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Hypoxia-inducible factors (HIFs) accumulate in both neoplastic 
and inflammatory cells within the tumor microenvironment and 
impact the progression of a variety of diseases, including colo-
rectal cancer. Pharmacological HIF inhibition represents a novel 
therapeutic strategy for cancer treatment. We show here that 
acriflavine (ACF), a naturally occurring compound known to 
repress HIF transcriptional activity, halts the progression of an 
autochthonous model of established colitis-associated colon can-
cer (CAC) in immunocompetent mice. ACF treatment resulted in 
decreased tumor number, size and advancement (based on histo-
pathological scoring) of CAC. Moreover, ACF treatment corre-
sponded with decreased macrophage infiltration and vascularity 
in colorectal tumors. Importantly, ACF treatment inhibited the 
hypoxic induction of M-CSFR, as well as the expression of the 
angiogenic factor (vascular endothelial growth factor), a canon-
ical HIF target, with little to no impact on the Nuclear factor-
kappa B pathway in bone marrow-derived macrophages. These 
effects probably explain the observed in vivo phenotypes. Finally, 
an allograft tumor model further confirmed that ACF treatment 
inhibits tumor growth through HIF-dependent mechanisms. 
These results suggest pharmacological HIF inhibition in multiple 
cell types, including epithelial and innate immune cells, signifi-
cantly limits tumor growth and progression.

Introduction

Chronic inflammation increases an individual’s risk of cancer, as 
exemplified by the well-established relationship between ulcerative 
colitis and the development of colorectal cancer (1–7). Inflammatory 
lesions and solid tumors are similar in that both contain regions of 
varying oxygen (O2) levels and are composed of complex, highly het-
erogeneous cell populations (8,9). Hypoxic domains within tumors 
are characterized by the infiltration of certain bone marrow-derived 
cells that act to promote disease progression (10). In particular, tumor-
associated macrophages (TAMs) have been implicated in promoting 

tumorigenesis, often as a result of chronic inflammation (7,11,12). 
Hypoxia-driven inflammatory intracellular and cytokine signal-
ing and macrophage infiltration clearly enhance tumor progression 
(7,13). Because both tumor cells and infiltrating TAMs must adapt to 
the unique stress of survival and proliferation under low O2 concen-
trations, hypoxic responses in these cell types directly impact tumor 
growth, local invasion and metastasis (8,14,15). As such, targeting the 
hypoxic response in either or both population(s) could have a benefi-
cial effect on cancer therapy (16,17).

The transcriptional response to O2 deprivation is mediated, in large 
part, by hypoxia-inducible factors (HIFs) (18,19). HIFs are com-
posed of an O2-sensitive α subunit and a constitutively expressed β 
(HIF-1β/ARNT) subunit (19). The α subunit is regulated by the von 
Hippel–Lindau (VHL) E3 ligase complex and degraded by the 26S 
proteasome under elevated O2 tensions (20). Low O2 levels stabilize 
HIF-α subunits by inhibiting prolyl hydroxylases that modify HIF-α 
proteins and promote their degradation (21). Once stabilized, HIF-α 
subunits translocate to the nucleus, form heterodimers with ARNT and 
bind hypoxia-response elements (HREs) to promote gene expression 
devoted to adaptation to hypoxic stress (18,22–25). Three α subunits 
(HIF-1α, HIF-2α and HIF-3α) have been identified; however, HIF-
1α and HIF-2α appear to account for the majority of HIF-mediated 
transcriptional responses (26,27). The HIF-1α subunit is expressed in 
virtually all cells, whereas HIF-2α has a more restricted expression 
profile, including components of the liver, kidney, lung, intestine and 
brain (28). HIF-1α and HIF-2α possess distinct and occasionally over-
lapping roles; however, both have been suggested to actively promote 
the progression of a variety of cancers, including clear cell renal carci-
noma, neuroblastoma, hepatocellular carcinoma and colorectal cancer 
(26,29). HIFs play an important role in neoplastic and inflammatory 
cells within the tumor microenvironment, and cross talk between these 
populations has clear effects on tumor growth (10,22,30–33). Both 
HIF-α isoforms are expressed in TAMs but have different downstream 
functions. For example, in the setting of nitric oxide (NO) metabo-
lism, HIF-1α and HIF-2α elicit differential effects on arginase and 
inducible nitric oxide synthase (iNOS) activity, respectively (26,34). 
Both isoforms have been implicated in bone marrow-derived mac-
rophages (BMDMs), mature macrophages and the protumorigenic 
and proangiogenic signaling observed in TAMs (14,35). Importantly, 
HIF-1α expression in macrophages has been implicated in modulating 
the switch from aerobic to anaerobic metabolism, as well as classi-
cal activation via Th1 cytokines, whereas HIF-2α expression in TAMs 
has been associated with an alternative activation via Th2 cytokines 
(14,22,34,36). It is becoming increasingly apparent that HIFs are a 
common link between hypoxia, chronic inflammation and tumorigen-
esis through their activity in macrophages during cancer development.

