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Abstract

The aim of this study was to highlight the role of 1a,25-
dihydroxyvitamin D3 (calcitriol) in esophageal squamous cell
carcinoma (SCC). The human esophageal SCC cell lines CE81T
and TE2 were selected for cellular and animal experiments to
investigate the changes in tumor behavior after calcitriol supple-
mentation and the underlying mechanisms. Moreover, we eval-
uated the relationship between calcitriol supplementation, mye-
loid-derived suppressor cell (MDSC) recruitment, IL6 levels, and
tumor progression by a 4-nitroquinoline 1-oxide (4-NQO)–
induced esophageal tumor animal model. In this study, we
demonstrated that calcitriol supplementation inhibited aggressive
tumor behavior both in vitro and in vivo. The underlying changes
included increased cell death, a lower degree of epithelial–mes-
enchymal transition, and inhibited IL6 signaling. In the 4-NQO–

induced esophageal tumor animal model, increased IL6 and
MDSC recruitment were linked with invasive esophageal tumors.
Supplementation with calcitriol attenuated the level of IL6, the
induction of MDSCs, and the incidence of 4-NQO–induced
invasive tumors. Moreover, the IL6-induced changes in C57mice,
including augmented MDSC recruitment, increased levels of ROS
and p-Stat3 inMDSCs, and higher suppressive function ofMDSCs
in T-cell proliferation, which were abrogated by calcitriol supple-
mentation.On thebasis of our results, we concluded that calcitriol
abrogated the IL6-induced aggressive tumor behavior and MDSC
recruitment to inhibit esophageal tumor promotion. Therefore,
we suggest that supplementation with vitamin D3 may be a
promising strategy for the prevention and treatment of esophageal
SCC. Mol Cancer Ther; 14(6); 1365–75. �2015 AACR.

Introduction
Esophageal cancer is an aggressive upper gastrointestinalmalig-

nancy that generally presents as a locally advanced tumor that
requires multimodal treatment (1). The predominant histologic
types of esophageal cancer are adenocarcinoma and squamous
cell carcinoma (SCC; ref. 2). Although the prognosis for patients
with either type of esophageal cancer is poor, some studies
indicate that the outlook is worse for esophageal SCC patients
than those with adenocarcinoma (3, 4). The identification of

molecular mechanisms that can pinpoint biologically aggressive
tumors will be important for the effective management of esoph-
ageal SCC.

Evidence shows that vitamin D deficiency is associated with
increased incidences of prostate cancer, head and neck squamous
cell carcinoma (HNSCC), and esophageal cancer (5, 6).Moreover,
studies usingmodel systems of lung, SCC, and breast cancers have
shown that the administration of vitamin D3 analogs has signif-
icant anticancer effects (7–9). Themost biologically active formof
vitamin D, namely 1a,25(OH)2D3 (calcitriol), exerts potent
anticancer and anti-inflammation effects in many cells in a cell-
and tissue-specific manner (10–12). Although vitamin D3 is
reported to exhibit antitumor abilities such as antiproliferative
and prodifferentiating actions on various malignant cells and
retards tumor growth in animal models of cancer, the role of
vitaminD3 in esophageal SCCand itsmolecularmechanismneed
further investigation. To assess this issue, we evaluated the effects
of calcitriol on esophageal SCC in vitro and in vivo.

Calcitriol is also reported to exhibit anti-inflammatory and
immune-regulating effects, including suppression of prostaglan-
din (PG) action and theproductionof proinflammatory cytokines
such as IL6 (13, 14). Accumulating evidence has indicated that
inflammatory responses are important for cancer development
(15, 16). An increase in inflammatory mediators, such as COX-2
and proinflammatory cytokines has been shown to lead to tumor
promotion, invasion, angiogenesis, and inflammation-associated
intestinal tumorigenesis (17–19). In our previous study, IL6 has
been demonstrated to link with aggressive tumor behavior and
poor prognosis of esophageal SCC (20). Moreover, IL6-induced
myeloid-derived suppressor cells (MDSC) recruitment provides a
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microenvironment conducive to tumor growth and the develop-
ment of treatment resistance in esophageal SCC (21). Therefore,
we also examine the role of calcitriol in cancer prevention and its
linkage with IL6 in an animal esophageal tumormodel to provide
new insights into the development of immune-based therapies.

