46] and the enrollment of both monocytic and granulocytic
cells with poor prognosis in different types of cancer, including CAC, has been reported [47,48].

Furthermore, we found a lack of recruitment of monocytic Ly6C*Ly6G~CD11b* cells in STAT1~/~
mice, which have been proposed as the precursors of inflammatory M1 cells that may be involved
in early inflammation and removal of recently transformed cells [49]. Thus, STAT1 appears to be
necessary to recruit Ly6CM “inflammatory monocytes” early on in CAC development which may
transform into effector M1 cells with cytotoxic activity in the tumor microenvironment. Instead, the
absence of STAT1 appears to fuel the recruitment of Ly6G granulocytes which seems to reach the colon
earlier than in WT mice. Granulocytic cells have been shown to be involved in the worsening of CAC
development [50,51]. Therefore, STAT1 may play multiple roles in modulating CAC development—on
one hand favoring the M1 response to block CAC development, and on the other hand, avoiding Th17
responses as well as neutrophil differentiation and recruitment. In addition, the high levels of IL-22
detected early on STAT1~/~ CAC-induced mice may also be associated with the rapid alterations in
the colon and favor a more aggressive CAC. In accordance with our findings, it has been previously
determined that excessive IL-22 production leads to tumor growth in colon cancer as well as apoptosis
inhibition through STAT3 activation [52].

It has been reported that IFN-y deficiency leads to the expansion of macrophages and granulocytes
during infections and is, importantly, involved in hematopoiesis during bacterial infection [53,54].
Interestingly, IFN-y~/~ mice infected with mycobacteria underwent splenic expansion of granulocytes
and macrophages, and systemic levels of IL-6 and granulocyte colony-stimulating factor (G-CSF)
were increased [53]. Recently, it has been suggested that, during the chronic stages of infection,
IFNs, via STAT1, can have a predominantly suppressive role, inducing pathways involving IL-10
and programmed cell death ligand 1 (PDL1) [54]. In our study, DSS administration caused barrier
dysfunction which led to enhanced susceptibility to bacterial invasion. STAT1 signaling seems to
be important in limiting tissue damage in the context of chronic infections; however, there is no
compelling evidence about STAT1’s involvement in this process during initial steps of CAC. The use
of monocyte-specific knockout for STAT1 could be useful to help to resolve these questions.
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4. Materials and Methods

4.1. Mice

Eight-week-old female BALB/c mice were purchased from ENVIGO (México) and maintained
in a pathogen free environment at the Facultad de Estudios Superiores (FES) Iztacala, Universidad
Nacional Auténoma de México animal facilities. STAT1~/~ female mice with a BALB/c genetic
background were kindly donated by Dr. A.R. Satoskar. The animals were fed with Purina Diet 5015
(Purina, St. Louis, MO, USA) and water ad libitum. All experimental procedures were approved by
the Ethical Committee of the Universidad Nacional Auténoma de México according to the University
Animal Care and Use Committee: CE/FESI/102016/1096

4.2. Murine Colitis Associated Colorectal Cancer (CAC)

The CAC model was carried out as previously described [30]. Briefly, WT and STAT1™/~
mice received an intraperitoneal (i.p.) injection containing 12.5 mg/kg azoxymethane (AOM)
(Sigma, St. Louis, MO, USA). Five days later, 2% dextran sodium sulfate (DSS, MW: 35,000-50,000, MP
Biomedicals, Solon, OH, USA) was dissolved in the animals” drinking water for 7 days. Afterwards,
the mice received regular drinking water for 14 days. This experimental series was repeated twice.
To examine the early and late transformative steps in CAC, the mice were killed on Days 20, 40
(early tumor development), and 68 (late tumor development) after AOM injection. Throughout the
experiment, a Disease Activity Index (DAI) scores were given to evaluate the clinical progression of
CAC. DAI scores were calculated as the sum of changes in weight loss compared to initial weight,
stool consistency, and bleeding [55].