Pharmacological HIF inhibition as a novel therapeutic strategy 
is an active area of ongoing research (37–39). In particular, target-
ing HIF is well suited to colorectal cancer, as the HIF pathway has 
been repeatedly implicated in colorectal cancer pathogenesis (16). 
Acriflavine (ACF), a mixture of trypaflavin and proflavine, inhibits 
HIF-α:ARNT dimerization, has shown promise in xenograft models 
of human cancers and may be a viable source for future therapeutic 
interventions aimed at targeting HIF-1α and HIF-2α (40). Recently, 
ACF has also been shown to inhibit the recruitment of CD11b+ bone 
marrow-derived cells to the tumor microenvironment in an orthotopic 
model of breast cancer (41). Importantly, ACF does not appear to elicit 
any adverse side effects when administered to patients for extended 
periods of time (42). Whereas ACF has proven effective in subcutane-
ous and orthotopic models, it has yet to be evaluated in an autochtho-
nous tumor model in immunocompetent mice, which more accurately 
mimics the cellular complexity observed in clinical disease. Here we 
demonstrate that ACF limits tumor progression in murine models of 

Abbreviations:  ACF, acriflavine; AOM, azoxymethane; BMDMs, bone 
marrow-derived macrophages; CAC, colitis-associated colon cancer; DMSO, 
dimethyl sulfoxide; DSS, dextran sulfate sodium; HDAC1, histone deacety-
lase 1; HIF, hypoxia-inducible factor; HRE, hypoxia-response element; IL, 
interleukin; NF-κB, nuclear factor-kappa B; PBS, phosphate-buffered saline; 
TAMs, tumor-associated macrophages; TUNEL, terminal deoxynucleotidyl 
transferase-mediated dUTP nick end labeling; VEGF, vascular endothelial 
growth factor; WT, wild type.
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colitis-associated colon cancer (CAC) and use in vitro cellular assays 
to assess underlying mechanisms in both macrophages and malignant 
colonic epithelial cells.

Materials and methods

Autochthonous and subcutaneous colorectal cancer models
Eight-week-old female Balb/C mice were purchased from Jackson 
Laboratory. Briefly, mice received a single intraperitoneal (i.p.) injection 
of 12.5 mg/kg azoxymethane (AOM) at 8 weeks of age followed by four 
cycles of 2% dextran sulfate sodium (DSS) in their drinking water (cycle 
1: 5 days, cycle 2: 4 days, cycle 3: 4 days, cycle 4: 4 days) with 2 weeks 
of regular water between each cycle for autochthonous induction of CAC. 
For subcutaneous experiments, 1 × 106 CT26 cells containing either shSCR 
or shARNT were injected subcutaneously into the left or right flank of 
8-week-old female Balb/C mice, respectively. For all in vivo experiments, 
mice received ACF (Sigma M.W. 259.7) via daily i.p. injections at 2 mg/kg 
dissolved in phosphate-buffered saline (PBS) or an equivalent volume of 
PBS alone for the control cohort. The laboratory animal program is accred-
ited by the American Association for Accreditation of Laboratory Animal 
Care. Animal health, well-being and comfort were monitored constantly by 
certified veterinary staff. Every effort was made to minimize discomfort, 
stress, pain and injury to the mice and the mice was maintained in accord-
ance with the Animal Welfare Act and the DHHS Guide for the care and use 
of laboratory animals. These procedures were performed according to the 
protocols reviewed by the Institutional Animal Care and Use Committee 
(IACUC).

Cell lines and cell culture
CMT93 (ATCC CCL-223) and CT26 (ATCC CRL-2638) cell lines were pur-
chased from ATCC and cultured according to instructions. Cells were cultured 
under normoxia (21% O2) or hypoxia (0.5% O2) using a Ruskinn InvivO2 400 
workstation. ACF (Sigma M.W. 259.7) was administered at 5μM in dimethyl 
sulfoxide (DMSO).

Bone marrow-derived macrophages
Generation of VavCre and Arntfl/fl mice has been previously discussed (43,44). 
VavCre;Arnt mice were created by crossing VavCre mice (obtained as a gift from 
Speck lab) with Arntfl/fl mice on a mostly C57BL/6 background. Macrophages 
were isolated from C57BL/6, VavCre;Arnt fl/+ or VavCre;Arntfl/fl (littermates) 
mice by removing the long bones and flushing the marrow followed by red blood 
cell lysis. BMDMs were cultured in Dulbecco’s Modified Eagle’s Medium con-
taining 20% Hyclone serum, 30% LCM, 1% l-glutamine, 1% Anti-Anti and 
0.1% beta-mercaptoethanol and stimulated with 5 ng/ml lipopolysaccharides 
(Sigma L3024) and 20 ng/ml interferon-γ (R&D 485-MI). For hypoxia induc-
tion, BMDMs were cultured under normoxia (21% O2) or hypoxia (0.5% O2 or 
3% O2). ACF (Sigma M.W. 259.7) was administered at 1μM in DMSO.

Luciferase assay

CMT93 and CT26 cells were transfected according to Fugene protocols 
(Roche) with PGL3 plasmids containing firefly luciferase under control of a 
wild-type (WT) HRE promoter from the human PGK gene or a mutant HRE 
promoter along with renilla control, or an pGL4.32[luc2p/NF-κB-RE/Hygro] 
vector (Promega E849A) also with renilla control. Twenty-four hours after 
transfection, media were changed to either DMSO or ACF and then cells were 
placed under normoxia or hypoxia. Luciferase activity was read on a luminom-
eter 16 h after addition of DMSO or ACF (Promega E1960). Firefly activity 
from the WT HRE plasmid was normalized to renilla and mutant HRE activity.