Materials and Methods
Cell culture, cell growth, and reagents

The human cancer cell lines CE81T, which is derived from a
well-differentiated esophageal SCC and obtained from Biore-
source Collection and Research Center (22), and TE2, which is
derived from a poorly differentiated esophageal SCC and pro-
vided by Dr. S.-H. Li (23), were used in this study. No further
authentication was conducted for the two cancer cell lines. The
cytokine– IL6, IL6-neutralizing antibody, and calcitriol were
purchased from R&D Systems and Sigma, respectively.

Cell growth
To measure cell growth, 1 � 104 cells per well were plated into

6-well dishes. At the indicated time points, the cells were trypsi-
nized and collected, and the surviving cells were counted using
Trypan blue exclusion.

Immunoblotting
To determine the in vitro effects of calcitriol, proteins were

extracted from cells incubated in the presence of indicated dosage
of calcitriol or ethanol only for 48 hours.

The cells were treated with lysis buffer (Calbiochem). Equal
amounts of protein were loaded in a 4%–20% gradient SDS-PAGE
gel, separated and transferred onto nitrocellulose filters. The blots
were blocked with 2% BSA in TBST for 1 hour and incubated
overnight (4�C) with antibodies against the target protein(s) and
then with the respective HRP-conjugated secondary anti-goat, anti-
mouse, or anti-rabbit antibodies (dilution 1:1,000–1:2,000) for 1
hour at room temperature. The proteins were visualized by ECL,
exposed to an X-ray film, and developed with an X-ray processor.
The membranes were reprobed with an antibody against r-tubulin
or nuclear lamin to normalize protein loading.

Cell invasion and wound-healing assay
Capacities for cell invasion were determined by Cell Invasion

Assay (Trevigen). After treatment with calcitriol or ethanol for 48
hours, cells were plated in the top chambers. The top chambers
were precoated with basement membrane extract (derived from
EHS tumor andprovided in the kit). After incubation for 24hours,
the number of cells in the bottom chamber was determined by
measuring the fluorescent anion calcein released from intracel-
lular calcein acetoxymethylester. Wound-healing assays were also
done, as described previously (20). A 2 mm wide scratch was
drawn across each cell layer using a pipette tip. The plates were
photographed at the times indicated.

Immunofluorescence staining
Cells demonstrating exponential growth were seeded onto

cover slips for immunofluorescence staining after treatment. To
determine the in vitro effects, expressions of target proteins were
evaluated using cells incubated in the presence of indicated
dosage of calcitriol or p38 inhibitor for 48 hours. At the indicated
times after treatment, the cells were fixed, permeabilized with 2%
paraformaldehyde for 5 minutes, and washed with PBST. The

slides were incubated for 1 hour at room temperature with
antibodies against E-cadherin, IL6, and p-STAT3 and for 1 hour
with a FITC or Texas Red–conjugated secondary antibody. The
slides were counterstained with DAPI to visualize the nuclei. After
two washes with PBST, the specific target proteins were visualized
using a fluorescence microscope.

Tumor xenografts
Eight-week-old male athymic nude mice were used and all of

the animal experiments conformed to the protocols approved by
the experimental animal committee of our hospital. In the ectopic
tumor implantation model, CE81T and TE2 cancer cells (1� 106

cells per implantation, 3 animals per treated group) were subcu-
taneously implanted into the dorsal gluteal region. In the ortho-
topic tumor implantation model, human cancer cells (1 � 106

cells per implantation, 3 animals per treated group) were intrao-
peratively injected into the wall of the esophagus. The extent of
orthotopic tumor invasion was measured at the indicated time
points. The effects of calcitriol on tumor growth and aggres-
siveness were also investigated in vivo. In the treated group, the
intraperitoneal injection of calcitriol (0.5 mg/kg per mice, three
times per week) was started 1 day before tumor implantation and
continued until the indicated times. For animal experiments,
calcitriol treatment did not induce significant increase in serum
calcium levels evaluated by Calcium Assay Kit (Abnova). Tripli-
cate experiments were performed for the tumor growth and
invasion analyses.