4.3. Histological Analysis

Tissues collected from all experimental groups were fixed in 100% ethanol, processed, paraffin
embedded and sectioned (5 um). The tissue sections were stained with hematoxylin and eosin (H&E)
solution (for pathological evaluation) and Alcian blue (for acidic polysaccharides). The histological
evaluation was graded in a blinding manner, as follows: 0, no signs of inflammation; 1, low
leukocyte infiltration, no more than 25%; 2, moderate leukocyte infiltration, more than 25% less
than 50%; 3, high leukocyte infiltration, more than 50%; and 4, transmural infiltrations, no normal
areas. Immunohistochemical staining for COX-2, 3-catenin, Ki67, and immunofluorescence for Bcl-2,
were performed using paraffin- embedded sections. Endogenous peroxidase was blocked using
3% HO, in methanol for 10 min. Antigen retrieval was performed using preheated citrate buffer
(Biocare Medical, Diva Deloaker 10x) for 15 min. The slides were then washed with PBS-Tween
and blocked using Albumin Bovine Serum 2% in PBS for 1 h. Then, the sections were incubated
with the following antibodies (anti-COX2, 1:100, Genetex, Irvine, CA, USA; anti-f-catenin, 1:100,
Genetex, Irvine, CA, USA and anti-Ki67, 1:100, Biolegend, San Diego, CA, USA). All sections were
counterstained with hematoxylin. For immunofluorescence, tissue slides were incubated with primary
antibodies (anti-Bcl2, 1:200, Biolegend) and were counterstained with DAPI (Abcam). The slides
were mounted in EcoMount mounting medium (Biocare Medical, Concord, CA, USA) and were
analyzed using an AxioVert.Al Image capture optical microscope (Carl Zeiss Microscopy GmbH).
Tissue microphotographs were captured using an AxioCam MRc and ZEN lite 2011 software v.1.0.1.0.
Quantification of COX2*, B-catenin™, and Ki67* cells was performed using Image] software v.1.48
by counting cells in 10 high-powered fields with at least three slides per animal. TUNEL staining
was performed using the in situ Cell Death Detection Fluorescein kit (Roche, Indianapolis, IN, USA)
in accordance with the manufacturer’s instructions. Samples were analyzed with a ZeissVert.Al
conventional epifluorescence microscope and a LEICA TCS SP8X confocal microscope (the analyzed
area in each sample was 2.8 mm?, and 20 fields of 50 mm? were evaluated).
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4.4. RNA Extraction and RT-PCR

Total RNA from colonic tissues was reverse transcribed and analyzed by semi quantitative PCR.
The primer sequences and cycling conditions were as previously described [36].

4.5. Quantification of Cytokines

Splenocytes from mice were plated in 96-well plates coated with anti CD3 (Biolegend, San Diego,
CA, USA) antibodies (2 pg/mL) in complete RPMI medium in a humidified atmosphere containing 5%
CO; in air at 37 °C. After 24 h, the supernatants were harvested and stored at —70 °C until required.
Cytokines were quantified using LEGENDplex™ Mouse Th17 Panel (Biolegend®), following the
instructions provided by the manufacturer. IL-10 production was analyzed using a mouse IL-10 ELISA
kit (Biolegend, San Diego, CA, USA).

4.6. Immunoblotting

Colons were flushed with PBS and frozen at —70 °C. Colon tissues were mechanically disrupted
using the Bullet Blender®(Next Advance) at 4 °C and after lysis with RIPA buffer with Phosphatase
Inhibitor Cocktail (PhosStop EASYpack, Roche) and Protease Inhibitor Cocktail (complete Tablets
EASYpack, Roche). Tissues were centrifuged for 15 min at 4 °C and 16,000 g. Supernatants were
collected, run on SDS gels, and transferred onto membranes. The membranes were blocked and probed
with anti-Bcl-2 (Biolegend, San Diego, CA, USA) and anti-3-actin (Biolegend, San Diego, CA, USA).
Image] was used for densitometry.

4.7. Flow Cytometry

Single cell suspensions from spleens and the circulation obtained during the sacrifice were washed
with PBS and blocked with anti CD16/CD32 antibodies. Cells were stained with anti-CD11b, anti-Ly6C,
and anti-Ly6G antibodies (Biolegend, San Diego, CA, USA) for 30 min at 4 °C. Cells were washed
twice and analyzed using the FACSCalibur system and Cell Quest software (Becton Dickinson, San
Jose, CA, USA).

4.8. Statistical Analysis

Data were analyzed either by one-way analysis of variance followed by Tukey’s multiple
comparison test or by unpaired two-tailed ¢-tests with GraphPad Prism 5 (San Diego, CA, USA).
All tests were performed using 95% confidence intervals. Data are expressed as means + SEs,
where * represents p < 0.05 and ** represents p < 0.01.

