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ABSTRACT Inflammation is a significant risk factor for colon cancer. Recent work has
demonstrated essential roles for several infiltrating immune populations in the meta-
plastic progression following inflammation. Hypoxia and stabilization of hypoxia-
inducible factors (HIFs) are hallmark features of inflammation and solid tumors. Pre-
viously, we demonstrated an important role for tumor epithelial HIF-2� in colon
tumors; however, the function of epithelial HIF-2� as a critical link in the progression
of inflammation to cancer has not been elucidated. In colitis-associated colon cancer
models, epithelial HIF-2� was essential in tumor growth. Concurrently, epithelial disrup-
tion of HIF-2� significantly decreased neutrophils in the colon tumor microenvironment.
Intestinal epithelial HIF-2�-overexpressing mice demonstrated that neutrophil recruit-
ment was a direct response to increased epithelial HIF-2� signaling. High-throughput
RNA sequencing (RNA-seq) analysis of HIF-2�-overexpressing mice in conjunction
with data mining from the Cancer Genome Atlas showed that the neutrophil
chemokine CXCL1 gene was highly upregulated in colon tumor epithelium in a HIF-
2�-dependent manner. Using selective peptide inhibitors of the CXCL1-CXCR2 sig-
naling axis identified HIF-2�-dependent neutrophil recruitment as an essential mech-
anism to increase colon carcinogenesis. These studies demonstrate that HIF-2� is a
novel regulator of neutrophil recruitment to colon tumors and that it is essential in
shaping the protumorigenic inflammatory microenvironment in colon cancer.
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Colon cancer remains a significant public health concern and is the second leading
cause of cancer-associated deaths in the United States (1). Patients with chronic

inflammation associated with inflammatory bowel disease (IBD), comprising ulcerative
colitis and Crohn’s disease, are at an increased lifetime risk of developing colon cancer;
these tumors are termed colitis-associated cancers (CAC) (2). The genetic changes of
sporadic colon cancer have been well defined, and a comprehensive genetic analysis of
CAC was recently reported (3). In contrast to sporadic colon cancer, CAC are associated
with early loss of the TP53 tumor suppressor and less frequent inactivation of adenom-
atous polyposis coli (APC) (4). Inflammation is an important component of the pro-
gression of sporadic cancer, and the inflammatory response is essential in the initiation
and progression of CAC (5). The precise mechanisms that initiate the protumorigenic
response following inflammation remain unknown.

Hypoxia is a characteristic feature of IBD and nearly all solid tumors, including those
of the colon (6). Hypoxia promotes activation of the hypoxia-inducible factors (HIFs).
HIFs consist of a heterodimer of an O2-labile �-subunit (HIF-1�, HIF-2�, and HIF-3�) and
an O2-stable �-subunit (ARNT) (7). HIFs regulate transcription of target genes that
mediate cellular responses to hypoxic microenvironments. HIFs are also essential
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factors promoting tumorigenesis and regulate several neoplastic processes, including
growth, evasion of apoptosis, and chemoresistance (8). Previously, we showed that
overexpression of intestinal epithelial HIF-2� but not HIF-1� can increase colon tumor
progression in mouse models of sporadic colon tumorigenesis (9, 10). The essential role
of HIF-2� and the mechanisms by which it regulates CAC have not been defined.

Inflammation is a critical component of the colon tumor microenvironment, and
colon tumors are highly infiltrated with cells of both the innate and adaptive immune
systems (5). Neutrophils are granulocytic myeloid cells with a critical role in the innate
immune response (11) and are highly prevalent in the colon tumor microenvironment
(12), but the function of neutrophils in the initiation and progression of cancer remains
controversial. Previous studies have shown that neutrophils can be polarized into
antitumorigenic (N1) and protumorigenic (N2) types (13). N2 neutrophils promote
tumorigenesis through suppression of antitumor immunity, activation of oncogenic
signaling through secretion of neutrophil elastase, and activation of angiogenesis
(14–16). On the other hand, antitumorigenic N1 neutrophils can suppress tumorigen-
esis through direct tumor cytotoxicity and activation of antitumor immunity (17).
Neutrophil recruitment into tumors can be regulated by tumor-derived secretion of a
variety of chemokines and cytokines. However, the precise mechanisms mediating
recruitment of neutrophils into colon tumors are not well defined.

In the present study, we show that the colon epithelial hypoxic response through
activation of HIF-2� is essential in colon tumorigenesis in mouse models of CAC.
Mechanistically, intestinal epithelial HIF-2� is a critical mediator of neutrophil recruit-
ment to colon tumors through direct transcriptional regulation of the potent neutrophil
chemokine CXCL1 in colon tumors. Taken together, these studies provide novel insights
into hypoxic inflammatory responses in the progression of colon tumors and suggest
a rationale for the targeting of HIF-2� in colon tumors.

RESULTS
HIF-2� is essential in inflammation-induced colon tumorigenesis. One of the

most commonly utilized models to study intestinal tumorigenesis is the ApcMin/�

mouse model. ApcMin/� mice harbor a germ line truncation mutation of the Apc gene
and spontaneously develop intestinal adenomas (18). However, this model does not
completely recapitulate human colon tumorigenesis, as the vast majority of the tumors
develop in the small intestine, with few colon tumors observed. Moreover, few of the
tumors progress beyond adenoma, and they rarely become invasive. Inflammation is an
essential component of the colon tumor microenvironment, and previous studies have
shown that acute colonic inflammation induced by dextran sulfate sodium (DSS) can
increase the incidence of colon tumorigenesis in the ApcMin/� mouse (19). To directly
determine the functional role of HIF-2� expression in inflammation-induced colon
tumorigenesis, mice with intestine epithelium-specific disruption of HIF-2� by villin-
cre-mediated recombination were crossed to ApcMin/� mice (Hif-2�ΔIE/ApcMin/�) and
compared to littermate controls with intact HIF-2� expression (Hif-2�F/F/ApcMin/�). The
Hif-2�ΔIE/ApcMin/� mice had significantly reduced colon tumor numbers and reduced
tumor burdens (Fig. 1A to D). Furthermore, tumors from Hif-2�ΔIE/ApcMin/� mice had
significantly increased apoptosis as measured by terminal deoxynucleotidyltransferase
(TdT) dUTP nick end labeling (TUNEL) staining (Fig. 1E and F). These results show that
colon epithelial HIF-2� is important in inflammation-driven colon tumorigenesis.