Induction of esophageal tumors in mice
Six-week-old male C57BL/6J mice and IL6 knockout mice on a

C57BL/6J background (B6.129S2-Il6tm1Kopf/J; IL6KO) were
used for the 4-NQO–induced esophageal tumor model
(21, 24). Briefly, the mice were allowed access to drinking water
containing 100 mg/mL 4-NQO (tumor-induced group) or solvent
only (control group) at all times during the treatmentperiod. After
16 weeks of treatment, the mice were analyzed for lesions in the
esophagus at different times for up to 14weeks. The Experimental
Animal Ethics Committee of our hospital approved this animal
protocol. To analyze the effects of calcitriol on the esophageal
tumor formation in 4-NQO–treated mice and its link with IL6
signaling, an intraperitoneal injection of calcitriol (0.5 mg /kg per
mice, twice a week for 6 weeks) or IL6 (5 mg/kg per mice, thrice a
week for 6 weeks) was started 12 weeks after the initiation of 4-
NQO treatments. Furthermore, to evaluate whether calcitriol
attenuated the IL6-induced MDSC recruitment, we examined the
percentage of MDSCs in IL6-treated mice (intraperitoneal injec-
tions of 5 mg/kg IL6 per mice, thrice a week for 2 weeks) with or
without calcitriol (0.5 mg/kg per mice, thrice a week for 2 weeks)
compared with that in control mice. For the experiments of 4-
NQO–induced esophageal tumor, 5 animals were used per group
and duplicate experiments were performed.

Small-animal PET imaging of tumor
As described previously (21, 25), the 4-NQO–induced

esophageal tumors were detected using PET. Briefly, the esoph-
ageal tumors were detected after the injection of 7.4–9.25 MBq
of 2-deoxy-2-[F-18]fluoro-D-glucose via the tail vein 60 min-
utes before the PET scan, which was performed on an Inveon
system (Siemens Medical Solutions Inc.) located in the Molec-
ular Image Center of our hospital. All of the mice under-
went micro-CT imaging for anatomic registration following

Chen et al.

Mol Cancer Ther; 14(6) June 2015 Molecular Cancer Therapeutics1366



micro-PET imaging. The mean radioactivity concentration
within the tumor or organ was obtained from the mean pixel
values within the multiple regions of interest (ROI) volumes
and was expressed as the standardized uptake value. The
standard tracer uptake value ratio (SUVR, tumor-to-muscle)
was calculated to represent the tumor lesion and for statistical
comparisons. After PET examination, gross and tissue exam-
inations were performed to evaluate the esophageal lesions in
the 4-NQO–treated mice. The gross lesions were identified and
photographed. A pathologist analyzed the esophageal lesions
histologically. Examination of the tissue sections revealed
pathologies, including hyperplasia (thickened epithelium with
prominent surface keratinization), papilloma (noninvasive
exophytic growth of neoplastic cells), and invasive carcinoma
(lesion with invasion into the subepithelial tissues).

FACS for MDSCs
Current data suggest that MDSCs are not a defined subset of

cells but rather a group of phenotypically heterogenous myeloid
cells that have common biologic activity. The coexpresssion of
myeloid-cell lineage differentiation antigen Gr1 and CD11b
characterize MDSCs in mice (26). Therefore, in the current study,
MDSCs are defined as CD11bþGr1þ in mice. FACS was carried
out on single-cell suspensions prepared frommurine spleen after
digestion and immunostaining for CD11b and Gr1 with fluo-
rescence-labeled monoclonal antibodies (BD PharMingen). The
percentage of MDSC was measured by multicolor flow cytometry
with the abovementioned monoclonal antibodies. Isotype-spe-
cific antibodies were used as negative controls in FACS. For
MDSC isolation, the tissue specimen was cut into pieces and
further digested in RPMI1640 medium containing 0.05 mg/mL
liberase and 0.1 mg/mL DNAse in an incubator at 37�C for 40
minutes. The cells were then suspended in PBS and layered on
40% Percoll (Gibco BRL) solution. Myeloid cells were then
isolated from the cocultures using anti-CD11b magnetic
microbeads and LS column separation (Miltenyi Biotec) as per
manufacturer's instructions.