5. Conclusions

Overall, this study demonstrates that STAT1 is critical for controlling mechanisms other than
apoptosis and cell proliferation during the initial stages of CAC and controls tumor growth by
maintaining the balance between proinflammatory cytokines, such as IL-17 and IFN-y, which may
critically impact the recruitment of myeloid cell populations.

Author Contributions: Conceptualization, S.L.-C., M.R.-S., A.R.S. and LLT.; Methodology, A.V.-S., EM.-G,,
Y.D.-R,, N.L.D.-B., B.E.C.; Histology, C.S., EM.-G.; Cytometry, ].E.O.; Investigation, C.P.-P.; Resources, C.P-P.;
Writing—Original Draft Preparation, S.L.-C. and L.L.T..; Writing—Review and Editing, S.L.-C., M.R.-S., YI.C. and
L.I.T,; Supervision, S.L.-C. and L.I.T.; Project Administration, L.I.T.; and Funding Acquisition, L.L.T.

Funding: This work was supported by grants from Programa de Apoyo a Proyectos de Investigacion e Innovacién
Tecnoldgica, PAPIIT, UNAM, Grant number [A206216 and RA206216. Programa de apoyo a Profesores de Carrera
Proyecto (FESI-DIP-PAPCA-2016-2). Programa de Laboratorios Nacionales CONACYT, grant 293893.

Acknowledgments: S.L.-C. received a fellowship from L’oreal-UNESCO-CONACYT for Women in Science. Y.D.-R.
is a doctoral student from Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Auténoma de
México (UNAM) and the receiver of a fellowship (606590) from CONACYT. The authors thank Ricardo Cruz for
his technical assistance in graph design.



Cancers 2018, 10, 341 16 of 18

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Haggar, FA; Boushey, R.P. Colorectal cancer epidemiology: Incidence, mortality, survival, and risk factors.
Clin. Colon. Rectal. Surg. 2009, 22, 191-197. [CrossRef] [PubMed]

2. Romano, M.; De, FF.; Zarantonello, L.; Ruffolo, C.; Ferraro, G.A.; Zanus, G.; Giordano, A.; Bassi, N.; Cillo, U.
From Inflammation to Cancer in Inflammatory Bowel Disease: Molecular Perspectives. Anticancer Res. 2016,
36, 1447-1460. [PubMed]

3. Lasry, A,; Zinger, A.; Ben-Neriah, Y. Inflammatory networks underlying colorectal cancer. Nat. Immunol.
2016, 17, 230-240. [CrossRef] [PubMed]

4. Castano-Milla, C.; Chaparro, M.; Gisbert, J.P. Systematic review with meta-analysis: The declining risk of
colorectal cancer in ulcerative colitis. Aliment. Pharmacol. Ther. 2014, 39, 645-659. [CrossRef] [PubMed]

5. Ullman, T.A,; Itzkowitz, S.H. Intestinal inflammation and cancer. Gastroenterology 2011, 140, 1807-1816.
[CrossRef] [PubMed]

6. Watanabe, T.; Konishi, T.; Kishimoto, ].; Kotake, K.; Muto, T.; Sugihara, K. Ulcerative colitis-associated
colorectal cancer shows a poorer survival than sporadic colorectal cancer: A nationwide Japanese study.
Inflamm. Bowel. Dis. 2011, 17, 802-808. [CrossRef] [PubMed]

7. Heneghan, A.F; Pierre, ].F; Kudsk, K.A. JAK-STAT and intestinal mucosal immunology. JAKSTAT 2013, 2,
€25530. [CrossRef] [PubMed]

8. Slattery, M.L.; Lundgreen, A.; Kadlubar, S.A.; Bondurant, K.L.; Wolff, R K. JAK/STAT/SOCS-signaling
pathway and colon and rectal cancer. Mol. Carcinog. 2013, 52, 155-166. [CrossRef] [PubMed]

9. Ramana, C.V,;; Gil, M.P; Schreiber, R.D.; Stark, G.R. STAT1-dependent and -independent pathways in
IFN-gamma-dependent signaling. Trends Immunol. 2002, 23, 96-101. [CrossRef]

10. Meissl, K.; Macho-Maschler, S.; Miiller, M.; Strobl, B. The good and the bad faces of STAT1 in solid tumours.
Cytokine 2017, 89, 12-20. [CrossRef] [PubMed]

11.  Klampfer, L. The role of signal transducers and activators of transcription in colon cancer. Front. Biosci. 2008,
13, 2888-2899. [CrossRef] [PubMed]