Epithelial expression of HIF-2� can promote inflammatory responses (10) and can
modulate the immune environment in tumors. Colon tumors from Hif-2�F/F/ApcMin/�

mice had a significant increase in the panmyeloid cell marker CD11b compared to
adjacent normal tissue. However, tumors from Hif-2�ΔIE/ApcMin/� mice had a significant
reduction in tumor CD11b compared to those from Hif-2�F/F/ApcMin/� mice, suggesting
tumor epithelial expression of HIF-2� regulates myeloid cell influx into tumors. To
determine the precise myeloid cell type that was decreased by disruption of Hif-2�,
quantitative-PCR (qPCR) analysis was conducted for monocyte, macrophage, and neu-
trophil markers. Significantly less expression of the neutrophil marker gene Ly6g and
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the myeloperoxidase gene (Mpo) was observed in Hif-2�ΔIE/ApcMin/� than in Hif-2�F/F/
ApcMin/� colon tumors, whereas no changes in expression of the monocyte marker
CD68 or macrophage marker genes Emr1, iNos, and Arg1 were observed (Fig. 1G).
Moreover, the calcium binding protein S100a8, which is abundantly expressed by

FIG 1 HIF-2� is essential for inflammation-induced colon tumorigenesis. (A) Hif-2��/�/ApcMin/� (n � 5)
and Hif-2�ΔIE/ApcMin/� (n � 7) mice were treated for 5 days with DSS and analyzed 28 days following the
final day of DSS administration. (B to D) Tumor numbers (B), tumor burdens (C), and gross images (D) of
the colons of Hif-2��/�/ApcMin/� and Hif-2�ΔIE/ApcMin/� mice 25 days following DSS administration. (E and
F) Representative images of hematoxylin and eosin (H&E) analysis and TUNEL staining (E) and quantifi-
cation of TUNEL-positive cells (F) in tumor tissue from Hif-2��/�/ApcMin/� and Hif-2�ΔIE/ApcMin/� mice. (G
and H) qPCR expression analysis of myeloid cell markers (G) and S100a8 in tumors and/or adjacent
normal tissue (H) from Hif-2��/�/ApcMin/� and Hif-2�ΔIE/ApcMin/� mice. *, P � 0.05, **, P � 0.01, and ***,
P � 0.001 compared to Hif-2��/�/ApcMin/�mice; ##, P � 0.01, and ###, P � 0.001 compared to normal
tissue. Statistical analysis was performed with Student’s t test or two-way ANOVA, followed by Sidak’s
multiple-comparison test. The error bars indicate standard deviations.
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neutrophils, is significantly reduced in both normal and tumor tissue from Hif-2�ΔIE/
ApcMin/� mice (Fig. 1H) (20). These data suggest epithelial cell expression of HIF-2� is
essential for the presence of neutrophils in colon tumors.

To assess if HIF-2� is sufficient to drive colon tumorigenesis, mice with overexpres-
sion of O2-stable HIF-2� downstream of a loxP-stop-loxP (LSL) cassette knocked into the
Rosa26 allele (10) were crossed to ApcMin/� mice to generate Hif-2�LSL/ApcMin/� mice.
These mice develop significantly more colon tumors than age-matched HIF-2� wild-
type (WT) controls (Hif-2��/�/ApcMin/�) at 3 months (Fig. 2A and B). Moreover, the
tumors have a significantly higher proportion of proliferating cells, as shown by
incorporation of bromodeoxyuridine (BrdU) (Fig. 2C and D). Concurrent with increased
tumorigenesis, tumors from Hif-2�LSL/ApcMin/� mice have a higher presence of neutro-
phils than Hif-2��/�/ApcMin/� mice by Ly6G immunofluorescence (Fig. 2E).

HIF-2� regulates intratumoral neutrophils in colitis-associated colon cancer. In
order to appropriately model the role of HIF-2� in the inflammatory progression of
colon cancer, we used the azoxymethane (AOM)/DSS model of CAC in mice with
intestine epithelium-specific deletion of HIF-2� (Hif-2�ΔIE) (21). Hif-2�ΔIE and littermate
control mice (Hif-2�F/F) were injected intraperitoneally (i.p.) with AOM (10 mg/kg of
body weight) on day 0 and treated with DSS (1.5% [wt/vol]) in their drinking water
beginning on day 5 for 5 days and changed back to regular drinking water for 2 weeks
for three cycles. Consistent with the inflammation-induced ApcMin/� model, Hif-2�ΔIE

mice had significantly reduced colon tumor numbers compared to littermate controls,
suggesting HIF-2� expression is essential for inflammation-induced colon tumorigen-
esis (Fig. 3A). To analyze neutrophil infiltration in tumors, flow cytometry was per-
formed on individual colon tumors. Colon tumors from Hif-2�ΔIE mice had a significant

FIG 2 HIF-2� increases inflammation-induced colon tumorigenesis. (A) Tumor numbers from colon tissue
of Hif-2��/�/ApcMin/� (n � 8) and Hif-2�LSL/ApcMin/� mice (n � 9). **, P � 0.01. (B) Representative images
of H&E analysis. (C) Representative images of BrdU incorporation in tumors from Hif-2��/�/ApcMin/� and
Hif-2�LSL/ApcMin/� mice. DAPI, 4=,6-diamidino-2-phenylindole. (D) Quantification of the data in panel C.
*, P � 0.05. (E) Representative images of Ly6G immunofluorescence in tumors from Hif-2��/�/ApcMin/�

and Hif-2�LSL/ApcMin/� mice. Statistical analysis was performed with Student’s t test. The error bars
indicate standard deviations.
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reduction of CD11b� Ly6G� neutrophils from the colon tumor microenvironment
compared to Hif-2�F/F colon tumors (Fig. 3B and C). No changes in tumor macrophages
(CD11b� F4/80�) were observed (Fig. 3D and E). These data suggest epithelial HIF-2�

modulates the colon tumor microenvironment by regulating infiltration of tumor-
associated neutrophils.