Reverse transcription–quantitative polymerase chain reaction
RNA was isolated from tumor tissue or cells using the RNAeasy minikit 
(Qiagen #74106). RNA concentration was quantified using the Nanodrop 
with equal amounts of mRNA used for reverse transcription to cDNA using 
the High-Capacity RNA-to-cDNA kit (ABI #4387406). Expression was 
determined by quantitative PCR of synthesized cDNA using the Applied 
Biosystems 7900HT system and ΔΔCT program settings. Target cDNA 
amplification was measured using the following TaqMan primers: vascular 
endothelial growth factor (VEGF) (Mm00437304_m1), interleukin (IL)-1β 
(Mm00434228_m1), IL-6 (Mm00446190_m1), CXCR4 (Mm01292123_
m1), COX-2 (Mm00478377_g1), SDF-1 (Mm0044552_m1), ARNT 
(Mm00507836_m1), PGK (Mm00435617_m1), HPRT (Mm01318743_
m1), HIF-1α (Mm01283758_g1), HIF-2α (EPAS Mm00438717_m1), 
iNOS (Mm00440502_m1), ANG4 (Mm03647554_g1) and RETNLB 
(Mm00445845_m1). Results were analyzed with HPRT as an endogenous 
control.

Production of shRNA containing lentiviruses and transduction
HEK-293T cells were used for lentiviral production using the following 
constructs: pLKO.1 scrambled shRNA (Addgene 1864), pLKO.1 ARNT 
shRNA (ThermoScientific TRCN0000079931), pLKO.1 HIF1α shRNA 
(ThermoScientific TRCN0000054448), and pLKO.1 HIF-2α shRNA 
(ThermoScientific TRCN0000082307), G protein of the vesicular stomatitis 
virus (VSV-G), pMDLG and pRSV-rev. 293T cells were transfected accord-
ing to the Fugene (Roche) protocol. Twenty-four and 48 h after transfection, 
supernatant was collected and concentrated using Amicon centrifugal filter 
units (Millipore). As the pLKO.1 shRNA constructs contain a puromycin 
resistance gene, transduction was followed by puromycin selection. CT26 
cells were transduced with lentiviral particles containing copGFP in the form 
of the pCDH-CMV-EF1-copGFP vector (System Biosciences).

Immunostaining and imaging
Immunohistochemistry was performed using enzymatic Avidin-Biotin Complex–
diaminobenzidine staining (Vector Labs) with hematoxylin used for counterstaining 
of nuclei. Stained sections were visualized using an Olympus IX81 microscope. 
CD68 1:100 (Abcam ab955) used according to instructions (Vector PK-2200), 
CD31 1:50 (Abcam ab28364) and Ki67 (Novocastra NCL-Ki67-MM1) used 
according to instructions (Vector PK-2200), terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) staining done according to instructions 
(Millipore ApopTag S7111) and copGFP staining performed using anti-TurboGFP 
antibody (Evrogen AB514). Staining was quantified using ImageJ software.

Immunoblot assays
Whole cell extracts were isolated in sodium dodecyl sulfate/Tris pH 7.6 lysis 
buffer. Subcellular fractionation was performed as previously described (45). 
Protein was quantified using BCA and equal protein amounts were run on an 
8% or 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis gel, 
transferred to nitrocellulose and probed with the following antibodies: HIF-1α 
1:1000 (Cayman 10006421), ARNT 1:1000 (Cell Signaling #5537), GAPDH 
1:1000 (Cell Signaling #2118), nuclear factor-kappa B (NF-κB; Cell Signaling 
#3034), p-NF-κB (Cell Signaling #3039), IκBα (Cell Signaling #4814) 
p-IκBα (Cell Signaling #2859), M-CSFR (Cell Signaling #3152), DNMT1 
(Cell Signaling #5032), AKT (Cell Signaling #9272) and histone deacetylase 1 
(HDAC1; (Cell Signaling #5356). Representative western blots from multiple 
independent experiments are presented.

Flow cytometry and sorting
Subcutaneous tumors were grossly dissected, minced, collagenase treated and 
run through a 70 μm cell strainer to generate a single cell suspension. Live 
cells were run on a FACSVantage SE and sorted based on GFP staining. GFP 
negative parent cells were run to set up GFP+ and GFP− gates. Acquired data 
were analyzed using FlowJo software.

Statistical analysis
Unless otherwise indicated, data are shown as mean ± SEM. GraphPad Prism 
software was used to conduct statistical analyses and graph data. Unless other-
wise indicated, unpaired two-tailed Student’s t-test was performed to evaluate 
statistical differences between control and experimental groups. In situations 
where more than two groups were compared, a one-way Anova was used fol-
lowed by posttest Tukey analysis. Significance is demonstrated by ‘#’ indicat-
ing P > 0.05, ‘*’ representing P < 0.05, ‘**’ representing 0.001 < P < 0.01 and 
‘***’ representing P < 0.001.

