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a b s t r a c t

Many chronic inflammatory diseases are associated with increased risk of developing cancer. In the colon,
strong support for a link between chronic inflammation and cancer extends, in part, from population-
based studies of persons with inflammatory bowel disease (IBD). Patients with IBD are at increased
risk of developing colorectal cancer (CRC). The general consensus is that IBD results from the combined
effects of genetics and environment factors known to affect the immune system. Vitamin D, an impor-
tant regulator of the immune system, has been linked to IBD. Despite the strong potential reported for
1,25-dihydroxyvitamin D (1,25-OH)2D), its effects on calcium metabolism limits its application. Recently,
olon cancer less active vitamin D metabolites, cholecalciferol and 25-hydroxyvitamin D (25(OH)D), have gained con-
siderable attention as promising agents against IBD-related colon cancer. Yet, their anti-proliferative
properties and mechanism of action remain to be better defined. We present several signaling path-
ways commonly regulated by vitamin D compounds and highlight their regulation on TLR4. The efficacy
of 25(OH)D and 1�-hydroxyviatmin D5 are evaluated using the azoxymethane (AOM)/dextran sodium
sulfate (DSS)-induced IBD-related colon carcinogenesis model. In summary, vitamin D supplementation

ive a
may provide a cost-effect

. Introduction

Inflammation is a risk factor for many common malignancies
ncluding cancers of the lung, breast, and colon [1]. The clearest
ink between inflammation and colon cancer is seen in patients

ith inflammatory bowel disease (IBD) [2]. Colorectal cancer is one
f the most serious complications of IBD, accounting for increased
ortality in these disorders [2]. The severity of inflammation cor-

elates with the risk of colorectal cancer in patients with IBD [3].
pidemiological studies have reported that several environmen-
al factors such as diet may play a pivotal role in mediating the
ccurrence, severity and neoplastic progression of this IBD [4].

or example, vitamin deficiencies in general and vitamin D insuf-
ciency in particular have been shown to occur in IBD patients.
urthermore, studies have shown that people living in areas that
eceive less sunlight have lower circulating 25(OH)D levels and
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∗ Corresponding author at: Division of Carcinogenesis and Chemoprevention, IIT
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el.: +1 312 567 4937; fax: +1 312 567 4931.

E-mail address: gmurillo@iitri.org (G. Murillo).
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pproach to reduce IBD related colon cancer.
© 2010 Elsevier Ltd. All rights reserved.

higher prevalence rates of IBD [5]. This link between low serum
25(OH)D levels and inflammation-associated colon cancer offers
the possibility of identifying a mode to prevent cancer with vitamin
D supplementation.

While the molecular mechanisms whereby chronic inflamma-
tion predisposes to cancer remain elusive, animal models have
been instrumental in demonstrating a link between vitamin D and
risk for inflammation-associated colon cancer. For example, Inter-
leukin (IL)-10 knockout (KO) mice, which spontaneously develop
symptoms resembling IBD, have been widely used to study the
pathogenesis as well as the therapeutic and preventive strategies
for IBD. Cantorna et al. [6] investigated the role of vitamin D using
IL-10 KO mice. For this, mice were fed diets deficient in vitamin D
and compared to mice fed chow containing adequate levels vitamin
D and/or diets supplemented with pharmacological concentrations
of the active metabolite, 1,25(OH)2D. While the IL-10 KO mice fed
the vitamin D sufficient chow experienced IBD symptoms begin-
ning at 12 weeks of age, the mice receiving vitamin D deficient diets
had accelerated symptoms with 60% mortality rates before week 9

of age. In contrast, pharmacological concentrations of 1,25(OH)2D
alleviated the symptoms in IL-10 KO mice with pre-existing symp-
toms of IBD. In another study, the significance of the vitamin D
receptor (VDR) in immune function was investigated using VDR
KO, IL-10 and double KO (VDR/IL-10) mice [7]. It was shown that

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:gmurillo@iitri.org
dx.doi.org/10.1016/j.jsbmb.2010.03.009
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olons from the double KO mice exhibit a more severe form of
BD accompanied with over-expression of numerous inflammatory
ytokines.