T-cell suppression assay
The suppressive function of MDSCs was measured by their

ability to inhibit the proliferation of autologous T cells in the
following suppression assay. For CD8þ T-cell isolation, the spleen
tissue specimen was cut into pieces and further digested. T cells
were then isolated from the cocultures using anti-CD8 magnetic
microbeads and LS column separation (Miltenyi Biotec) as per
manufacturer's instructions.

The isolated T cells were CFSE-labeled (3 mmol/L, Sigma) and
seeded in 96-well plates (at 2 � 105 cells/well) with MDSC
isolated previously with 2:1 ratio. T-cell proliferationwas induced
by anti-CD3/CD28 stimulation beads (Invitrogen). Suppression
assay was analyzed by flow cytometry for T-cell proliferation after
3 days.

ELISA of IL6 levels
The levels of IL6 in the cell supernatants and murine serum

samples were analyzed using an IL6 Quantikine ELISA Kit (R&D
Systems). To measure the IL6 levels in cellular supernatants, the
cells were cultured in 1 mL of serum-free medium for 24 hours
in 6-well plates. The medium was collected and clarified by
centrifugation at 3,000 � g. To measure the circulating IL6
levels in vivo, blood was removed from the heart and serum. The

samples were stored frozen before being subjected to the IL6
assay.

Results
Effects of calcitriol on tumor growth

As determined through viable cell counting over a period of 6
days and observation of xenograft tumors, calcitriol significantly
inhibited tumor growth in vitro (Fig. 1A) and in vivo (Fig. 1B).
Calcitriol also decreased the proliferation index in vivo demon-
stratedbynuclear stainingwithKi-67. The cell death rate increased
from 5.6% � 1.2% to 15.2% � 2.1% in CE81T cells and from
6.6% � 1.3% to 16.5% � 1.9% in TE2 cells after treatment with
calcitriol has measured by flow cytometry (Fig. 1C), and immu-
nofluorescence with cleaved caspase-3 staining (Supplementary
Fig. S1A). Furthermore, we found that treatmentwith calcitriol for
48 hours resulted in cell-cycle arrest (Supplementary Fig. S1B). As
shown in Fig. 1D and E, calcitriol induced changes in apoptosis-
and cell-cycle–related proteins, including Bax, Bcl-2, p21, andp27
in vitro and in vivo.

Effects of calcitriol on tumor invasion and underlying
mechanisms

As demonstrated through the invasion assay and wound-heal-
ing assay, calcitriol attenuated the abilities of invasion andmigra-
tion in esophageal cancer cells (Fig. 2A and Supplementary Fig.
S2A). Moreover, an orthotopic tumor implantation technique
was used to examine the effect of calcitriol on invasion ability in
vivo. As demonstrated in Fig. 2B, the intraperitoneal injection of
calcitriol decreased the invading rate of implanted tumor into the
surrounding tissues and was associated with a smaller tumor size.
The epithelial-to-mesenchymal transition (EMT) is a key event in
invasiveness. At the molecular marker level, EMT is characterized
by the loss of E-cadherin with increased invasion- and angiogen-
esis-related factors (27). As shown in Fig. 2C and Supplementary
Fig. S2B, incubation with calcitriol for 48 hours increased E-
cadherin expression for esophageal cancer cells. Furthermore, the
decreased levels of VEGF and MMP-9 by calcitriol treatment were
demonstrated in vitro (Fig. 2D) and xenograft tumors inmice (Fig.
2E and Supplementary Fig. S2C). Therefore, we suggested that
reversing EMT changes may, at least in part, be responsible for the
attenuated tumor invasiveness induced by calcitriol in esophageal
cancer.