12.  Koromilas, A.E.; Sexl, V. The tumor suppressor function of STAT1 in breast cancer. JAKSTAT 2013, 2, e23353.
[CrossRef] [PubMed]

13. Kovarik, J.; Boudny, V.; Kocak, L.; Lauerova, L.; Fait, V.; Vagundova, M. Malignant melanoma associates with
deficient IFN-induced STAT 1 phosphorylation. Int. . Mol. Med. 2003, 12, 335-340. [CrossRef] [PubMed]

14. Simpson, J.A.; Al-Attar, A.; Watson, N.E,; Scholefield, ].H.; Ilyas, M.; Durrant, L.G. Intratumoral T cell
infiltration, MHC class I and STAT1 as biomarkers of good prognosis in colorectal cancer. Gut 2010, 59,
926-933. [CrossRef] [PubMed]

15. Gordziel, C.; Bratsch, J.; Moriggl, R.; Knosel, T.; Friedrich, K. Both STAT1 and STAT3 are favourable prognostic
determinants in colorectal carcinoma. Br. ]. Cancer 2013, 109, 138-146. [CrossRef] [PubMed]

16. Sun, Y; Yang, S.; Sun, N.; Chen, J. Differential expression of STAT1 and p21 proteins predicts pancreatic
cancer progression and prognosis. Pancreas 2014, 43, 619-623. [CrossRef] [PubMed]

17.  Zhang, Y.; Molavi, O.; Su, M,; Lai, R. The clinical and biological significance of STAT1 in esophageal
squamous cell carcinoma. BMC Cancer 2014, 14, 791. [CrossRef] [PubMed]

18.  Schreiber, S.; Rosenstiel, P.; Hampe, J.; Nikolaus, S.; Groessner, B.; Schottelius, A.; Kiihbacher, T.; Hamling, J.;
Folsch, U.R,; Seegert, D. Activation of signal transducer and activator of transcription (STAT) 1 in human
chronic inflammatory bowel disease. Gut 2002, 51, 379-385. [CrossRef] [PubMed]

19. Mudter, J.; Weigmann, B.; Bartsch, B.; Kiesslich, R.; Strand, D.; Galle, PR.; Lehr, H.A.; Schmidyt, J.;
Neurath, M.E. Activation pattern of signal transducers and activators of transcription (STAT) factors in
inflammatory bowel diseases. Am. J. Gastroenterol. 2005, 100, 64-72. [CrossRef] [PubMed]

20. Bandyopadhyay, S.K.; de la Motte, C.A.; Kessler, S.P; Hascall, V.C.; Hill, D.R; Strong, S.A.

Hyaluronan-mediated leukocyte adhesion and dextran sulfate sodium-induced colitis are attenuated in the
absence of signal transducer and activator of transcription 1. Am. . Pathol. 2008, 173, 1361-1368. [CrossRef]
[PubMed]


http://dx.doi.org/10.1055/s-0029-1242458
http://www.ncbi.nlm.nih.gov/pubmed/21037809
http://www.ncbi.nlm.nih.gov/pubmed/27069120
http://dx.doi.org/10.1038/ni.3384
http://www.ncbi.nlm.nih.gov/pubmed/26882261
http://dx.doi.org/10.1111/apt.12651
http://www.ncbi.nlm.nih.gov/pubmed/24612141
http://dx.doi.org/10.1053/j.gastro.2011.01.057
http://www.ncbi.nlm.nih.gov/pubmed/21530747
http://dx.doi.org/10.1002/ibd.21365
http://www.ncbi.nlm.nih.gov/pubmed/20848547
http://dx.doi.org/10.4161/jkst.25530
http://www.ncbi.nlm.nih.gov/pubmed/24416649
http://dx.doi.org/10.1002/mc.21841
http://www.ncbi.nlm.nih.gov/pubmed/22121102
http://dx.doi.org/10.1016/S1471-4906(01)02118-4
http://dx.doi.org/10.1016/j.cyto.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/26631912
http://dx.doi.org/10.2741/2893
http://www.ncbi.nlm.nih.gov/pubmed/17981761
http://dx.doi.org/10.4161/jkst.23353
http://www.ncbi.nlm.nih.gov/pubmed/24058806
http://dx.doi.org/10.3892/ijmm.12.3.335
http://www.ncbi.nlm.nih.gov/pubmed/12883649
http://dx.doi.org/10.1136/gut.2009.194472
http://www.ncbi.nlm.nih.gov/pubmed/20581241
http://dx.doi.org/10.1038/bjc.2013.274
http://www.ncbi.nlm.nih.gov/pubmed/23756862
http://dx.doi.org/10.1097/MPA.0000000000000074
http://www.ncbi.nlm.nih.gov/pubmed/24658320
http://dx.doi.org/10.1186/1471-2407-14-791
http://www.ncbi.nlm.nih.gov/pubmed/25355139
http://dx.doi.org/10.1136/gut.51.3.379
http://www.ncbi.nlm.nih.gov/pubmed/12171960
http://dx.doi.org/10.1111/j.1572-0241.2005.40615.x
http://www.ncbi.nlm.nih.gov/pubmed/15654782
http://dx.doi.org/10.2353/ajpath.2008.080444
http://www.ncbi.nlm.nih.gov/pubmed/18818378