Consequently, a focus on the mechanism by which vitamin
mediates pro-inflammatory pathways (TLR4, cytokines) may

rovide insights into the prevention of colitis-associated cancer.
otwithstanding the numerous reports demonstrating the curative
ction of 1,25(OH)2D its potential usefulness as a chemopreven-
ive agent are limited by its propensity to cause hypercalcemia.
ecently, less active vitamin D metabolites such as dietary vita-
in D3 (cholecalciferol) or 25(OH)D have gained considerable

ttention, in part, due the presence of 1�-hydroxylase in target
issues. Yet reports on the anti-proliferative properties and mech-
nism of action of these vitamin D metabolites are limited. In the
resent study, the anti-proliferative actions and time-dependent
ffects on the expression of CYP27A1, CYP27B1, CYP24 and VDR
RNA levels were determined for several vitamin D metabolites

D3, 25(OH)D, 1,25(OH)2D and 1�-hydroxyvitamin D5 [1�(OH)D5]
sing the human colon cancer cell line HT29. Moreover, gene array
nalysis assisted to identify five common canonical pathways reg-
lated by various vitamin D metabolites; The Toll-Like Receptor 4
TLR4) pathway was the most statistically significant regulated. The
ommon effects on inflammation associated signaling pathways
y the vitamin D metabolites directed our interest in evaluating
he efficacy of the less active vitamin D metabolites using the
OM/DSS-induced inflammation-associated CRC model.

. Materials and methods

.1. Chemicals and supplies

All chemicals were purchased at the highest purity available.
3 (Cholecalciferol) were purchased from Sigma–Aldrich (St. Louis,
O); 1,25(OH)2D was obtained from Cayman Chemical Co. whereas

5(OH)D and dextran sulfate sodium salt (MW 36,000–50,000)
ere purchased from MP Biomedicals, LLC.

.2. Cell culture

Human colon cancer cell lines (Caco-2, HCT116 and HT-29)
ere obtained from American Type Culture Collection (Manas-

as, VA). Cell lines were maintained and cultured in either RPMI
640 media (HT29) or MEM with Earle’s salts (Caco-2, HCT116)
Life Technologies, Inc., Grand Island, NY) with 10% FBS, and 1%
ntibiotic–antimycotic solution at 37 ◦C in a humidified atmo-
phere of 5% CO2.

.3. Analysis of cell proliferation

Cells were seeded at a density of 5 × 103 in 24-well cell cul-
ure plates and allowed to adhere for 24 h. After incubation with or
ithout 1,25(OH)2D (100 nM), 25(OH)D, D3, or 1�(OH)D5 (1 �M)

or various time points, the study was terminated. Cells were
rypsinized and cell number determined by Z1 Coulter Particle
ounter (Beckman Coulter, Fullerton, CA).

.4. RNA extraction, qRT-PCR, and microarray analysis

HT29 cells were treated with ethanol control or 1,25(OH)2D
100 nM), 25(OH)D (1 �M), or 1�(OH)D5 (1 �M) for 24 h. Samples
ere processed as previously described [8]. Next, the samples were

ybridized to the Human Genome U133 Plus 2.0 arrays (Affymetrix,
anta Clara, CA). In GeneSpring v7.2 (Agilent Technologies, Santa
lara, CA), cell files were preprocessed using Robust Multichip
verage (RMA) and genes were normalized to the mean expression
f the control sample. Canonical pathways were analyzed through
& Molecular Biology 121 (2010) 403–407

the use of Ingenuity Pathway Analysis (IPA; Ingenuity Systems,
www.ingenuity.com). For qRT-PCR, total RNA extraction and the
RT reaction were performed as described previously [9]. Briefly,
qRT-PCR was performed with 2 �l of diluted RT product in a MyiQ
Real-time PCR Detection System (Bio-Rad, Hercules, CA) using iQTM