Effects of calcitriol on IL6 signaling
We previously reported that IL6 is significantly associated with

aggressive tumor behavior, EMT, and poor prognosis in esoph-
ageal SCC (20). As demonstrated in Supplementary Fig. S3, the
changes induced by blocking IL6 similar to that induced by
calcitriol treatment, including the changes of tumor cells growth,
cell death, and EMT-related proteins. Therefore, the correlation
between the levels of IL6/phosphorylated STAT3 and calcitriol
treatment were investigated. As determined through mRNA and
protein analyses in vitro, calcitriol inhibited IL6 in associationwith
an attenuation of STAT3 activation (Fig. 3A and B and Supple-
mentary Fig. S4A).Moreover, immunohistochemistry and immu-
noblotting analysis from xenograft tumors (Fig. 3C and Supple-
mentary Fig. S4B) confirmed the in vitrofindings. The inhibition of
p38 signaling is classically anti-inflammatory and has been
hypothesized to contribute to some of the activities of vitamin
D in cancer prevention (14). By protein analysis in vitro and in vivo,
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calcitriol treatment inhibits p38 phosphorylation in cells (Fig. 3D
and Supplementary Fig. S4C). To test whether inhibition of p38
signaling is responsible for the inhibited IL6/p-stat3 induced by
calcitriol, we evaluated the expressions of IL6 and p-stat3 in cells
incubatedwith calcitriol or p38 inhibitor (SB203580; 10mmol/L).
The data revealed that the inhibition of IL6 signaling induced by
calcitriol was similar to that led by the p38MAPK inhibitor in vitro
(Fig. 3E and F and Supplementary Fig. S4D). Therefore, we
suggested that the inhibition of IL6 signaling induced by calcitriol
might be medicated by attenuated p38 signaling, at least in part.

Inflammation linked with esophageal tumor formation in
immunocompetent mouse model

The potential to inhibit inflammation is considered an impor-
tant mechanism responsible for the antitumor activity of vitamin
D3 (14). Therefore, we examined the relationship between calci-
triol, inflammation, and tumor progression using a 4-NQO–

induced esophageal tumor mouse model. Twelve to 14 weeks
after the 16-week 4-NQO treatment, the mice were subjected to
micro-PET and analyzed and the esophagus was removed for
further evaluation. As shown in Fig. 4A, tumor lesions on the
esophagus were noted by gross examination and pathologic
analysis of tissue sections. Pathologic evidence of esophageal
lesions, including hyperplasia, papilloma, and invasive carcino-
ma, was found in the 4-NQO–treatedmice. The validity of micro-
PET for detecting esophageal tumors in mice and the SUVR
calculated as a representation of the tumor lesion are shown
in Fig. 4B. The data revealed that a significantly higher value of
SUVR was noted in esophageal carcinoma than those detected in
esophageal lesion with hyperplasia or papilloma. It has been
reported that the IL6-induced MDSC recruitment provides a
microenvironment conducive to tumor growth. We therefore
assessed the link between tumor progression, the circulating IL6
levels, andMDSC recruitment in 4-NQO–treated mice. Figure 4C

Calcitriol

A

Control

12

9

6

3

0
D0 D2 D4 D6 D0 D2 D4 D6

15

12

9

6

3

0

Calcitriol 1 mmol/L

Calcitriol 10 mmol/L

Control

Calcitriol 1 mmol/L

Calcitriol 10 mmol/L

Vi
ab

le
 c

el
l n

um
be

r (
x1

04
)

CE81T TE2

B
Calcitriol TxControl

CE81T

Control

Calcitriol

CE81T

TE2

Tu
m

or
 v

ol
um

e
Tu

m
or

 v
ol

um
e

(mm3)

C
CE81T

TE2

Pr
op

riu
m

 io
di

ne

Anexin V

1 mmol/L
calcitriol

10 mmol/L
calcitriol 

Control

5.3% 12.1% 15.3%

13.3% %1.71%2.7

E

D CE81T TE2

p21

p27

Bax

Bcl-2

Calcitriol 0 1
mmol/L

10
mmol/L

0 1
mmol/L

10
mmol/L

* *

*

*

CE81T TE2
Calcitriol   + +      ––

VDR

p21

Bax

Bcl-2

Γ-Tubulin

CE81T

TE2

Calcitriol  TxControlKi-67
0        6        12         18       24       30 (days)