Results

ACF limits tumor burden in an autochthonous murine model of CAC
To analyze the effect of ACF treatment in the setting of CAC, 8-week-
old female Balb/C mice were subjected to a single intraperitoneal 
(i.p.) injection of the procarcinogen AOM, followed by repeated treat-
ments of 2% DSS to induce autochthonous CAC (46–48) (Figure 1A). 
Prior to initiating ACF treatment, we confirmed that mice exhibited 
gross intestinal polyp formation, with hyperplastic lesions making up 
approximately 60% of tumor burden and adenomas making up the 
remaining 40%, based on histologic examination of mice killed at 
baseline (Supplementary Figure  1A–C, available at Carcinogenesis 
Online). The AOM/DSS-treated mice were then separated into two 
cohorts: an experimental group that received daily i.p. injection of 
2 mg/kg ACF for 4 weeks and a control group that received daily injec-
tions of PBS. Over the course of treatment, no significant difference in 
mouse weight was observed between experimental and control groups 
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(Figure  1B, Supplementary Figure  2A, available at Carcinogenesis 
Online); however, the control cohort exhibited increased incidence of 
prolapsed rectum, indicative of underlying pathology (Figure 1C).

After 1 month, mice were euthanized, colons were dissected, and 
tumor burden was analyzed. The control cohort exhibited signifi-
cant disease progression compared with the baseline group, whereas 
the ACF-treated cohort did not (Figure 1D–F). Mice in the control 
group, on average, developed increased numbers of colorectal tumors 
(Figure 1D). Similarly, there was an overall greater tumor burden, 
with a greater proportion of large tumors, in the control cohort 
compared with ACF-treated or baseline groups (Figure 1E–G). The 

control cohort also displayed a larger fraction of high-grade lesions, 
based on nuclear pleiomorphism and atypia, than the corresponding 
ACF-treated group (Figure 1H). In particular, the most highly pleio-
morphic lesions in this model (atypical adenomas) were observed 
at nearly 3-fold higher frequency in the control group than in the 
ACF-treated cohort (Figure 1I). Although increased nuclear atypia 
were detected, no significant decreases in number of mitotic figures 
were noted in the control group compared with the ACF-treated 
group (Figure  1J). Lastly, we observed a trend toward decreased 
expression of multiple HIF-associated inflammatory molecules 
(Supplementary Figure 1D, available at Carcinogenesis Online) in 

Fig. 1.  ACF treatment limits disease progression in an autochthonous model of colitis-induced colon cancer. (A) Schematic diagram of AOM/DSS treatment 
followed by 28 days of i.p. ACF or PBS administration. (B) Weight change in mice over course of treatment, shown as percent change from weight at the 
beginning of daily injections—measured weekly. (C) Percentage of each cohort that exhibited prolapsed rectum based on visual observation. (D and E) Tumor 
number and burden upon gross examination either at the end of the third DSS administration (baseline) or PBS versus ACF treatment. (F) Tumor size as percent 
of total. (G) Gross and H&E pictures of representative samples from PBS and ACF treatment cohorts—images acquired on dissecting microscope. Arrows 
indicate individual hyperplastic or adenomatous lesions. (H) Tumor staging based on H&E slides from each mouse for either PBS- or ACF-treated cohorts. 
(I) Percent of each treatment cohort with at least one atypical adenoma, based on tumor staging. (J) Number of mitotic figures between either cohort. (K) 
RNA analysis of PBS- and ACF-treated tumors evaluating the expression of Ang4 and Retnlβ. (mean ± SEM, PBS: n = 27, ACF: n = 28, #P > 0.05, *P < 0.05, 
**P < 0.01, ***P < 0.001).
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RNA isolated from unstaged and unmatched individual polyps from 
ACF- and PBS-treated mice, respectively. Resistin like beta (Retnlβ) 
and Angiogenin 4 (Ang4) expression corresponds with colonic 
inflammation and bacterial influx (49,50). Importantly, expression 
of both Ang4 and Retnlβ was unchanged, suggesting ACF does not 
alter bacterial influx into the colonic epithelial cells (Figure  1K). 
As such, any observations in ACF-treated mice are unlikely to be 
due to the antimicrobial effects of ACF. Although previous studies 
have shown that intestinal microflora may contribute to the patho-
genesis of colitis, and antibiotics are effective at minimizing disease 
in acute models of DSS-induced colitis, antibiotic treatment appears 
to be ineffective in models of chronic DSS-induced colitis (49–51). 
We concluded that ACF limits tumor progression in an autochtho-
nous model of CAC and may be doing so through HIF-dependent 
mechanisms.

Effects on tumor vascularity and proliferation corresponding to 
ACF treatment
Previous work has demonstrated an effect on tumor growth along with 
decreased vascularity and infiltrating CD11b+ cells in mice treated 
with ACF (40,41). Similarly, although a trend toward decreased 
mitotic figures was detected upon H&E analysis, further investigation 
revealed that tumors from ACF-treated mice exhibited approximately 
30% fewer proliferating (Ki67-positive) cells in stage-matched sec-
tions (Figure 2A). In contrast, no difference in apoptotic cell num-
bers was noted between the two cohorts, based on TUNEL staining 
(Figure  2A). Moreover, ACF-treated tumors exhibited significantly 
reduced vessel density and size, with vessel area nearly 3 times greater 
in PBS-treated mice, as assessed by CD31 staining (Figure 2B). In 
the setting of an inflammation-driven cancer, such as the AOM/DSS 
model of colitis-induced colorectal cancer, ACF appears to limit tumor 
burden through effects on tumor growth and progression, correlated 
with lower rates of tumor cell proliferation and decreased angiogen-
esis. ACF may also have an effect on the inflammatory component of 
this model.