SYBR Green PCR Supermix (Bio-Rad) according to the manufac-
turer’s guidelines. The PCR cycling conditions used were: (15 s at
95 ◦C, 15 s at 60 ◦C and 20 s at 72 ◦C) for 40 cycles. Fold induc-
tions were calculated using the formula 2−(��Ct), where ��Ct is
�Ct(treatment) − �Ct(control), �Ct is Ct(target gene) − Ct(actin) and Ct is
the cycle at which the threshold is crossed. PCR product quality was
monitored using post-PCR melt curve analysis. Experiments were
performed in triplicates for genes of interest and for actin controls.

2.5. Inflammation-associated colon carcinogenesis model

To investigate the role of vitamin D compounds in
inflammation-associated colon cancer, we used the AOM/DSS-
induced carcinogenesis model. For this study, 6-week-old female
CF1 mice were purchased from Charles Rivers (Wilmington, MA)
and randomized into one of the five groups (control, D3, 25(OH)D,
1,25(OH)2D, or 1�(OH)D5). One week prior to carcinogen expo-
sure, animals were placed on experimental diets. At week 1, mice
received one injection of AOM (10 mg/kg body weight). This was
followed by administering 2.5% DSS in the drinking water for the
duration of 7 days (week 2). The mice were continued on the diet
until the time of termination (week 16). Tumor incidence and
multiplicity were determined at the time of sacrifice.

2.6. Statistical analyses

All data were analyzed using GraphPad Prism V3.0 (Graph-
Pad Software, Inc., San Diego, CA). One-way analysis of variance
(ANOVA) was used to determine significant differences between
groups. If a significant difference (p < 0.05) was observed, we used
the Bonferroni t test as a multiple comparison test.

3. Results

The growth inhibitory effects of D3, 25(OH)D, 1,25(OH)2D, and
1�(OH)D5 were compared using the human colon cancer cell
line, HT-29. For these studies, HT29 cells were plated and treated
with D3 (1 �M), 25(OH)D (0.5 or 1 �M), 1,25(OH)2D (0.1 �M),and
1�(OH)D5 (0.5 or 1 �M) for 96 h. As illustrated in Fig. 1A, compared
to vehicle treated, all treatments significantly (p < 0.01) inhibited
the growth of HT-29 cells. Similar findings were demonstrated for
in the Caco-2 cell line (data not shown). However, no significant
inhibition was noted for the HCT116 cell line. The HCT116, express
high baseline CYP24 mRNA levels (data not shown) and low VDR
mRNA expression and therefore as expected they were not signifi-
cantly inhibited by any of the vitamin D compounds.

In the last decade, evidence has been mounting which demon-
strate the presence of the vitamin D metabolizing enzymes,
1�-hydroxylase, in a number of organs including the colon, lung,
and breast. Reports have shown that these extra-renal organs
are fully capable of metabolizing intermediate metabolites into
to the active metabolite, 1�,25(OH)2D, via the local presence of
1�-hydroxylase (1-OHase; CYP27B1). Consequently, it has been
suggested that raising blood levels of 25(OH)D may provide an
adequate substrate for target tissues to produce their own local
1�,25(OH)2D. Likewise, the presence of 25-hydroxylase (25-OHase,

CYP27A1) has been reported in human colon biopsies [10] and in
prostate cancer cells [11,12]. Tokar and Webber [11] demonstrated
the efficacy of cholecalciferol using human prostate cancer cells
and demonstrate the presence of 25-hydroxylase in the cells. Lastly,
target tissues have been shown to be fully capable of catabolizing

http://www.ingenuity.com/
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Fig. 1. (A) Effects of vitamin D compounds on HT29 cell proliferation. Time dependent effects of vitamin D compounds on the mRNA expression for VDR (B), CYP24 (C),
a set to
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nd CYP27b1 (D) in HT29 cells. Normalized values for vehicle-treated cells were
xperiments were conducted in triplicates and statistical analysis was determined a
ith [1] vehicle; [2] D3 (1 �M); [3] 1,25(OH)2D (0.1 �M); [4] 25(OH)D (1 �M); or [5

n protein levels for (B) VDR and 1�-hydroxylase (D) by 24 h post-treatment. Equal