0        6        12         18       24       30 (days)

1,400

1,200

1,000

800

600

400

200

0

1,000

800

600

400

200

0

Control

Γ-Tubulin

Figure 1.
Effects of calcitriol on tumor growth in vitro and in vivo. A, effect of calcitriol on the proliferation of CE81T and TE2 cancer cells in vitro as determined by
viable cell counting. The y-axis represents the viable cell number. Data represent the means � SEM. � , P < 0.05. B, effect of calcitriol treatment on ectopic tumor
growth. Data represent the means � SD of three independent experiments (9 animals per treated group in total). � , P < 0.05. Representative slides using
Ki-67 nuclear staining in tumors 21 days after implantation was also shown with magnification �400. C, effect of calcitriol treatment on cell death, as assessed by
FACS with Annexin V–PI staining using cells under control condition or treated with calcitriol for 72 hours. The results of representative slides are shown.
D, the changes of apoptosis and cell-cycle–associated proteins in vitro were evaluated by immunoblotting. E, immunoblotting analysis of VDR, p21, Bax, and Bcl-2
expressions using proteins extracted from tumor samples 21 days after implantation.
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and D revealed that the level of IL6 and the percentage of MDSCs
were correlated significantly with invasive carcinoma formation
in the treated mice.

Effect of calcitriol on tumor progression in vivo and its linkage
to IL6

As shown in Fig. 5A–C, calcitriol treatment decreased the SUVR
in PET associated with a lower incidence of esophageal invasive
carcinoma formation, and suppressed MDSC recruitment com-
pared with that found in the 4-NQO–treated mice. Moreover, as
determined by real-time RT-PCR, immunofluorescence, and
ELISA analysis (Fig. 5D and Supplementary Fig. S5), calcitriol
significantly attenuated the increased IL6 noted in 4-NQO–trea-
ted mice, including serum and esophageal lesions. We previously
reported that IL6 is associated with MDSC accumulation and
invasive tumor progression in vivo (21). Moreover, our data
suggested that the inhibition of IL6 was linked to the antitumor

effect induced by calcitriol. Accordingly, to provide direct evi-
dence to demonstrate the decreased IL6 underlined the inhibition
of esophageal tumor formation in 4-NQO–treated mice induced
by calcitriol; we examined the changes including MDSC recruit-
ment and the incidence of esophageal carcinoma in 4-NQO–

treated mice with direct regulation of IL6. As shown, IL6 stimu-
lation augmented the increases in the SUVR of esophageal lesion,
the incidence of esophageal invasive carcinoma and MDSC
recruitment noted in 4-NQO–treatedmice. Furthermore, we used
IL6 KOmice to abrogatemicroenvironment-produced IL6. Figure
5A–C showed that the absence of IL6 decreased the SUVR in PET
images of the esophageal lesions, the recruitment of MDSCs, and
the formation of esophageal invasive carcinoma, similar to that
induced by calcitriol in the 4-NQO–induced esophageal tumor
model using C57mice. Therefore, we suggest that decreased IL6 is
responsible for the inhibition of esophageal tumor formation
induced by calcitriol.
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Effects of calcitriol on the recruitment and function of MDSCs
related to IL6 in immunocompetent mice