Cancers 2018, 10, 341 17 of 18

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wu, X,; Guo, W,; Wu, L,; Gu, Y.; Gu, L.; Xu, S.; Wu, X,; Shen, Y.; Ke, Y.; Tan, R; et al. Selective sequestration
of STAT1 in the cytoplasm via phosphorylated SHP-2 ameliorates murine experimental colitis. J. Immunol.
2012, 189, 3497-3507. [CrossRef] [PubMed]

Takahashi, R.; Nishimoto, S.; Muto, G.; Sekiya, T.; Tamiya, T.; Kimura, A.; Morita, R.; Asakawa, M.; Chinen, T.;
Yoshimura, A. SOCS1 is essential for regulatory T cell functions by preventing loss of Foxp3 expression as
well as IFN-{gamma} and IL-17A production. J. Exp. Med. 2011, 208, 2055-2067. [CrossRef] [PubMed]
Hanada, T.; Kobayashi, T.; Chinen, T.; Saeki, K.; Takaki, H.; Koga, K.; Minoda, Y.; Sanada, T.; Yoshioka, T.;
Mimata, H.; et al. IFNgamma-dependent, spontaneous development of colorectal carcinomas in
SOCS1-deficient mice. J. Exp. Med. 2006, 203, 1391-1397. [CrossRef] [PubMed]

Kaler, P; Owusu, B.Y.; Augenlicht, L.; Klampfer, L. The Role of STAT1 for Crosstalk between Fibroblasts and
Colon Cancer Cells. Front. Oncol. 2014, 4, 88. [CrossRef] [PubMed]

Xu, X.; Fu, X.Y;; Plate, ].; Chong, A.S. IFN-gamma induces cell growth inhibition by Fas-mediated apoptosis:
Requirement of STAT1 protein for up-regulation of Fas and FasL expression. Cancer Res. 1998, 58, 2832-2837.
[PubMed]

Huang, S.; Bucana, C.D.; Van Arsdall, M.; Fidler, I.]. STAT1 negatively regulates angiogenesis, tumorigenicity
and metastasis of tumor cells. Oncogene 2002, 21, 2504-2512. [CrossRef] [PubMed]

Tobelaim, W.S.; Beaurivage, C.; Champagne, A.; Pomerleau, V.; Simoneau, A.; Chababi, W.; Yeganeh, M.;
Thibault, P; Klinck, R.; Carrier, ].C.; et al. Tumour-promoting role of SOCS1 in colorectal cancer cells. Sci. Rep.
2015, 5, 14301. [CrossRef] [PubMed]

Klampfer, L.; Huang, ].; Corner, G.; Mariadason, J.; Arango, D.; Sasazuki, T.; Shirasawa, S.; Augenlicht, L.
Oncogenic Ki-ras inhibits the expression of interferon-responsive genes through inhibition of STAT1 and
STAT?2 expression. . Biol. Chem. 2003, 278, 46278-46287. [CrossRef] [PubMed]

Clapper, M.L.; Cooper, H.S.; Chang, W.C. Dextran sulfate sodium-induced colitis-associated neoplasia: A
promising model for the development of chemopreventive interventions. Acta Pharmacol. Sin. 2007, 28,
1450-1459. [CrossRef] [PubMed]

Ashkenazi, A.; Fairbrother, W.J.; Leverson, ].D.; Souers, A.]J. From basic apoptosis discoveries to advanced
selective BCL-2 family inhibitors. Nat. Rev. Drug Discov. 2017, 16, 273-284. [CrossRef] [PubMed]

Cao, Z.H.; Zheng, Q.Y.; Li, G.Q.; Hu, X.B.; Feng, S.L.; Xu, G.L.; Zhang, K.Q. STAT1-mediated down-regulation
of Bcl-2 expression is involved in IFN-gamma/TNF-alpha-induced apoptosis in NIT-1 cells. PLoS ONE 2015,
10, €0120921.