,25(OH)2D by up-regulation of local production of 24-hydroxylase
24-OHase; CYP24). Accordingly, enzymatically active 24-OHase is
xpected to decrease the anti-inflammatory properties of vitamin D
nd/or desensitize cancer cells to 1�,25(OH)2D. For this reason, we
ought to investigate the time-dependent gene expression profile
or VDR (Fig. 1B), CYP24 (Fig. 1C), and CYP27B1 (Fig. 1D). As illus-
rated in Fig. 1B–D, induction of steady state levels of VDR, CYP27B1,
nd CYP24 mRNA levels followed different expression patterns for
ach of the deltanoids. HT29 cells treated with 25(OH)D (1 �M)
howed VDR and CYP27B1 mRNA levels significantly up-regulated
h post-treatment; As expected, this increase was followed by
notable rise in CYP24 mRNA levels and decrease in CYP27B1

nd VDR by 4 h. Exposure of HT29 cells with 1�(OH)D5 (1 �M)
emonstrated a rise in VDR and CYP27B1 by 4 h, followed by a
harp rise in CYP24 and decreased CYP27B1 and VDR levels by
2 h. Treatment with the active metabolite (0.1 �M) at 2 h showed
ecreased VDR and CYP27B1 mRNA levels the highest rise in CYP24
xpression. Lastly, these data demonstrate that D3 is capable of
ncreasing CYP27B1 and VDR mRNA levels. Treatment with D3 sig-
ificantly increased CYP27B1 (1.4-fold change) by 4 h; followed by
n up-regulation of VDR mRNA levels at 8 h post-treatment. Dietary
itamin D3, unlike the other deltanoids, showed a delayed rise in
YP24 mRNA levels (24 h). Since D3 appeared to be functionally
ffective at inducing CYP27B1 (Fig. 1D), we further investigated
ts effects on CYP27A1, the enzyme responsible for converting D3
o 25-hydroxycholecalciferol. We compared vehicle treated cells
ith those treated with 1,25(OH)2D (0.1 �M) and D3 (1.0 �M).

hese studies show that at 4 h post-treatment, CYP27A1 is signifi-
antly up-regulated in the D3 treated cells 3.09 ± 0.69-fold change

p < 0.05), as compared to 1.5 ± 0.90 in the 1,25(OH)2D (p > 0.05)
reated cells. Given these results it is justifiable to further explore
he use of D3 as a potential chemopreventive agent.

Building upon the results of our gene array studies, which facil-
tated the identification of five key signaling pathways (Fig. 2A)
1 and fold induction by 1,25(OH)2D, 25(OH)D and 1�(OH)D5 are shown. RT-PCR
VA (***p < 0.001, **p < 0.01, ***p < 0.05). Western blot analysis in HT-29 cells treated
H)D5 (1 �M). Exposure to vitamin D metabolites resulted in a significant increase
g for each experiment is represented by separate actin bands.