HIF-1� does not impact colon tumorigenesis or neutrophil recruitment. Our
studies suggest that HIF-2� is a major regulator of colitis-associated colon tumorigen-
esis through recruitment of protumorigenic neutrophils. To address overlap in the
functions of HIF-2� and HIF-1� in colon tumorigenesis, we assessed the role of HIF-1�

using mice with intestine epithelial disruption of HIF-1� (Hif-1�ΔIE). In the AOM/DSS
model of colitis-associated colon cancer, no difference in tumorigenesis was observed
in Hif-1�ΔIE mice compared to WT controls (Hif-1�F/F) (Fig. 4A and B). Concurrently, no
changes in expression of neutrophil markers (Ly6g and Cd11b) were observed in
Hif-1�F/F colon tumor tissue relative to Hif-1�ΔIE colon tumor tissue (Fig. 4C).

Colon epithelial HIF-2� regulates neutrophil chemotaxis. To determine if epi-
thelial HIF-2� can regulate neutrophil chemotaxis, we used a transwell assay. Neutro-
phils were isolated from bone marrow and were shown to be highly pure (over 80%)
(Fig. 5A). The isolated colon explants used were from mice with epithelial deletion of
the von Hippel-Lindau gene (VhlΔIE). Previous work has shown that intestinal epithelial
stabilization of HIF-2� is promoted in these mice under normoxic conditions (22). A
dramatic increase in neutrophil migration through the Transwell toward colon explants
from VhlΔIE mice compared to WT (VhlF/F) colon tissue explants was observed (Fig. 5B
and C). To more directly assess the effects of HIF-2�, the medium was conditioned with
colon tissue from HIF-2�-overexpressing mice (Hif-2�LSL), and this led to a significant
increase in neutrophil Transwell chemotaxis compared to colon tissues explanted from
wild-type littermate mice (Hif-2��/�) (Fig. 5B and C). These data demonstrate that
HIF-2� is important in neutrophil recruitment in vitro. Flow cytometry analysis of
normal colon tissue from mice overexpressing HIF-2� in the intestinal epithelium
(Hif-2�LSL) showed a significant increase in intracolonic neutrophils compared to wild-
type littermate mice (Fig. 5D and E). Together, these data demonstrate an essential and
sufficient role of epithelial HIF-2� in neutrophil recruitment in the colon.

CXCL1 is highly induced by intestinal epithelial HIF-2�. Neutrophils are recruited
to solid tumors through tumor secretion of cytokines and chemokines (23). To deter-
mine the precise mechanism by which epithelial HIF-2� recruits neutrophils into the

FIG 3 Disruption of intestinal epithelial HIF-2� decreases colon tumors and intratumoral neutrophils in a CAC
model. (A) Tumor numbers from colons of Hif-2�F/F (n � 11) and Hif-2�ΔIE (n � 14) mice following AOM/DSS-
induced CAC. (B and D) Flow cytometry analysis of CD11b/Ly6G double-positive cells (B) or CD11b/F4/80
double-positive cells (D) gated from CD45� cells in tumors from Hif-2�F/F and Hif-2�ΔIE mice. (C and E) Quantifi-
cation of flow cytometry data in tumors. **, P � 0.01, and ***, P � 0.001 compared to Hif-2��/� mice. Statistical
analysis was performed with Student’s t test. The error bars indicate standard deviations.
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intestine, high-throughput RNA sequencing (RNA-seq) analysis was performed on colon
tissues from Hif-2�LS) and WT (Hif-2��/�) mice. Pathway analysis showed that genes
encoding neutrophil-attractive chemokines, such as Cxcl1, Cxcl2, and Cxcl5, and neu-
trophil markers, such as S100a8, were highly increased in the colon tissues from
Hif-2�LSL mice (Fig. 6A and B) (a full gene list is provided in Table S1 in the supplemental
material). The expression of several members of the CXC family of chemokines was
examined by qPCR of colon tissue from HIF-1�-overexpressing mice (Hif-1�LSL), Hif-
2�LSL mice, and littermate controls. Only Cxcl1 expression was robustly increased (P �

0.001) in colon tissue in Hif-2�LSL mice compared to WT and Hif-1�LSL mice (Fig. 6C).
These data suggest that activated epithelial HIF-2� in colon tumors may recruit
neutrophils through secretion of cytokines and chemokines.

HIF-2� is an essential regulator of CXCL1 expression in colon tumors. Oncomine
data analysis indicated that CXCL1 was greatly increased in human colon tumors
compared to normal colon tissues (Fig. 7A and B). We further confirmed by qPCR that
CXCL1 was significantly increased in a set of colon tumor tissues compared to the
adjacent normal colon tissues (Fig. 7C). CXCL1 expression is induced in colon tumors,
but the major regulators of CXCL1 expression in colon tumors are currently unknown.
Consistent with patient tumor analysis, CXCL1 expression was highly induced in
AOM/DSS-induced colon tumors in Hif-2�F/F mice compared to normal adjacent tissue.
This increase was significantly attenuated in tumors isolated from Hif-2�ΔIE mice (Fig.
7D and E). No difference in Cxcl1 expression was observed in tumors from Hif-1�F/F or
Hif-1�ΔIE mice (Fig. 7F).