It has been reported that the recruitment and function of
MDSCs play a role in tumor progression and IL6, and IL6 is an
important regulator. Therefore, the effect of calcitriol on the
recruitment and function of MDSCs and its relationship with
IL6 were examined in IL6-stimulated or 4-NQO–treated mice.
As shown in Fig. 6A, calcitriol abrogated the recruitment of
MDSCs induced by IL6 stimulation in C57 mice. MDSCs are a
heterogeneous cell population characterized by the ability to
suppress T-cell functions including proliferation via a range of
mechanisms, including reactive oxygen species (ROS) produc-
tion and increases in the activated STAT3 levels (28–31).
Therefore, to further assess whether calcitriol treatment
impaired the function of the recruited MDSCs, we examined
the levels of p-STAT3 and ROS and the suppressive ability of T-
cell proliferation in MDSCs from IL6-stimulated or 4-NQO–

treated mice with or without calcitriol treatment. As shown
in Fig. 6B and C and Supplementary Fig. S6A and B, similar to
that noted in 4-NQO–treated mice, the IL6-induced changes in
C57 mice, including augmented MDSC recruitment, increased
levels of ROS, and p-Stat3 in MDSCs, and higher suppressive
function of MDSCs in T-cell proliferation, which could be
abrogated by calcitriol supplementation.

Discussion
Some observational, preclinical, and clinical studies strongly

suggest a beneficial role for vitamin D, but other studies do not
support this hypothesis (32). Although the studies are inconsis-
tent, accumulating evidence strongly suggest that vitamin D
exhibit multiple anticancer actions and provide justification for
the study of vitamin D3 in cancer prevention and treatment (33).
Esophageal SCC is a devastating disease with poor prognosis.
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Effects of calcitriol on IL6/STAT3 signaling in esophageal SCC. A, effect of calcitriol treatment on the expression of IL6 and activated STAT3 were evaluated by
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Accordingly, we investigated whether vitamin D supplementa-
tion benefits the inhibition of esophageal SCC initiation and
progression.

To demonstrate the effect of calcitriol in human esophageal
SCC, we examined the changes in tumor cell growth in vitro and in
vivo. Data obtained from cell counting and subcutaneous tumor
observations revealed that calcitriol treatment resulted in
decreased tumor growth, and the increased cell death and cell-
cycle arrest were responsible for the slower growth rate.Moreover,
the invasive ability was also significantly attenuated in the calci-
triol-treated group, as determined by cellular invasion assays and
anorthotopic tumormodel. Anorthotopic tumormodel has been
reported to increase the invasive and metastatic potential dem-
onstrated by tumor cell lines following injection into their tissue
of origin compared with subcutaneous tumor, which is an unre-
alistic growth location (34, 35). The transformation of an epi-
thelial cell into a mesenchymal cell has been reported to be
relevant to the invasive characteristics of epithelial tumors, includ-

ing esophageal cancer (20, 36). Our data demonstrated that the
calcitriol treatment attenuated EMT changes for esophageal can-
cer, which presented with increased E-cadherin levels and
decreased MMP-9 and VEGF levels compared with the control
group both in vitro and in vivo.

Recent research studies indicate that vitamin D3 has anti-
inflammatory actions that likely contribute to its beneficial effects
in multiple cancers (14, 33). Inflammatory mediators, such as
COX-2 and cytokines, enhance tumorigenesis through the acti-
vation of multiple signaling pathways in tumor tissue (17, 37).
IL6 is a major proinflammatory cytokine that participates in
inflammation-associated carcinogenesis (38, 39) and has been
reported to be positively linkedwith angiogenesis, EMT, and poor
prognosis in esophageal cancer (20). By cellular experiments, we
found inhibition of IL6 decreased tumor growth and attenuated
EMT similar to that induced by calcitriol. Accordingly, we further
investigated the effect of calcitriol on IL6 signaling in esophageal
cancer. As shown by the data obtained from the mRNA and
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protein analyses, calcitriol suppressed IL6 expression and atten-
uated the activation of Stat3. Vitamin D3 exhibits several anti-
inflammatory effects, including inhibition of p38 stress kinase
signaling and the subsequent production of proinflammatory
cytokines (14). P38, a member of the MAPK family, has been
reported to play a key role in themalignant transformation and is
required for the invasive capacity of human hepatocellular carci-
noma and HNSCC cell lines (40, 41). The ability of calcitriol to
reduce the production of proinflammatory cytokines, such as IL6,
by inhibiting p38 signaling has been demonstrated in cancer cells
(42). As shown through protein analysis in vitro and in vivo,
calcitriol treatment significantly decreased the expression of p-
p38 associated with attenuated IL6 signaling. Moreover, inhibi-
tion of IL6 signaling led by calcitriol was similar to that seen by the
p38 MAPK inhibitor. Therefore, we suggested that the inhibition

of p38 phosphorylation may be the underlying mechanism
responsible for the suppressed IL6 signaling induced by calcitriol
in esophageal cancer, at least in part.