ACF-treated tumors exhibit decreased macrophage infiltration
We hypothesized that the effects of ACF on the growth and progres-
sion of AOM/DSS-induced colorectal tumors were caused by altered 
HIF activity in TAMs, transformed colonic epithelial cells or both. 
To investigate ACF-mediated effects on macrophage recruitment, 
CD68+ cells were counted in stage-matched tumor sections from 
PBS- and ACF-treated mice, respectively. Adenomas and atypical 
adenomas in control animals exhibited significantly greater num-
bers of infiltrating macrophages than corresponding tumors from 
the ACF-treated cohort (Figure  3A, Supplementary Figure  3A, 
available at Carcinogenesis Online). These results confirm previous 
work in different non-inflammation-driven tumor models and are 
unlikely to be a consequence of general myelosuppressive effects 
of ACF treatment, as experimental animals displayed no discernible 
changes in the number of B220+, F4/80+ and Gr1+ cells in bone 
marrow or spleen, following 1 month of treatment (Supplementary 
Figure  2B–D, available at Carcinogenesis Online) (41). Because 
regulatory T cells possess anti-inflammatory functions and have 
been implicated in CAC, we stained for CD3 and Foxp3 in sections 
from ACF-treated and control mice (52). However, no differences 
were observed in Foxp3+ or CD3+ T lymphocyte numbers among 
control and ACF-treated cohorts, indicating that ACF treatment pri-
marily affects innate immune cells associating with colonic tumors 
in this setting (Figure 3B). Collectively, these findings, along with 
previously published data, underscore the importance of infiltrating 
macrophages in inflammation-driven cancers and provide a pos-
sible mechanism to explain the less aggressive CAC observed in 
ACF-treated mice.

ACF inhibits HIF signaling in macrophages
To evaluate the general impact of ACF treatment on macrophages, 
we investigated HIF-dependent responses in BMDMs obtained 

from WT C57BL/6, VavCre;Arnt fl/+ or VavCre;Arnt fl/fl mice (also 
on a C57BL/6 background). To confirm efficacy of Arnt deletion, 
BMDMs were purified and whole cell lysates analyzed for ARNT 
protein levels. As shown in Figure 4A, no detectable ARNT protein 
was observed in macrophages isolated from VavCre;Arnt fl/fl mice 
(Figure  4A) (Krock,B.L. et  al., submitted for publication). Arnt∆/∆ 
macrophages are therefore deficient in the obligate HIF-α dimeriza-
tion partner and, consequently, fail to engage HIF-1α and HIF-2α 
responses. We propose that this genetic model is similar to pharmaco-
logical HIF inhibition by ACF. To mimic the hypoxic microenviron-
ment, macrophages were cultured in complete media at 3% O2 and 
growth compared with that at 21% O2. Macrophage proliferation was 
unaffected by ACF treatment under normoxia or hypoxia in complete 
media (21 or 3% O2, respectively, Supplementary Figure 3B, available 
at Carcinogenesis Online), suggesting that the observed decrease in 
CAC infiltrating macrophages (Figure 3A) is secondary to decreased 
recruitment rather than an effect on resident macrophage numbers. 
In contrast, ACF treatment significantly inhibited the expression of 
genes encoding IL-1β and VEGF, both HIF targets, in Arnt∆/+ mac-
rophages (Figure 4B). Interestingly, Il-1β and Vegf transcript levels 
in ACF-treated Arnt∆/+ macrophages are similar to those observed 
in HIF-deficient Arnt∆/∆ macrophages. Furthermore, ACF treatment 
failed to substantially further reduce the expression of either gene 
in Arnt∆/∆ macrophages (Figure 4B), confirming that ACF is acting 
via a predominantly HIF-dependent pathway. We also observed that 
hypoxic stimulation of M-CSFR, a principal receptor for the mac-
rophage growth factor and chemoattractant M-CSF, was ablated 
upon ACF treatment (Figure 4C). This is consistent with our previ-
ous observation that macrophage M-CSFR expression is regulated by 
HIF-2α and suggests a mechanism by which ACF treatment limits 
macrophage recruitment to, and infiltration of, inflammation-associ-
ated tumors (22). Interestingly, when macrophages are cultured with-
out M-CSF under 21, 1.5 or 0.5% O2 and treated with DMSO or ACF, 
there appeared to be a specific proliferative effect on macrophages 
treated with ACF under hypoxic conditions. This may be second-
ary to decreased M-CSFR expression, as the proliferative defect is 
recapitulated with macrophages cultured in the absence of M-CSF 
(Figure 4D). We concluded that ACF treatment limits hypoxic induc-
tion of M-CSFR expression, minimizing macrophage stimulation 
by M-CSF under low O2. This effect was also detected during mac-
rophage motility, as demonstrated by M-CSF-mediated migration of 
seeded macrophages in a modified Boyden chamber migration assay 
(Figure 4E). Although no difference between WT, Arnt∆/+ or Arnt∆/∆ 
cells was noted under normoxia, migration under 0.5% O2 was limited 
in ACF-treated WT and Arnt∆/+ cells and in both DMSO-treated and 
ACF-treated Arnt∆/∆ macrophages. These results indicated ACF treat-
ment acts upon macrophages in a hypoxia and HIF-dependent man-
ner, in large part through the expression of M-CSFR.