The tumor microenvironment is a complex milieu of tumor epithelial cells, immune
cells, and stromal cells. Previous genetic analysis suggested that in tumor xenograft
models, greater than 99% of the Cxcl1 transcripts are expressed directly by the tumor
epithelial cells relative to tumor stromal cells (24). To evaluate if epithelial hypoxia
signaling directly regulates Cxcl1 expression, we generated colon enteroids from mice
with colon epithelium-specific deletion of Apc, activation of the oncogene Kras, and loss

FIG 4 HIF-1� does not impact colon tumorigenesis or neutrophil recruitment. (A) Tumor numbers from colons of Hif-1�F/F (n � 8) and
Hif-1�ΔIE (n � 6) mice following AOM/DSS-induced CAC. (B) Representative images of H&E staining from Hif-1�F/F and Hif-1�ΔIE tumor
tissue. (C) qPCR of Cd11b and Ly6g expression in tumor tissue from panel A. Statistical analysis was performed with Student’s t test. NS,
not significant. The error bars indicate standard deviations.
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of the Tp53 tumor suppressor gene, which are commonly observed mutations in
human colon tumors (Fig. 7F). Colon enteroids are an ideal model to mechanistically
study colorectal cancer, because they maintain cell polarization and tight junctions in
three dimensions and the cultures can be generated from primary colon epithelial
tissue harboring mutations that are most commonly selected for in human colon
tumors (25). To activate hypoxia signaling, the enteroids were treated with the potent
PHD inhibitor FG-4592, which stabilizes HIF under normoxic conditions (26). Compared
to untreated enteroids, activation of hypoxia significantly induced Cxcl1 expression,
demonstrating that epithelial hypoxia signaling is sufficient to activate Cxcl1 expression
(Fig. 7G). Taken together, our data suggest epithelial HIF-2� is a master regulator of
CXCL1 expression in colon tumors.

HIF-2� regulates the Cxcl1 promoter through HRE- and Myc-associated zinc
finger (MAZ)-dependent mechanisms. HIFs activate target gene transcription by
binding to hypoxia response elements (HREs), which are defined as 5=-RCGTG-3=, in
promoter and enhancer regions. Analysis of the CXCL1-proximal promoter identified six
canonical HREs clustered at distal and proximal sites (Fig. 8A). The proximal promoter
region of Cxcl1 was cloned into the pGL3-luciferase reporter construct. Using cotrans-
fection in HCT116 cells, overexpression of oxygen-stable HIF-2� was shown to directly
activate the Cxcl1 promoter, similar to HIF-2� activation of the well-characterized HREs
of the enolase gene promoter (P2.1) (Fig. 8B). To evaluate the dependence of these
HREs on HIF-2�-mediated CXCL1 induction, a series of deletion constructs to disrupt
the HREs were generated. HIF-2� activation of the Cxcl1 promoter was attenuated
when the distal HREs were deleted and completely ameliorated when both the distal
and proximal HREs were removed. These data demonstrate that the HREs are essential
for HIF-2�-mediated Cxcl1 promoter induction (Fig. 8C).

It has been suggested that target gene specificity for HIF-1� and HIF-2� is mediated
by interactions with other transcription cofactors (27). Previously, our work has shown
that HIF-2� inflammatory target gene activation is dependent upon interaction with an

FIG 5 Intestinal HIF-2� activation promotes recruitment of neutrophils to the colon. (A) Flow cytometric analysis of CD11b/Ly6G staining
of neutrophils isolated from bone marrow. (B and C) Representative images of neutrophils (B) and quantification of numbers of cells that
migrated into the bottom well of a Transwell toward VhlF/F, VhlΔIE, Hif-2��/�, and Hif-2�LSL colon tissue explants (C). HPF, high-power field.
(D and E) Flow cytometry analysis (D) and quantification (E) of CD11b/Ly6G double-positive cells gated from CD45� cells in colon tissue
from Hif-2�LSL mice compared to Hif-2��/� mice. *, P � 0.05, and ***, P � 0.001 compared to VhlF/F or Hif-2��/� mice. Statistical analysis
was performed with Student’s t test. The error bars indicate standard deviations.
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FIG 6 Activation of intestinal epithelial HIF-2� increases CXCL1 expression. (A) Volcano plot of RNA-seq
analysis in colon tissues from Hif-2��/� (n � 6) and Hif-2�LSL (n � 6) mice. FDR, false-discovery rate. (B)
Heat map of genes related to cytokine activity enriched by Panther gene ontology analysis from
Hif-2��/� and Hif-2�LSL colon tissues. (C) qPCR analysis of CXC family chemokines in colon tissue from WT,
Hif-1�LSL, and Hif-2�LSL mice. *, P � 0.05, and **, P � 0.001 compared to normal colon tissues. Statistical
analysis was performed by one-way ANOVA, followed by Dunnett’s multiple-comparison test. The error
bars indicate standard deviations.
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essential cofactor, Myc-associated zinc finger (10, 28, 29). MAZ is a Cys2-His2-type zinc
finger transcription factor that is highly upregulated in several human cancers and
regulates tumor growth (30). To determine if MAZ is essential for HIF-2�-dependent
CXCL1 promoter induction, we used two targeting short hairpin RNAs (shRNAs) to

