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SAHA down-regulates the expression of indoleamine
2.3-dioxygenase via inhibition of the JAK/STAT1
signaling pathway in gallbladder carcinoma cells
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Abstract. The aim of the present study was to investigate the
role of the JAK/STAT]1 signaling pathway in suberoylanilide
hydroxamic acid (SAHA)-mediated down-regulation of indole-
amine 2,3-dioxygenase (IDO) in gallbladder carcinoma cells.
We treated SGC-996 gallbladder carcinoma cells with IFN-y
and SAHA. Western blotting was used to detect the expres-
sion of IDO, signal transducer and activator of transcription 1
(STAT1) phosphorylation and interferon regulatory factor
genes-1 (IRF-1). Confocal microscopy analysis was used
to detect STATI translocation. Transient transfection and
reporter gene assay was used for detecting the activation of
v-activated sites (GAS) and interferon-stimulated response
elements (ISRE). The results revealed that IDO was expressed
in SGC-996 cells in a dose- and time-dependent manner when
stimulated with IFN-y and SAHA down-regulated the expres-
sion of IDO induced by IFN-y in a dose-dependent manner.
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SAHA blocked the expression of IRF-1 induced by IFN-vy
and SAHA inhibited IFN-y-induced STAT1 phosphorylation
and nuclear translocation. In addition, SAHA down-regulated
IFN-vy-induced activation of GAS and ISRE. In conclusion,
SAHA down-regulated IDO expression via inhibition of the
activation of members of the JAK/STAT1 signaling pathway.
Therefore, regulation of the JAK/STAT]I signaling pathway
may provide a new gallbladder carcinoma immunotherapeutic
strategy to break tumor immune tolerance.

Introduction

Primary gallbladder carcinoma (PGC) is the most common and
aggressive malignancy in the biliary system. The evolution of
PGC is a complex multi-step process, including the malignant
transformation of normal cells and malignant tumor cell prolifer-
ation, invasion and metastasis. This process is not only regulated
by oncogenes and anti-oncogenes, but also closely depends on
the tumor stromal microenvironment. Due to lacking character-
istic signs or symptoms, patients diagnosed as PGC have mostly
been in advanced stage with a low resection ratio (1-3). With the
in-depth understanding of the immune system and its regulation,
immunotherapy has become the focus of tumor treatment due to
its promising advantages. Immunotherapy can clean away tumor
cells in stationary phase, cancer stem cells and a small amount of
residual tumor cells to prevent tumor metastasis and recurrence.
However, the clinical outcomes of most immunotherapeutic
strategies have been less effective than anticipated. It has been
demonstrated that the reasons behind the attenuated clinical
outcomes of cancer vaccines were mainly because of the tumor
immune tolerance induced by many immune tolerance factors,
which originate from the tumor and tumor microenvironment.
Indoleamine 2,3-dioxygenase (IDO), as one of the main factors,
plays a crucial role in tumor-induced immune tolerance via regu-
lating T-cell function by macrophages and a subset of dendritic
cells 4).

IDO is a heme-containing monomeric oxidoreductase that
catalyzes the first and rate-limiting step in the degradation of
the essential amino acid tryptophan to N-formylkynurenine,
and it induces tryptophan starvation and accumulation of
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downstream breakdown products. Because tryptophan is
the essential amino acid in the process of T-cell activation
and proliferation, tryptophan starvation resulting from IDO
consumption inhibits T-cell activation and proliferation.
Therefore, T cells cannot synthesize sufficient protein to
proliferate and result in immune tolerance of the local micro-
environment (5,6).

IDO has been investigated in pulmonary, hepatocellular,
renal, endometrial and nasopharyngeal carcinomas (7-10).
The inhibition of IDO expression could significantly suppress
tumor growth and promote the anti-tumor activities of various
immunotherapeutic agents in relevant animal models (11,12).
More importantly, previous studies of our group have reported
that IFN-vy induces the expression of IDO via the Janus kinase/
signal transducer and activator of transcription 1 (JAK/STATI)
signaling pathway (13,14). Based on these backgrounds, we
wondered whether inhibition of the JAK/STAT]I signaling
pathway could down-regulate the expression of IDO in gall-
bladder carcinoma cells and restore the tumor antigen-specific
T-cell proliferation, and eventually break tumor immune toler-
ance and enhance the effect of tumor immunotherapy.