NF-κB (Nuclear factor kappa-light-chain-enhancer of activated B 
cells) is a central regulator of the inflammatory response and has an 
established role in inflammation-associated cancers (53). Moreover, 
ACF has been suggested to have possible effects on this pathway 
(40,53). NF-κB transcription complexes are generally maintained in 
an inactive state in the cytoplasm and only translocate to the nucleus 
when dissociated from inhibitors such as IκBα (nuclear factor of 
kappa light polypeptide gene enhancer in B-cell inhibitor alpha) (54). 
As such, NF-κB nuclear localization is a strong indicator of transcrip-
tional activity. We investigated whether ACF treatment alters NF-κB 
nuclear transit in BMDMs cultured under normoxia or hypoxia. Of 
note, ACF treatment had no appreciable effect on NF-κB subcellular 
localization or IκBα phosphorylation (Figure 4F and Supplemental 
Supplementary Figure 3C, available at Carcinogenesis Online), a nec-
essary step to release NF-κB and allow nuclear entry. However, the 
same lysates clearly demonstrate decreased hypoxia-induced nuclear 
localization of HIF-1α (Figure 4F). AKT and HDAC1 immunoblot-
ting indicate the purity of cytosolic and nuclear fractions, respectively. 
Similarly, ACF treatment had no detectable effect on the expression 
of transcripts encoding COX-2, an inflammatory protein regulated 
by multiple stimuli, including NF-κB (Supplementary Figure  3D, 
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available at Carcinogenesis Online). Taken together, these findings 
indicate ACF inhibits macrophage recruitment and signaling through 
HIF-α specific mechanisms, with little to no impact on the NF-κB 
pathway.

HIF signaling is inhibited by ACF treatment in murine 
colorectal cells
In addition to its effects on macrophages, ACF treatment likely 
inhibits CAC progression by inhibiting HIF responses in trans-
formed colonic epithelial cells. To address this hypothesis, we 
analyzed ACF effects on murine CT26 cells (derived from Balb/C 
colon carcinoma) and CMT93 cells (derived from C57BL/6 poly-
poid carcinoma of the rectum). As expected, ACF administration 

did not impact HIF-1α stabilization under 0.5% O2 in either 
CT26 or CMT93 cells (Supplementary Figure  4A, available at 
Carcinogenesis Online), consistent with its proposed role in block-
ing HIF-α/ARNT dimerization rather than α subunit accumula-
tion (40). Furthermore, ACF treatment had no effect on Hif1α or 
Arnt transcript levels (Supplementary Figure  4C, available at 
Carcinogenesis Online). Importantly, ACF treatment instead lim-
its nuclear localization of HIF-1α in both CT26 and CMT93 cells 
under 0.5% O2 (Figure  5A) with AKT and HDAC1 immunoblot-
ting demonstrating cytosolic and nuclear fractions, respectively. In 
contrast, ACF administration had no effect on the cellular locali-
zation of NF-κB (Figure  5A and Supplemental Supplementary 
Figure  4B, available at Carcinogenesis Online), or expression 

Fig. 2.  Decreased tumor vascularity and cellular proliferation upon ACF treatment. (A) Representative examples of Ki67 and TUNEL staining. Ki67+ and 
TUNEL+ cells quantified from stage-matched samples. Images taken at ×200 magnification. (B) Representative images and quantification of CD31+ cells in both 
adenomas and atypical adenomas for stage-matched samples. Arrows indicate individual vessels. (mean ± SEM, PBS: n = 6, ACF: n = 6 for adenomas and PBS: 
n = 4, ACF: n = 2 for atypical adenomas, #P > 0.05, *P < 0.05, **P < 0.01).
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of Cox-2 (Supplementary Figure  4F, available at Carcinogenesis 
Online), indicating that ACF is unlikely to be affecting the NF-κB 
pathway. As noted for macrophages, Cox-2 transcription is likely 
regulated by multiple hypoxia-dependent, HIF-independent fac-
tors and does not appear to be impacted by ACF treatment. Instead, 
HIF targets Vegf and phosphoglycerate kinase 1 (Pgk1) were mark-
edly reduced in both CT26 and CMT93 cells upon ACF exposure 
(Figure 5B). Additionally, ACF administration resulted in decreased 
HRE-driven luciferase reporter gene expression in both CT26 and 
CMT93 cells under hypoxia (Figure 5C), demonstrating decreased 

HIF transcriptional activity. Unlike that observed with HRE-driven 
luciferase assays, ACF had no effect (hypoxic or otherwise) on an 
NF-κB-response element luciferase reporter assay in either cell line 
(Figure  5D). Importantly, in the absence of HIF-1α or HIF-2α in 
CT26 cells, ACF treatment resulted in a modest decrease in Vegf 
or Pgk1 expression, whereas in the absence of ARNT, no further 
reduction in HIF target gene expression was observed (Figure  5E 
and Supplemental Supplementary Figure  4D and E, available at 
Carcinogenesis Online). These findings reinforce the notion that 
ACF is acting through the HIF transcriptional pathway.