FIG 7 Epithelial HIF-2� is essential for CXCL1 expression in colon tumors. (A) Oncomine database analysis of CXCL1, CXCL2, and
neutrophil markers in several independent microarray analyses from colon cancer and normal tissues. (B and C) CXCL1 gene expression
in the Cancer Genome Atlas data set (B) and a set of 8 pairs of colon tumors and adjacent normal tissues collected at the University
of Michigan (C). (D and E) qPCR analysis of Cxcl1 mRNA (D) and enzyme-linked immunosorbent assay (ELISA) analysis of CXCL1 protein (E)
in CAC tumor tissue and adjacent normal tissue from Hif-2�F/F and Hif-2�ΔIE mice. (F) qPCR analysis of Cxcl1 expression in tumors from Hif-1�F/F

and Hif-1�ΔIE mice. (G) Representative image of colon enteroids following deletion of Apc and TP53 and activation of Kras. (H) qPCR of Cxcl1
expression in colon enteroids treated with FG-4592 or vehicle control (Ctrl). *, P � 0.05, and ***, P � 0.001 compared to WT, Hif-2�F/F, or Ctrl.
##, P � 0.01, and ###, P � 0.001 compared to normal tissue. Expression was normalized to �-actin. Statistical analysis was performed with
Student’s t test, a paired t test, or two-way ANOVA, followed by Sidak’s multiple-comparison test. The error bars indicate standard deviations.
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generate stable knockdowns of MAZ expression in HCT116 cells (MAZ sh1 and MAZ
sh2) (Fig. 8D). Compared to cells stably expressing scrambled shRNA (control [Ctrl]
cells), MAZ sh1 and MAZ sh2 significantly attenuated CXCL1 promoter activation in
response to HIF-2� (Fig. 8E).

CXCR2 inhibition reduces HIF-2�-driven colon tumorigenesis. CXCL1 induces
neutrophil recruitment by binding its cognate receptor, CXCR2, expressed on the
surfaces of neutrophils. To determine if CXCL1 signaling through CXCR2 is the major
mechanism by which epithelial HIF-2� mediates neutrophil recruitment, we used a
well-characterized CXCR2-blocking peptide mimetic, CXCR2 pepducin (Pep). CXCR2 is a
G protein-coupled receptor, and pepducins block CXCR2 signaling and decrease neu-
trophil influx into sites of inflammation and tumors (31, 32). Bone marrow-derived
neutrophils were isolated and treated with the CXCR2-Pep or control pepducin (Veh).
Blocking CXCR2 completely attenuated HIF-2�-induced neutrophil migration (Fig. 9A
and B).

We next assessed the functional role of neutrophil recruitment in HIF-2�-driven
colon tumorigenesis. To investigate this axis, we used the AOM/DSS model of CAC in
VhlΔIE mice. Previous work had shown that these mice have a higher propensity to
develop colon tumors in a HIF-2�-dependent manner (9). Unlike the Hif-2�LSL mice,
VhlΔIE mice can survive 3 cycles of DSS. To confirm that epithelial deletion of Vhl
increases Cxcl1 expression, we isolated purified colon epithelial cells (CECs) and intra-
epithelial lymphocytes (IELs) (33) from VhlΔIE and VhlF/F mice. Cxcl1 expression is
significantly increased in CECs of VhlΔIE mice compared to those of VhlF/F mice but not
in IELs (Fig. 9C). Moreover, CXCL1 expression is induced in VhlΔIE mice in a HIF-2�-

FIG 8 HIF-2� and MAZ are essential for CXCL1 activation. (A) Analysis of the Cxcl1-proximal promoter
showing there are six HREs present (I to VI) in proximal and distal areas. (B) Cxcl1 or enolase (P2.1)
promoter luciferase activity assays in HCT116 cells expressing HIF-2�. (C) Cxcl1 promoter luciferase
activity assays with deletion constructs in HCT116 cells expressing HIF-2�. (D) qPCR and Western blot
analysis of MAZ knockdown efficiency in HCT116 cells expressing MAZ targeting shRNAs (MAZ sh1 and
MAZ sh2). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (E) CXCL1 promoter luciferase activity
assay in HCT116 cells expressing MAZ targeting shRNAs. **, P � 0.01, and ***, P � 0.001 compared to EV
or Ctrl. Statistical analysis was performed by two-way ANOVA, followed by Sidak’s multiple-comparison
test. The error bars indicate standard deviations. EV, empty vector.
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dependent manner using mice with double disruption of VHL and HIF-2� (VhlΔIE/Hif-
2�ΔIE) (Fig. 9D). To address the role of CXCR2-mediated neutrophil recruitment to colon
tumors, VhlΔIE mice were randomized to treatment with Ctrl-pepducin (Veh) or CXCR2-
pepducin once daily for days 65 to 100 by subcutaneous injection following the third
cycle of DSS (Fig. 9E). Compared to littermate control VhlF/F mice, VhlΔIE mice treated
with Ctrl-pepducin developed significantly more colon tumors and had higher tumor
burdens and increased neutrophil influx (Fig. 9F to H). The VhlΔIE mice treated with
CXCR2-pepducin had significantly reduced HIF-2�-driven colon tumorigenesis and
neutrophil infiltration. In addition, tumors from VhlΔIE mice had a significant increase in
tumor cell proliferation as measured by Ki67 immunofluorescence staining, which was
attenuated in VhlΔIE mice treated with CXCR2-pepducin (Fig. 9I and J). Taken together,
our studies suggest that HIF-2�-mediated neutrophil recruitment through the CXCL1-
CXCR2 axis is essential for its role in colon tumorigenesis.