Novel immune-based therapies for the treatment of cancer
are currently under development and emerging as a promising
treatment approach for many solid tumors (19, 28). Many of
these approaches are likely to be most effective in immuno-
competent tumor-bearing individuals who are minimally
immunosuppressed. IL6 has been reported linked with the
recruitment of MDSCs and tumor progression in esophageal
SCC (20, 21). MDSCs constitute an immature population of
myeloid cells thought to be an important subset of cells that
contribute to an immunosuppressive tumor microenvironment
(43, 44) and are significantly increased in number in cancer
patients. Therefore, to further investigate the link between
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calcitriol supplementation, MDSC recruitment, and esophageal
tumor promotion in immunocompetent host, we induced
esophageal tumors (24) and examined the effect of calcitriol
on tumor progression in 4-NQO–treated mice. The model
mimics many features observed in human esophageal SCC
development; therefore, this model should be advantageous
for studies of esophageal tumor development. In 4-NQO–

induced esophageal tumor model, the levels of circulating IL6,
SUVR in PET, and MDSC recruitment correlated with esoph-
ageal tumor formation. Calcitriol treatment was associated
with a lower SUVR in esophageal lesions and a decreased
incidence of invasive esophageal tumor formation compared
with that in mice treated with 4-NQO alone. In addition, lower
IL6 expression in esophageal tissue and serum combined with
attenuated recruitment of MDSCs were noted in the calcitriol-
treated group. Therefore, we suggested that calcitriol supple-
mentation play a role in esophageal tumor prevention associ-
ated with inhibition of IL6 signaling.

We proposed that IL6 play an important role in esophageal
tumor prevention induced by calcitriol treatment. Therefore, we
examined the changes including MDSC recruitment and the
incidence of esophageal carcinoma in 4-NQO–treated mice with
the regulation of IL6. By direct regulation of IL6 expression in the
4-NQO–treated mice, we found that IL6 had a significant impact
on the induction of MDSCs and the incidence of invasive tumors.
Furthermore, the ability ofMDSCs to suppress T-cell proliferation
may be central to tumor formation (43–45). ARG-1–mediated
depletion of L-arginine, ROS production, and STAT3 activation
regulate the functions ofMDSCs and have been reported to be the
mechanisms responsible for the ability ofMDSC to suppress T-cell
functions (29–31). Through FACS analysis using murine spleen
tissues, we demonstrated that calcitriol attenuated the increases in
the levels of ROS, activated STAT3 and suppressive ability of T-cell
proliferation inMDSCsobtained from IL6-stimulatedor 4-NQO–

treatedmice. Therefore, decreased IL6 expression and subsequent
inhibition of MDSC recruitment and suppression of their
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function is suggested to be responsible for the inhibition of
esophageal tumor progression induced by calcitriol.

These findings indicate that calcitriol may be a promising
therapeutic agent for esophageal cancer by inhibiting tumor
growth, attenuation of EMT and IL6 signaling. Moreover, we used
a 4-NQO–induced tumormodel to provide direct evidence of the
linkage of vitamin D3 with IL6, MDSC accumulation, and esoph-
ageal tumor formation in immunocompetent hosts. In the current
study, the concentrations of calcitriol required for antineoplastic
effects are significantly supraphysiologic, which are not achiev-
able in patients when calcitriol is dosed daily due to predictable
hypercalcemia. Therefore, further work is needed to elucidate the
optimal amounts of calcitriol supplementation and the develop-
ment of analogs of calcitriol (46). In summary, the application of
vitamin D associated with targeting IL6 signaling could be a
promising strategy for esophageal cancer prevention and the
treatment of ESCC.
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