It is widely accepted that the JAK/STAT1 signaling pathway
of IDO expression induced by IFN-y is as follows: the interac-
tion of IFN-y with its cell surface receptor leads to the activation
of JAK1 and JAK2 (phosphorylation), which in turn phos-
phorylate and activate STAT1. Phosphorylated STAT1 forms
a homodimer and translocates to the nucleus where it binds
to and activates IFN-y-responsive specific promoters of IDO,
including members of the y-activated sites (GAS) and the inter-
feron stimulated response elements (ISRE) family of enhancers,
and interferon regulatory factor genes-1 (IRF-1) to promote
gene transcription (8,15-17). In the current study, we reported
that suberoylanilide hydroxamic acid (SAHA) down-regulated
the expression of IDO induced by IFN-y in human gallbladder
carcinoma (SGC-996) cells and therefore, may provide poten-
tial therapeutic strategies in tumor immunotherapy.

SAHA, a kind of histone deacetylases inhibitors (HDACTI),
is a promising new anticancer agent due to its low toxicity in
cancer treatment and protective action against intracellular
events including IFN-y-mediated signaling transduction (18,19).
HDACT are a group of compound regulating the expression
of different regulatory genes which are responsible for cell
growth, proliferation, apoptosis and regulation of other mecha-
nisms involved in tumor development and growth (20-22).

However, the mechanism of the anti-tumor activity of
SAHA remains to be elucidated in more detail. Here, we
treated SGC-996 cells with SAHA and IFN-y to investigate
the role of inhibition of the JAK/STAT1 signaling pathway
by SAHA on the down-regulation of the expression of IDO,
in anticipation of providing a new strategy to break tumor
immune tolerance in gallbladder carcinoma immunotherapy.

Materials and methods

Chemicals and reagents. IFN-y and SAHA were respectively
purchased from Sigma-Aldrich (Deisenhofen, Germany) and
Cayman Chemical (Ann Arbor, MI, USA). Dual-luciferase
assay kit and vector (pRL-TK) were purchased from Promega
(Madison, WI, USA). Vectors (pGL3-Enhancer-GAS7 and
pGL3-Enhancer-ISRE4) were kindly provided by Professor
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Jun Du (Sun Yat-sen University, China). Monoclonal anti-
STATI1 (9H2) and anti-phospho-Statl (Tyr701) antibodies
were acquired from a commercial source (Cell Signaling
Technology, Beverly, MA). The secondary anti-mouse anti-
body conjugated to FITC, DAPI dye and Lipofectamine 2000
reagent were purchased from Invitrogen (Carlsbad, CA, USA).
The polyclonal rabbit anti-human IDO and monoclonal mouse
anti-human IRF-1 antibody (H-8) were products of Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA).

Cell culture. The human primary gallbladder carcinoma
cell line SGC-996 was purchased from the Academy of
Life Science, Tongji University (23). Cells were maintained
in RPMI-1640 supplemented with 10% heat-inactivated
endotoxin-free fetal bovine serum, 100 g/ml streptomycin and
100 U/ml penicillin under a humidified 5% CO, atmosphere at
37°C in a CO, incubator.

Western blot analysis. Western blotting was performed as
previously described (13). Briefly, cells were lysed in lysis buffer
containing 1% Nonidet P-40,20 mM Tris-HCl (pH 7.6),0.15 M
NaCl, 3 mM EDTA, 3 mM EGTA, 1 mM phenylmethylsul-
fonyl fluoride, 20 mg/ml aprotinin, and 5 mg/ml leupeptin.
The lysates were cleared by centrifugation and denatured
by boiling in Laemmli buffer; equal amounts of protein
samples were separated on 10% sodium dodecylsulfate (SDS)-
polyacrylamide gels and electrophoretically transferred to
nitrocellulose membranes. Following blocking with 5% non-fat
milk at room temperature for 2 h, membranes were incubated
overnight with the primary antibody at 1:1,000 dilution at 4°C
and then incubated with a horseradish peroxidase-conjugated
secondary antibody at 1:5,000 dilution for 1 h at room
temperature. Specific immune complexes were detected with
the Western Blotting Plus Chemiluminescence Reagent (Life
Science, Inc., Boston, MA).