FIG 9 HIF-2�-mediated neutrophil recruitment is essential for colon tumorigenesis. (A and B) Representative images of neutrophils (A) and quantification (B)
of Ctrl pepducin (Veh)- or CXCR2 pepducin (PEP)-treated cells that migrated into the bottom well of a Transwell toward Hif-2��/� and Hif-2�LSL colon tissue
explants. (C) qPCR analysis of Cxcl1 expression in CECs compared to IELs of VhlF/F and VhlΔIE mice. (D) ELISA analysis of CXCL1 protein in colon tissues of VhlF/F

(n � 6), VhlΔIE (n � 3), and VhlΔIE/Hif-2�ΔIE (n � 4) mice. (E) Schematic diagram of AOM/DSS-induced CAC and CXCR2-pepducin treatment protocol. (F to J) Tumor
counting (F) and tumor burden analysis (G), representative images of H&E staining and Ly6G staining (H) and Ki67 staining (I), and quantification of Ki67 staining
(J) in colon tissue from VhlF/F (n � 4), VhlΔIE plus Veh (n � 4), and VhlΔIE plus PEP (n � 3) groups. *, P � 0.05, and **, P � 0.01 compared to VhlF/F; ##, P � 0.01
compared to VhlΔIE plus CXCR2-pepducin. Statistical analysis was performed by one-way ANOVA, followed by Dunnett’s multiple-comparison test. The error bars
indicate standard deviations.
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DISCUSSION

Inflammation and hypoxia are intimately linked, and hypoxia has been previ-
ously shown to regulate the inflammatory microenvironments of many tumor types.
Hypoxia increases ovarian cancer tumor growth through secretion of CCL28, which
facilitates recruitment of immune-suppressive T regulatory (Treg) cells to promote
tumor growth (34). In pancreatic ductal adenocarcinoma, HIF-1� is a tumor sup-
pressor through blockade of protumorigenic B cell recruitment to tumors (35). Inter-
estingly, our data show that epithelial expression of HIF-2� can modulate the inflam-
matory milieu of colon tumors by regulating the recruitment of intratumoral
neutrophils. Hypoxic regulation of cytokines and chemokine secretion from tumor cells can
modulate neutrophil recruitment to promote hepatocellular carcinoma (36). Additionally,
neutrophils tend to be localized to hypoxic zones within uterine tumors (37). Mechanisti-
cally, we have discovered a novel HIF-2� target gene, the CXCL1 gene. CXCL1 is a member
of the CXC family of chemokines and is a potent neutrophil chemoattractant to sites of
inflammation or tumors by binding its cognate receptor, CXCR2 (38). Consistent with our
work showing that epithelial CXCL1 is induced by HIF-2�, previous studies using xenograft
models demonstrated that the vast majority (�99%) of Cxcl1 transcripts in colon tumors are
derived from tumor epithelial cells (24). Our studies clearly demonstrate that epithelial
HIF-2� can regulate Cxcl1 induction in colon tumors.

The functional role of neutrophils in the progression of tumors is not clear, as both
antitumorigenic (N1) and protumorigenic (N2) neutrophils have been described (13).
Neutrophils expressing the hepatocyte growth factor (HGF) receptor, c-MET, have been
shown to be largely antitumorigenic in colon tumors (28). However, large-scale meta-
analysis studies have shown that neutrophils are highly correlated with adverse out-
comes across more than 25 different tumor types (39). Neutrophils are critical mediators
of metastasis in murine models of breast cancer (33). It has also been suggested that
neutrophils are essential in the inflammatory progression of colon tumors, as depletion
of neutrophils with anti-Ly6G antibody significantly reduced colon tumors (40). More-
over, a high neutrophil-to-lymphocyte ratio portends a poor prognosis for colon cancer
patients (41). In our study, we show that HIF-2�-driven colon tumorigenesis is depen-
dent upon neutrophil influx into colon tumors through the neutrophil CXCL1 receptor,
CXCR2. A critical role for CXCR2 in the initiation and progression of colon cancer and
pancreatic ductal adenocarcinoma has been described (42, 43). Inhibition of neutrophil
influx via CXCR2 decreased HIF-2�-driven colon tumorigenesis, progression, and pro-
liferation. These studies demonstrate mechanistically how hypoxic inflammatory re-
sponses can modulate the colon tumor immune microenvironment to promote tumor
growth. More work is needed to determine the precise mechanisms by which neutro-
phils promote colon tumorigenesis.

The studies reported here suggest that that epithelial HIF-2�, but not HIF-1�,
selectively modulates neutrophil recruitment into tumors without affecting other my-
eloid cell populations. Neutrophils are critical to set up an oxygen gradient in the
intestine (44). These oxygen gradients promote tissue repair in a HIF-1�-dependent
manner. HIF-1� is highly active in intestinal inflammation, and genetic deletion of
intestinal epithelial HIF-1� exacerbates colitis (45). HIF-1� is an essential regulator of
the expression of intestinal-barrier-protective genes, such as the intestinal trefoil factor
gene (Itf), CD73, and multidrug resistance gene 1 (Mdr-1) (45, 46). The bidirectional
signaling of hypoxia and neutrophils may be a feed forward mechanism mediated by
HIF-2� that is critical to establish an oxygen gradient during acute inflammation for
HIF-1�-dependent injury repair (44). However, our data suggest that in chronic inflam-
mation, this mechanism exacerbates tumorigenesis.

Previously, we have shown that activation of HIF-2� can promote colon tumor cell
growth in a cell-autonomous manner. Epithelial expression of HIF-2� is a potent
activator of inflammatory responses and increases the progression of intestinal inflam-
mation (10). Additionally, HIF-2� is a transcriptional regulator of proinflammatory
cyclooxygenase 2 (COX2) and microsomal prostaglandin E synthase (mPGES) to in-
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crease tumor inflammation, and treatment of HIF-2�-overexpressing mice with the
anti-inflammatory nimesulide can reduce colon tumorigenesis (47). Interestingly,
HIF-1� activation has no effect on colon tumorigenesis (48). Similarly, we found that
HIF-1� has no effect on the expression of Cxcl1. Previous studies have highlighted the
dichotomous role of HIF-1� and HIF-2� in several cancer models. For example, in renal cell
carcinoma, HIF-2� is essential for tumor cell growth whereas HIF-1� decreases cell growth
(49). In pancreatic cancer, mouse genetic models demonstrated that HIF-2� is essential for
tumorigenesis whereas HIF-1� decreases tumorigenesis through repression of infiltrating
protumorigenic B cells (35, 50). However, in lung cancer, it has been shown that HIF-2�

exerts a tumor-suppressive effect (51). These studies demonstrate the need to carefully
evaluate the tumor-specific roles of HIF-1� and HIF-2� for therapeutic targeting. HIF-2�-
specific inhibitors have been developed that target a novel ligand-binding pocket that is
located within the PAS-B domain of HIF-2� but not in HIF-1� (52). These novel tools may
provide an exciting therapeutic avenue to decrease tumor cell proliferation, as well as to
decrease tumor-promoting inflammatory responses in colon cancer.