Fig. 3.  Tumors treated with ACF exhibit decreased macrophage infiltration. (A) CD68 staining in PBS- and ACF-treated tumors, with representative images 
and quantification of both adenomas and atypical adenomas, respectively. Arrows indicate individual CD68+ cells. (B) CD3 and Foxp3 staining with respective 
quantifications of PBS- and ACF-treated tumors from stage-matched tumors; images taken at ×400 and ×200 magnification. (mean ± SEM, PBS: n = 6, ACF: 
n = 6 for adenomas and PBS: n = 4, ACF: n = 2 for atypical adenomas, #P > 0.05, *P < 0.05).
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ACF slows allograft tumor growth, dependent on HIF-α/ARNT 
activity
To further investigate the HIF specificity of ACF treatment, we 
employed a lentiviral shRNA construct to inhibit ARNT expression, 
and thus HIF-1α- and HIF-2α-mediated responses, in CT26 cells 
(Figure 6A). GFP-expressing CT26 cells transduced with either con-
trol (shSCR) or ARNT-specific (shARNT) lentiviruses were injected 
into the left and right flanks, respectively, of syngeneic Balb/C 
mice (Supplementary Figure 5A and B, available at Carcinogenesis 
Online). Mice then received daily i.p. injection of PBS or ACF for 3 
weeks. Over the course of treatment, shSCR tumors in mice receiv-
ing PBS grew significantly larger than shSCR tumors in mice admin-
istered ACF (Figure 6B). Interestingly, there was minimal effect on 
growth rate in shARNT tumors as a result of ACF treatment, and 
shSCR tumors in mice treated with ACF grew at a similar rate as 
the shARNT tumors. The fact that shARNT tumors in mice receiv-
ing ACF were nearly identical in size to shARNT tumors in PBS-
treated mice strongly suggests that ACF is primarily targeting the HIF 
pathway. Moreover, an appreciable decrease in tumor weight was 
observed in ACF-treated shSCR tumors; however, there was no dif-
ference in the weight of shARNT tumors (Figure 6C). These observa-
tions indicate that a majority of the antitumorigenic effects of ACF 
are directly related to HIF inhibition. RNA analysis of FACS-sorted 
tumor cells (based on GFP+ staining) confirmed that suppression of 
ARNT expression was maintained in shARNT cells throughout the 

experiment (Figure 6D). Similarly, the expression of canonical HIF 
targets Vegf and Pgk was reduced in shSCR tumors from ACF-treated 
mice compared with controls (although they do not achieve statistical 
significance), and no additional decrease was observed in shARNT 
tumors treated with ACF (Figure  6D). Immunohistochemical stain-
ing of subcutaneous tumors revealed little inflammatory infiltration as 
evidenced by a lack of CD68 staining (data not shown), demonstrat-
ing that the bulk of each tumor was composed of CT26 cells, as sug-
gested by relatively prolific GFP staining (Supplementary Figure 4C, 
available at Carcinogenesis Online). Of note, reduced CD31+ positive 
cells were detected in sections from ACF-treated shSCR tumors, simi-
lar to values in PBS- and ACF-treated shARNT tumors (Figure 6E). 
The decrease in vascularity was not as pronounced as in the autoch-
thonous CAC model (Figure 3B), which exhibited dramatically higher 
numbers of infiltrating macrophages. TAMs are known to influence 
tumor angiogenesis (15,55,56). As such, although ACF treatment has 
clear HIF-dependent effects in transformed colorectal cell lines, its 
antitumorigenic properties may be magnified by the changes in TAM 
activity in the setting of an inflammation-driven tumor model.

Discussion

HIFs are important transcription factors involved in cellular adapta-
tion to low O2, a common feature of solid tumors, and thus represent 
attractive potential therapeutic targets (25,57). Additionally, many 

Fig. 4.  Effects of ACF on macrophages are largely HIF dependent. (A) Western blot validation of ARNT ablation in macrophages purified from VavCre;Arntfl/

fl mice. (B) Expression of proinflammatory (Il-1β) or proangiogenic (Vegf) genes upon ACF treatment or Arnt deletion. (C) M-CSFR protein levels based on 
immunoblot of primary bone marrow-derived macrophages from C57BL/6 mice cultured under 21% O2 or 0.5% O2 and in the presence of either DMSO or ACF. 
(D) Proliferation of either control or ARNT-deficient macrophages under 21 or 3% O2 over a 4-day period. (E) Normoxic and hypoxic migration of BL6, Arnt∆/+ 
or Arnt∆/∆ macrophages treated with DMSO or ACF. Shown as percent total. (F) Cytoplasmic/nuclear subcellular fractionation of macrophage lysates under 
normoxia (21% O2) and hypoxia (0.5% O2) with or without ACF treatment and immunoblotting for HIF-1α, NF-κB p65, HDAC1 and AKT. (mean ± SEM, PBS: 
n = 3, ACF: n = 3, #P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001).
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tumors exhibit extensive leukocytic infiltration—especially those 
occurring as a result of chronic inflammation (4). Therefore, thera-
pies designed to target specific features of the tumor microenviron-
ment may be impacted by naturally occurring O2 gradients, as well as 
hypoxic adaptations in both tumor parenchyma and stroma, including 
recruited inflammatory cells. The HIFs function in hypoxic responses 
of both tumor compartments, making HIF inhibition in tumor cells, 
TAMs or both likely to mitigate tumor progression. One known HIF 
inhibitor, digoxin, is currently in phase II clinical trials for breast can-
cer (http://clinicaltrials.gov/). Importantly, ACF is an example of a 
HIF inhibitor that has already been proven safe in patients for up to 
5 months, with very few side effects (42). Although previous reports 
demonstrated HIF inhibition by ACF in xenograft and orthotopic 

models (40,41), both used severe combined immunodeficiency mice. 
This study represents the first time the effects of ACF-mediated HIF 
inhibition have been explored in fully immunocompetent mice, mim-
icking the complexity of HIF activity in tumor microenvironments 
within an autochthonous setting. Despite the utility of xenograft (or 
allograft) tumor models, they typically cannot recapitulate the cellular 
complexity and natural history of autochthonous tumors in immuno-
competent hosts, and treatments that eradicate xenograft tumors have 
often proved ineffective in patients. Similarly, the use of tissue- or 
cell-type-specific genetic deletion can provide important insights into 
the role of specific genes in tumor initiation and progression but may 
be formally distinct from using pharmacological compounds to target 
a particular molecular target that is expressed in extant tumors.