commonly regulated by vitamin D compounds, we sought to bet-
ter elucidate the mediating effects of vitamin D on the most highly
regulated pathway, that is, the TLR4 pathway. Using HT29 cells,
we tested the effects of 25(OH)D (1 �M), 1,25(OH)2D (0.1 �M),
and 1�(OH)D5 (1 �M) on the selected genes by real-time-PCR
(Fig. 2B). These studies confirm previous findings showing that the
deltanoids significantly increase CD14 mRNA levels while decreas-
ing the mRNA levels of TLR4, RAC1, RIP1, MYD88 and STAT1. Since
both TLR4 and CD14 are believed to be early response genes, a sec-
ond study was conducted to determine the time dependent effects
on these two genes. Briefly, HT29 cells were treated with 25(OH)D
(1 �M), 1,25(OH)2D (0.1 �M),D3 (1 �M) for a period of 4, 8 or 24 h.
These studies demonstrate that in comparison to vehicle, all treat-
ments significantly up-regulated CD14 mRNA by 4 h. The mRNA
levels for TLR4 mRNA were decreased following 8 h of treatment
but continue attenuated at the 24 h time point. Additional qRT-PCR
studies were completed for MD-2, IRAK1, and IKK�. Fig. 2C presents
a schematic summary of the effects of vitamin D compounds on the
TLR4 pathway. A decrease in activation by NF-�B was accompa-
nied by a decreased expression of nuclear expression NF-�B (data
not shown). Taken together these data provide support for addi-
tional investigations on the use of vitamin D as targeted therapy for
inhibiting TLR4 especially in high risk populations (e.g., IBD patients
with frequent relapses). In addition these data support the use of
the less active vitamin D metabolites [e.g., 25(OH)D and D3] for the
prevention and treatment of IBD-related mucosal injury and CRC.

An in vivo study was conducted to investigate the efficacy
of vitamin D in IBD-related colon cancer. For these experiments,
we chose to use the AOM/DSS-induced carcinogenesis model. The

AOM/DSS-induced inflammation CRC model was selected because
it facilitates the study of onset, severity and recovery from mucosal
injury (a subset of mice was sacrificed 7 days after DSS) and
serves to assess the effects of vitamin D on tumor incidence.
Fig. 3A serves to illustrate the experimental protocol employed,
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Fig. 2. (A) Gene array analysis established the five of the six most highly significantly regulated pathways effectively activated and altered by 1,25(OH)2D3 that were also
common for 1�(OH)D5 and 25(OH)D. p-Values for each of the corresponding pathways were determined for treatment group (***p < 0.001, **p < 0.01, *p < 0.05). (B) TLR4
pathway genes found to be regulated by vitamin D compounds and confirmed values via qRT-PCR. Vehicle-treated cells were set to 1 and mean fold induction by 1,25(OH)2D,
25(OH)D and 1�(OH)D5 are shown. Statistical analysis was determined with an ANOVA (***p < 0.001, **p < 0.01, ***p < 0.05). (C) Schematic illustration of the effects that
vitamin D has on the TLR4 pathway in HT29 cells.

Fig. 3. (A) Overview of azoxymethane/dextran sodium sulfate (AOM/DSS)-induced inflammation-associated colon carcinogenesis studies. For this, CF1 mice were started on
experimental diets on day 0. At week 1, mice received one injection of AOM (10 mg/kg body weight). From week 2–3, animals were administered 2.5% DSS in the drinking
water. Mice were sacrificed on week 16 and tumor incidence and multiplicity were assessed; Weekly mean body weight for each of the groups is presented. (B) Mean (±SE)
number of tumors/colon, % inhibition in tumor incidence and respective statistical significance are shown.
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[12] E.J. Tokar, M.M. Webber, Cholecalciferol (vitamin D3) inhibits growth and
G. Murillo et al. / Journal of Steroid Biochem

escribes the experimental diets, and the effects of the experimen-
al diets on animal weights. Briefly, the experimental diets were
nitiated at day 0. Next, animals received one injection of AOM
10 mg/kg body weight), on week 1. DSS (2.5%) was provided to
he mice in the drinking water (week 2–3). At week 9, the ani-

als receiving 1,25(OH)2D (1.25 �g/kg diet) were found to have
ignificantly lower weights than the control animals; To determine
hether lowering the concentration of 1,25(OH)2D would results

n recovery of weights, the dose was reduced to 0.625 �g/kg diet.
owever as shown in Fig. 3A, the 1,25(OH)2D group continued to
ave decreased weight as compared to control (p < 0.001), 25(OH)D
p < 0.01), D3 (p < 0.05) or 1�(OH)D5 (p < 0.05) groups. Given the
ramatic weight loss in the 1,25(OH)2D group, this group was not