MATERIALS AND METHODS
Animals. VhlF/F, VhlΔIE, Hif-1�ΔIE, Hif-1�F/F, Hif-2�ΔIE, Hif-2�F/F, Hif-2�LSL, and Hif-2��/� mice were

described previously (10, 22). To evaluate HIF-2� in colon tumorigenesis, Hif-2�ΔIE and Hif-2�LSL mice
were crossed to ApcMin/� mice. To induce colon tumorigenesis in Hif-2�ΔIE/ApcMin/� mice, the animals were
treated with 2% DSS in their drinking water for 5 days and then placed back on regular drinking water for
28 days. For AOM/DSS experiments, animals were injected i.p. with azoxymethane (10 mg/kg) and then
cycled on 1.5% DSS in their drinking water for 5 days, followed by regular drinking water for 2 weeks for
three cycles. For the CXCR2-pepducin experiment, following the third cycle, VhlΔIE mice were treated with
CXCR2-pepducin (palmitoyl [pal]-RTLFKAMGQKHR) or control peptide (pal-TRFLAKMHQGHKR) (Genscript)
for 35 consecutive days (2.5 mg/kg subcutaneously [s.c.]) (53). All the animal studies were carried out in
accordance with Institute of Laboratory Animal Resources guidelines and approved by the University
Committee on the Use and Care of Animals at the University of Michigan.

Flow cytometry. Single-cell suspensions from fresh normal colon or colon tumor tissue were
prepared by finely mincing the tissue and incubating it with collagenase type II (Sigma-Aldrich; 1 mg/ml)
at 37�C for 1 h and then passed through a 40-�m cell strainer. The single-cell suspensions were stained
in Hanks’ balanced salt solution (HBSS)-2% fetal bovine serum (FBS) with eFluor780-conjugated anti-
CD45 (eBioscience), phycoerythrin (PE)-conjugated anti-Ly6G (BD), allophycocyanin (APC)-conjugated
anti-Cd11b (eBioscience), and eFluor450-conjugated anti-F4/80 (eBioscience). Flow cytometry was per-
formed using an LSR Fortessa (BD). Flow cytometry data were analyzed using FlowJo software.

Neutrophil isolation and transwell assay. Bone marrow cells were suspended in HBSS buffer
supplemented with 20 mM HEPES and 0.5% FBS. The isolated bone marrow was disaggregated through
an 18-gauge (18-G) needle. To lyse the residual red blood cells (RBCs), 0.2% NaCl was added to the cells
for 45 s, and then the reaction was stopped with 1.2% NaCl. The cells were resuspended in HBSS buffer
and carefully layered over 62% Percoll. Centrifugation was performed at 2,200 rpm for 30 min. The cell
pellet was washed twice with PBS and used for antibody staining to confirm the purity. The antibodies
used were peridinin chlorophyll protein (PerCP)-Cy5.5-conjugated anti-CD45 (eBioscience), APC-
conjugated anti-CD11b (eBioscience), PE-conjugated anti-Ly6G (BD), and eFluor450-conjugated anti-
F4/80 (eBioscience) antibodies. Debris (FSC-A/SSC-A) and doublets (FSC-A/FSC-H) were excluded, and
CD45� cells were then subgated on CD11b� and Ly6G� neutrophils. The numbers flow cytometry-gated
populations indicate the relative percentages of each population. For transwell assays, 1 � 106 neutro-
phils were cultured in the top well in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS and 1% antibiotic/antimycotic, and fresh colon explants were plated in the bottom well.
Migration was assessed 2 hours after plating.

Isolation of colon epithelial cells and intraepithelial lymphocytes. Isolation of CECs and intra-
epithelial lymphocytes was performed as previously described (10). Briefly, colon tissue was isolated and
incubated with EDTA and dithiothreitol (DTT) in HBSS. To separate CECs and IELs, the tissue was passed
through a cell strainer and exposed to 67% to 44% Percoll gradient separation. CECs were collected from
the top, and IELs were collected at the interface of the Percoll gradient.

Histology. Colon tissue and tumors were excised, fixed, sectioned, and stained as previously
described (9). The antibodies for immunofluorescence assays were as follows: BrdU (eBioscience), Ki67
(Vector Laboratories), Ly6G (BD), and Alexa Fluor 488 – goat anti-mouse IgG (Molecular Probes Inc.).

RNA isolation, qPCR analysis, and RNA-seq. RNA was isolated, and qPCR analysis was conducted
as previously described (9). The primers are listed in Table 1. RNA sequencing libraries were prepared
using the TruSeq RNA library prep kit v2 (Illumina) following the manufacturer’s recommended protocol.
The libraries were sequenced using single-end 50-cycle reads on a HiSeq 2500 sequencer (Illumina) at the
University of Michigan DNA Sequencing Core Facility.