Fig. 5.  Effects of ACF on colorectal cell lines are HIF dependent. (A) Cytoplasmic/nuclear fractionation of CT26 and CMT93 lysates under normoxia (21% 
O2) and hypoxia (0.5% O2) with or without ACF treatment and immunoblotting for HIF-1α, NF-κB p65, HDAC1 and AKT. (B) Expression of HIF targets Pgk1 
and Vegf under hypoxia in both CT26 and CMT93 cell lines upon treatment with DMSO or ACF. (C) CT26 and CMT93 cells were transfected with a plasmid 
containing firefly luciferase under control of the PGK promoter (with three consecutive HRE sequences) and cultured under normoxia (21% O2) or hypoxia 
(0.5% O2) in the presence or absence of ACF. (D) CT26 and CMT93 cells were transfected with a plasmid containing firefly luciferase under control of an NRE 
and cultured under normoxia (21% O2) or hypoxia (0.5% O2) in the presence or absence of ACF. (E) Pgk1 and Vegf expression levels in control, shSCR, shHIF-
1α, shHIF-2α or shARNT CT26 cells when cultured under normoxia or hypoxia in the presence or absence of ACF. (mean ± SEM, PBS: n = 3, ACF: n = 3, #P > 
0.05, *P < 0.05, **P < 0.01).
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The work described here investigates ACF treatment of autochtho-
nous tumors and suggests that pharmacological HIF inhibition in mul-
tiple cell types, including epithelial and innate immune cells, reduces 
tumor growth and progression. Mice treated with ACF consistently 
developed fewer and smaller colonic lesions with a marked decrease 
in vascularity and number of recruited macrophages. We demonstrated 
that ACF acts largely on HIF-dependent responses in macrophages, 
without effect on the NF-κB pathway. Because HIFs have been shown 
to be important in multiple components of the tumor microenviron-
ment, inhibiting HIF activity in any single cell population may effect 
tumor progression with increased efficacy observed when multiple 
compartments are targeted simultaneously (26). Previous studies have 
demonstrated the importance of HIFs in TAMs. We have now shown 
that ACF limits macrophage infiltration and signaling in the tumor 
microenvironment in a HIF-dependent manner. A likely mechanism 
for the reduced macrophage infiltration detected in ACF-treated mice 
is decreased hypoxic induction of M-CSFR expression—a find-
ing similar to loss of HIF-2α in these cells (22). There may also be 

HIF-dependent effects on resident macrophages of the colon as a 
result of ACF treatment, contributing to reduced tumor progression. 
ACF exhibits clear effects on multiple colorectal cancer cell lines in 
vitro and in vivo in HIF-dependent mechanisms and is very likely act-
ing on the tumor parenchyma. In future work, it will be important 
to employ Cre-mediated recombination to delete ARNT, and thereby 
both HIF-1α and HIF-2α activity, in both colonic epithelial cells and 
macrophages, to assess the effects of pan-HIF ablation during tumor 
initiation and progression.

These observations are clinically relevant, as increasingly specific 
HIF inhibitors will likely have a more significant effect on tumor 
progression. Whereas our work has focused extensively on the HIF-
dependent effects of ACF treatment on the tumor microenvironment, 
it is possible that ACF has effects that are partially independent of 
HIF transcriptional activity (42,58,59). However, as transcription 
factors are effectively targeted for cancer therapeutics in the future, 
HIF inhibition in the tumor microenvironment by a safe, naturally 
occurring compound, in the setting of inflammation-driven cancer, 

Fig. 6.  ACF slows allograft tumor growth, dependent on HIF-α/ARNT activity. (A) Immunoblot of ARNT protein in shSCR and shARNT cells, respectively. 
(B) Tumor volume changes in each cohort of mice over time—measured with calipers every 3 days. Two mice in the PBS cohort had to be euthanized on day 18 
due to advanced disease. (C) Average tumor weight of each cohort at culmination of experiment. (D) Relative Arnt expression in FACS-sorted CT26 cells. (E) 
Vegf and Pgk1 RNA expression in isolated tumor cells from each treatment cohort. (F) CD31 staining of shSCR and shARNT tumors treated with PBS and ACF, 
respectively, with quantification on the right. Arrows indicate individual CD31+ vessels. (mean ± SEM, n = 5 for each group, #P > 0.05, *P < 0.05, **P < 0.01).
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represents an important finding. Targeting HIFs may be a viable thera-
peutic strategy in a myriad of cancers, as the data collectively indicate 
HIF inhibition can slow advancement of established tumors. Finally, 
the observations of HIF inhibition in both colorectal cancer cells and 
recruited macrophages provide insight into the usefulness of future 
genetic models for studying effects of HIF activity in the setting of 
inflammation-driven cancers.

Supplementary material

Supplementary Figures 1–5 can be found at http://carcin.oxfordjour-
nals.org/
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