ncluded in the final analysis. At the end of the study, the animals
n the control (AOM + DSS) group were found to have an 84% inci-
ence of tumors. The distribution of the tumors was greatest in the
istal colon, with the fewest tumors found in the proximal colon.
he mean (±SE) number of tumors adjusted for length of colon for
ontrol was 0.24 ± 0.07 compared to 0.13 ± 0.03, 0.10 ± 0.04, and
.13 ± 0.03 for D3, 1�(OH)D5, and 25(OH)D, respectively. The great-
st inhibition of tumor incidence was noted in the group receiving
�(OH)D5 (56.2%) (p < 0.01). Mice in the D3 and 25(OH)D diet
roups showed a reduction in tumor incidence of 42.4 (p = 0.07) and
5.8% (p < 0.05), respectively (Fig. 3B). These data suggest that less
ctive vitamin D metabolites or synthetic analogs (e.g., 1�(OH)D5),
aybe beneficial against inflammation-induced colon carcinogen-

sis.

. Discussion

The risk for UC-associated CRC is increased at least 2-fold com-
ared to the normal population. The risk for CRC is much higher
mong IBD patients with frequent relapses. Despite all the advances
n our understanding of the pathophysiology of IBD, the etiology
emains unknown. The general consensus is that IBD results from
he combined effects of genetics and environment factors (e.g.,
iet) known to affect the immune system. Vitamin D, an important
egulator of the immune system, has been linked to several auto-
mmune diseases including IBD. The results generated from the
ene array analysis highlight the control that vitamin D compounds
ave on key members of the TLR4 pathway. Recently, it was shown
hat patients with IBD exhibit high TLR4 expression in the intestinal

ucosa [12]. Moreover, an increased expression of TLR4 has been
hown to be associated with increased expression of other pro-
nflammatory markers including cyclooxygenase-2 (Cox-2). These
ndings have increased the interest in generating agents capable of
locking the TLR4 pathway. Currently, TLR4 antagonists are being
ested in clinical trials for sepsis, but enthusiasm for their use is
ampened since distribution of TLR4 signaling pathway may bring
bout unwarranted side effects. Further studies are warranted to
etter elucidate the safety of vitamin D alone or in combination
ith other agents as a mode to safely modulate the TLR4 pathway

nd ultimately the occurrence of IBD-related colon cancer.
Previously the role of oral administration of D3 has been shown
o be effective at regulating the calcium/phosphorus and vitamin
Homeostasis in animals [13]. Moreover, the usefulness of D3 is

eing evaluated in patients diagnosed with sporadic colorectal can-
er. For example, an ongoing trial is investigating the use of D3 in
ombination with calcium for tertiary prevention of colon tumors

[
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in surgically treated patients. In the present study, D3 was found
to significantly up-regulate the vitamin D metabolizing enzymes,
CYP27A1 (25-hydroxylase) and CYP27B1 (1-OHase) in colon cells.
Our current findings demonstrate that D3 is also transcriptionally
active in increasing the expression of CYP27A1 in colon cancer cells.
This is in agreement with previous findings in prostate cancer cells
[11,12]. Therefore, we conclude that the conventional pathway of
D3 activation (i.e., via liver and kidney) may not be mandatory for
colonic epithelium. Moreover, the rapid activation of CYP27A1 and
CYP27B1 following D3 treatment was not found to be accompanied
by a sharp rise in CYP24. As shown in Fig. 1C, D3 has a signifi-
cantly delayed effect on CYP24. Cumulatively these data reiterate
the potential use of D3 as an effective oral chemopreventive agent.
Additionally it appears that unlike the activation of D3 in kidneys,
1,25(OH)2D synthesized in the colon will most likely have minimal
impact on blood calcium and phosphorus levels. In summary, future
studies are warranted to confirm whether local production of the
active metabolite (from dietary vitamin D3 or 25(OH)D) in the colon
epithelium may provide a wider and safer therapeutic window as
well as more efficient and cost-effective way for chemoprevention
of inflammation induced-colon cancer.
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