RNA-seq data analysis. Raw sequencing read quality was assessed utilizing FastQC. Reads were
aligned to the reference mouse transcriptome (UCSC mm10) using Bowtie v 2.1.0.0 (54) and TopHat v
2.0.9 (55). Default parameters were used for the alignment, with the exception of “-b2-very-sensitive,”
“-no-coverage-search,” and “-no-novel-juncs.” Mate inner pair distances were estimated by TopHat, and
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the values were used in the alignment. Expression quantification and differential expression analysis
between Hif-2�LSL and Hif-2��/� mice were conducted using CuffDiff v 2.1.1 (56) with the parameter
settings “-multi-read-correct,” “-compatible-hits-norm,” and “-upper-quartile-norm” for normalization of
expression calculations across samples. For the CuffDiff analysis, we used UCSC mm10.fa as the reference
genome and UCSC mm10.gtf as the reference transcriptome. Genes were considered differentially
expressed between conditions at a false-discovery rate-adjusted P value of �0.05 (57).

Pathway analyses. A directional analysis was conducted on all genes by including the P value of the
differential-expression test as a measure of the effect size and the log2 fold difference in expression as
a measure of the effect direction using iPathways (Advaita). Differentially expressed pathways were
identified utilizing the Panther classification system (http://pantherdb.org/). KEGG biological pathways
and gene ontology biological processes were considered differentially expressed at a P value of �0.05.

CXCL1 luciferase reporter activity. The Cxcl1 promoter was cloned using primers listed in Table 1.
The Cxcl1 promoter fragments were subsequently cloned into the pGL3-basic vector (Promega). Lucif-
erase activity assays were performed as previously described and normalized to �-galactosidase activity
(47). HCT116 cells expressing MAZ targeting shRNAs were generated as previously described (10).

Enteroid culture. Enteroids were generated from colon tissue from mice with inducible, colon
epithelium-specific deletion of Apc, activation of Kras, and loss of Tp53 (Cdx2CreER; Apcfl/fl; KrasG12V;
Tp53fl/fl). The mice were sacrificed, and the colon was cut open longitudinally. All plasticware was
precoated with 0.1% bovine serum albumin (BSA), and all steps were carried out on ice unless otherwise
specified. The tissue was incubated for 15 min at room temperature in 2.5 �g/ml amphotericin B
(Fungizone; ThermoFisher) in Dulbecco’s phosphate-buffered saline containing 25 �g/ml gentamicin
(Gibco) and 50 �g/ml normocin (InvivoGen) (DPBSgn). The colon tissue was cut into lengthwise strips
(approximately 3 mm by 5 mm). The tissue was incubated in 10 mM DTT for 15 min at room temperature,
changing to fresh DTT every 5 min. The tissue was rinsed in DPBSgn, rinsed once with 8 mM EDTA, and
then incubated/rotated in 8 mM EDTA at 4°C for 75 min. The EDTA was removed, and the tissue was washed
three times with DPBSgn. The tissue was then “snap-shaken” 10 times to manually separate colon crypts. The
crypt-containing supernatant was immediately added to 1.5 ml of cold FBS in a BSA-coated 50-ml tube, and
the shaking step was repeated twice more. The crypts were spun at 40 � g for 2 min at 4°C. The pellet was
washed in DPBSgn and spun again at 40 � g for 2 min at 4°C. The pellet was resuspended in a solution of
66% Matrigel (Corning), 33% KGMG medium (KGMG Bullet kit; Lonza), and 10 �M Rock inhibitor (Y27632;
Miltenyi) at a concentration of 2 crypts/�l, accounting for 250 �l per well in a 6-well plate. Four diagonal strips
of 60 �l of the culture were added to each well of a prewarmed cell culture plate using a cut tip. After 30 min,
medium containing 10 �M Y27632 was added. The medium was changed daily for 3 days. On the fourth day,
the cultures were treated with either vehicle or 100 �M the PHD inhibitor FG-4592 (Cayman Chemicals)
overnight and then lysed directly in TRIzol for qPCR analysis.

Data analysis. Error bars in the figures represent standard deviations (37). P values were calculated
by independent t test, paired t test, one-way analysis of variance (ANOVA), Dunnett’s t test, and two-way
ANOVA. Immunofluorescence staining and Western blot analysis were quantified with ImageJ.

TABLE 1 Primers

Namea Sequence

Cloning
pGL3-mCxcl1-luc1685 F 5=-ACGTGGTACCAGCTAATCTTAGGA
pGL3-mCxcl1-luc345 F 5=-ACGTGGTACCCACTGTAGTACACC
pGL3-mCxcl1-luc285 F 5=-ACGTGGTACCTGACCCACCTCG
pGL3-mCxcl1-R 5=-ACGTCTCGAGGTGGAGCTCTAG

qPCR
mCxcl1 F 5=-TCTCCGTTACTTGGGGACAC
mCxcl1 R 5=-CCACACTCAAGAATGGTCGC
hCxcl1 F 5=-AACAGCCACCAGTGAGCTTC
hCxcl1 R 5=-GAAAGCTTGCCTCAATCCTG
CD11b F 5=-ATGGACGCTGATGGCAATACC
CD11b R 5=-TCCCCATTCACGTCTCCCA
CD11c F 5=-CTGGATAGCCTTTCTTCTGCTG
CD11c R 5=-GCACACTGTGTCCGAACTCA
Emr1 F 5=-CCCCAGTGTCCTTACAGAGTG
Emr1 R 5=-GTGCCCAGAGTGGATGTCT
CD68 F 5=-CTTCCCACAGGCAGCACAG
CD68 R 5=-AATGATGAGAGGCAGCAAGAGG
iNOS F 5=-ACCCTAAGAGTCACCAAAATGGC
iNOS R 5=-TTGATCCTCACATACTGTGGACG
Ly6G F 5=-TGGACTCTCACAGAAGCAAAG
Ly6G R 5=-GCAGAGGTCTTCCTTCCAACA
Mpo F 5=-AGTTGTGCTGAGCTGTATGGA
Mpo R 5=-CGGCTGCTTGAAGTAAAACAGG
S100a8 F 5=-CCAATTCTCTGAACAAGTTTTCG
S100a8 R 5=-TCACCATGCCCTCTACAAGA

aF, forward; R, reverse.
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