Shi, C.; Pamer, E.G. Monocyte recruitment during infection and inflammation. Nat. Rev. Immunol. 2011, 11,
762-774. [CrossRef] [PubMed]

Toor, S.M.; Syed Khaja, A.S.; El Salhat, H.; Bekdache, O.; Kanbar, J.; Jaloudi, M.; Elkord, E. Increased Levels of
Circulating and Tumor-Infiltrating Granulocytic Myeloid Cells in Colorectal Cancer Patients. Front. Immunol.
2016, 7, 560. [CrossRef] [PubMed]

Zundler, S.; Neurath, MLF. Integrating Immunologic Signaling Networks: The JAK/STAT Pathway in Colitis
and Colitis-Associated Cancer. Vaccines 2016, 4, 5. [CrossRef] [PubMed]

Leon-Cabrera, S.A.; Molina-Guzman, E.; Delgado-Ramirez, Y.G.; Vazquez-Sandoval, A.; Ledesma-Soto, Y.;
Pérez-Plasencia, C.G.; Chirino, Y.I; Delgado-Buenrostro, N.L.; Rodriguez-Sosa, M.; Vaca-Paniagua, F; et al.
Lack of STAT6 Attenuates Inflammation and Drives Protection against Early Steps of Colitis-Associated
Colon Cancer. Cancer Immunol. Res. 2017, 5, 385-396. [CrossRef] [PubMed]

Jayakumar, A.; Bothwell, A.L.M. Stat6 Promotes Intestinal Tumorigenesis in a Mouse Model of Adenomatous
Polyposis by Expansion of MDSCs and Inhibition of Cytotoxic CD8 Response. Neoplasia 2017, 19, 595-605.
[CrossRef] [PubMed]

Nivarthi, H.; Gordziel, C.; Themanns, M.; Kramer, N.; Eberl, M.; Rabe, B.; Schlederer, M.; Rose-John, S.;
Knosel, T.; Kenner, L.; et al. The ratio of STAT1 to STAT3 expression is a determinant of colorectal cancer
growth. Oncotarget 2016, 7, 51096-51106. [CrossRef] [PubMed]

Yu, H.; Pardoll, D.; Jove, R. STATs in cancer inflammation and immunity: A leading role for STAT3.
Nat. Rev. Cancer 2009, 9, 798-809. [CrossRef] [PubMed]

Cory, S.; Adams, ].M. The Bcl2 family: Regulators of the cellular life-or-death switch. Nat. Rev. Cancer 2002,
2, 647-656. [CrossRef] [PubMed]


http://dx.doi.org/10.4049/jimmunol.1201006
http://www.ncbi.nlm.nih.gov/pubmed/22942432
http://dx.doi.org/10.1084/jem.20110428
http://www.ncbi.nlm.nih.gov/pubmed/21893603
http://dx.doi.org/10.1084/jem.20060436
http://www.ncbi.nlm.nih.gov/pubmed/16717119
http://dx.doi.org/10.3389/fonc.2014.00088
http://www.ncbi.nlm.nih.gov/pubmed/24818101
http://www.ncbi.nlm.nih.gov/pubmed/9661898
http://dx.doi.org/10.1038/sj.onc.1205341
http://www.ncbi.nlm.nih.gov/pubmed/11971185
http://dx.doi.org/10.1038/srep14301
http://www.ncbi.nlm.nih.gov/pubmed/26391193
http://dx.doi.org/10.1074/jbc.M304721200
http://www.ncbi.nlm.nih.gov/pubmed/12972432
http://dx.doi.org/10.1111/j.1745-7254.2007.00695.x
http://www.ncbi.nlm.nih.gov/pubmed/17723178
http://dx.doi.org/10.1038/nrd.2016.253
http://www.ncbi.nlm.nih.gov/pubmed/28209992
http://dx.doi.org/10.1038/nri3070
http://www.ncbi.nlm.nih.gov/pubmed/21984070
http://dx.doi.org/10.3389/fimmu.2016.00560
http://www.ncbi.nlm.nih.gov/pubmed/28008330
http://dx.doi.org/10.3390/vaccines4010005
http://www.ncbi.nlm.nih.gov/pubmed/26938566
http://dx.doi.org/10.1158/2326-6066.CIR-16-0168
http://www.ncbi.nlm.nih.gov/pubmed/28385737
http://dx.doi.org/10.1016/j.neo.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28654863
http://dx.doi.org/10.18632/oncotarget.9315
http://www.ncbi.nlm.nih.gov/pubmed/27191495
http://dx.doi.org/10.1038/nrc2734
http://www.ncbi.nlm.nih.gov/pubmed/19851315
http://dx.doi.org/10.1038/nrc883
http://www.ncbi.nlm.nih.gov/pubmed/12209154

Cancers 2018, 10, 341 18 of 18

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hainzl, E.; Stockinger, S.; Rauch, I.; Heider, S.; Berry, D.; Lassnig, C.; Schwab, C.; Rosebrock, F.; Milinovich, G.;
Schlederer, M.; et al. Intestinal Epithelial Cell Tyrosine Kinase 2 Transduces IL-22 Signals to Protect from
Acute Colitis. J. Immunol. 2015, 195, 5011-5024. [CrossRef] [PubMed]

Wu, S.; Rhee, KJ.; Albesiano, E.; Rabizadeh, S.; Wu, X.; Yen, H.R.; Huso, D.L.; Brancati, F.L.; Wick, E.;
McAllister, F; et al. A human colonic commensal promotes colon tumorigenesis via activation of T helper
type 17 T cell responses. Nat. Med. 2009, 15, 1016-1022. [CrossRef] [PubMed]

Chae, W].; Gibson, T.E; Zelterman, D.; Hao, L.; Henegariu, O.; Bothwell, A.L. Ablation of IL-17A abrogates
progression of spontaneous intestinal tumorigenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 5540-5544.
[CrossRef] [PubMed]

Hyun, Y.S.; Han, D.S.; Lee, A.R.; Eun, C.S,; Youn, J.; Kim, H.Y. Role of IL-17A in the development of
colitis-associated cancer. Carcinogenesis 2012, 33, 931-936. [CrossRef] [PubMed]

Kastelein, R.A.; Hunter, C.A.; Cua, D.J. Discovery and biology of IL-23 and IL-27: Related but functionally
distinct regulators of inflammation. Annu. Rev. Immunol. 2007, 25, 221-242. [CrossRef] [PubMed]
Villarino, A.V.; Gallo, E.; Abbas, A.K. STAT1-activating cytokines limit Th17 responses through both
T-bet-dependent and -independent mechanisms. J. Immunol. 2010, 185, 6461-6471. [CrossRef] [PubMed]
Pelletier, M.; Maggi, L.; Micheletti, A.; Lazzeri, E.; Tamassia, N.; Costantini, C.; Cosmi, L.; Lunardi, C.;
Annunziato, F.; Romagnani, S.; et al. Evidence for a cross-talk between human neutrophils and Th17 cells.
Blood 2010, 115, 335-343. [CrossRef] [PubMed]

Serafini, P,; Borrello, I.; Bronte, V. Myeloid suppressor cells in cancer: Recruitment, phenotype, properties,
and mechanisms of immune suppression. Semin. Cancer Biol. 2006, 16, 53—65. [CrossRef] [PubMed]
Varikuti, S.; Oghumu, S.; Elbaz, M.; Volpedo, G.; Ahirwar, D.K.; Alarcon, P.C.; Sperling, R.H.; Moretti, E.;
Pioso, M.S.; Kimble, J.; et al. STAT1 gene deficient mice develop accelerated breast cancer growth and
metastasis which is reduced by IL-17 blockade. Oncoimmunology 2017, 6, e1361088. [CrossRef] [PubMed]
Braster, R.; Bogels, M.; Beelen, R.H.; van Egmond, M. The delicate balance of macrophages in colorectal cancer;
their role in tumour development and therapeutic potential. Immunobiology 2017, 222, 21-30. [CrossRef]
[PubMed]

Shibutani, M.; Maeda, K.; Nagahara, H.; Ohtani, H.; Sakurai, K.; Yamazoe, S.; Kimura, K.; Toyokawa, T.;
Amano, R.; Tanaka, H.; et al. Prognostic significance of the lymphocyte-to-monocyte ratio in patients with
metastatic colorectal cancer. World J. Gastroenterol. 2015, 21, 9966-9973. [CrossRef] [PubMed]

Richards, D.M.; Hettinger, J.; Feuerer, M. Monocytes and macrophages in cancer: Development and functions.
Cancer Microenviron. 2013, 6, 179-191. [CrossRef] [PubMed]

Jiang, R.; Wang, H.; Deng, L.; Hou, J.; Shi, R.; Yao, M.; Gao, Y.; Yao, A.; Wang, X,; Yu, L.; et al. IL-22 is
related to development of human colon cancer by activation of STAT3. BMC Cancer 2013, 13, 59. [CrossRef]
[PubMed]

Murray, PJ.; Young, R.A.; Daley, G.Q. Hematopoietic remodeling in interferon-gamma-deficient mice infected
with mycobacteria. Blood 1998, 91, 2914-2924. [PubMed]

Ivashkiv, L.B.; Donlin, L.T. Regulation of type I interferon responses. Nat. Rev. Immunol. 2014, 14, 36—49.
[CrossRef] [PubMed]

Kim, ].J.; Shajib, M.S.; Manocha, M.M.; Khan, W.I. Investigating intestinal inflammation in DSS-induced
model of IBD. J. Vis. Exp. 2012, 60, 3678. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.4049/jimmunol.1402565
http://www.ncbi.nlm.nih.gov/pubmed/26432894
http://dx.doi.org/10.1038/nm.2015
http://www.ncbi.nlm.nih.gov/pubmed/19701202
http://dx.doi.org/10.1073/pnas.0912675107
http://www.ncbi.nlm.nih.gov/pubmed/20212110
http://dx.doi.org/10.1093/carcin/bgs106
http://www.ncbi.nlm.nih.gov/pubmed/22354874
http://dx.doi.org/10.1146/annurev.immunol.22.012703.104758
http://www.ncbi.nlm.nih.gov/pubmed/17291186
http://dx.doi.org/10.4049/jimmunol.1001343
http://www.ncbi.nlm.nih.gov/pubmed/20974984
http://dx.doi.org/10.1182/blood-2009-04-216085
http://www.ncbi.nlm.nih.gov/pubmed/19890092
http://dx.doi.org/10.1016/j.semcancer.2005.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16168663
http://dx.doi.org/10.1080/2162402X.2017.1361088
http://www.ncbi.nlm.nih.gov/pubmed/29147627
http://dx.doi.org/10.1016/j.imbio.2015.08.011
http://www.ncbi.nlm.nih.gov/pubmed/26358365
http://dx.doi.org/10.3748/wjg.v21.i34.9966
http://www.ncbi.nlm.nih.gov/pubmed/26379401
http://dx.doi.org/10.1007/s12307-012-0123-x
http://www.ncbi.nlm.nih.gov/pubmed/23179263
http://dx.doi.org/10.1186/1471-2407-13-59
http://www.ncbi.nlm.nih.gov/pubmed/23379788
http://www.ncbi.nlm.nih.gov/pubmed/9531602
http://dx.doi.org/10.1038/nri3581
http://www.ncbi.nlm.nih.gov/pubmed/24362405
http://dx.doi.org/10.3791/3678
http://www.ncbi.nlm.nih.gov/pubmed/22331082
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	STAT1 Deficiency Leads to Rapidly Increase Development of CAC 
	STAT1-/- AOM/DSS Animals Have More Histological Damage Compared to WT AOM/DSS Mice 
	The Absence of STAT1 Does Not Alter the Early Expression of Markers for Tumorigenesis 
	STAT1 Deficiency Increases Cell Proliferation and Reduces Apoptosis during Early CAC Development 
	STAT1 Deficiency Alters the Expression of Proinflammatory Mediators in the Colon 
	The Recruitment of Inflammatory Monocytes and Granulocytes during CAC Is STAT1 Dependent 
	IL-17A, IL-17F and IL-22 Cytokine Production Is Increased during STAT1 Deficiency 

	Discussion 
	Materials and Methods 
	Mice 
	Murine Colitis Associated Colorectal Cancer (CAC) 
	Histological Analysis 
	RNA Extraction and RT-PCR 
	Quantification of Cytokines 
	Immunoblotting 
	Flow Cytometry 
	Statistical Analysis 

	Conclusions 
	References