Transient transfections and reporter gene assays. For
measuring the activation of SAHA on STATI1-dependent
transcriptional activation of GAS and ISRE, cells were plated
in a 96-well plate at a density of 2.0x10* in 500 pl of growth
medium per well without antibiotics. Twenty-four hours later,
cells were 80% confluent at the time of transfection, and were
transfected with 0.2 ug DNA/cm? per plasmid [including objec-
tive plasmid and thymidine kinase (TK)] and Lipofectamine
2000 reagent according to the manufacturer's instructions.
Transfection efficiency was normalized by co-transfection
with pRL-TK. Transcriptional activity was determined by a
luminometer, using a Dual-Luciferase Assay kit. Results are
displayed as the ratio between the activity of the reporter
plasmid and pRL-TK.

Confocal microscopy for STATI. Cells were grown on
18x18 cm coverslips in a 6-well plate, serum starved for 16 h,
then stimulated with or without 10 M SAHA for 2 h. Followed
by being treated with or without 500 U/ml IFN-y for 30 min,
cells were fixed in 4% paraformaldehyde and permeabilized
with 1% Triton X-100 (prepared from 30% stock solution) for
30 min equally, then blocked with goat serum for 30 min at
37°C and incubated with anti-STAT1 antibody at 1:100 dilution
for 1 h at 37°C. Coverslips were washed with PBS and incubated
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Figure 1. IFN-vy induces the expression of IDO in a dose- and time-dependent manner. SGC-996 cells were treated with reagents as indicated and IDO expression
was detected by Western blotting. 3-actin served as the loading control. (A and B) Cells were treated with different concentrations of IFN-vy for 24 h. (C and D)

Cells were treated with 500 U/ml IFN-y for the indicated times.

with a secondary anti-mouse antibody conjugated to FITC at
1:1000 dilution for 1 h at 37°C. After being washed 3 times
with PBS, the cells were incubated with DAPI (10 ug/ml) for
10 min to visualize cell nuclei. The coverslips were mounted
to microscopic slides and covered with glycerol jelly, and
then the slides were analyzed by a Confocol Laser Scanning
Microscope (LSM 710, Carl Zeiss, Germany) to analyze
nuclear translocation of STAT1.

Statistical analysis. All values are expressed as the means
+ SEM of two independent experiments unless otherwise
specified. We analyzed data by two-tailed unpaired Student's
t-tests between the two groups and by one-way ANOVA
followed by the Bonferroni test for multiple comparisons.
These analyses were performed using the GraphPad Prism
Software Version 5.0 (GraphPad Software Inc., La Jolla, CA).
P<0.05 was considered statistically significant.

Results

IDO expression induced by IFN-y is dose- and time-dependent
in SGC-996 cells. To investigate the effect of IFN-y on the
expression of IDO in SGC-996 cells, we performed Western
blot analysis to explore the effects of varying concentrations
and incubation periods of IFN-y on the expression of IDO.
SGC-996 cells were treated with IFN-y at different doses for
24 h or 500 U/ml IFN-y for different times. There was no
IDO expression observed without IFN-vy treatment, but IFN-y
significantly enhanced IDO expression in a dose-dependent
manner, beginning with 50 U/ml (Fig. 1A and B). In addition,
IDO was induced by exposure to 500 U/ml IFN-vy for 8 h and
was enhanced by continuous exposure to IFN-y (Fig. 1C and
D). Thus, IDO expression in SGC-996 cells was an inducible
event, and the expression of IDO induced by IFN-y was dose-
and time-dependent.

A IFN-y (500 U/ml) - + + + + + +
SAHA (IM) - - 0.5 1 3 5 10

wo — “.- ke

Pactin  — | g - S — | - <3 <D

Relative IDO expression levels

IFN-y (300 U/ml) S
SAHA (4M) - - 05 13 5 10

Figure 2. SAHA down-regulates the IFN-y-induced expression of IDO in
a dose-dependent manner. SGC-996 cells were treated with reagents as
indicated. Western blot analysis of IDO expression compared to the refer-
ence bands of f-actin. Cells were pre-treated with various concentrations of
SAHA for 2 h and then treated with 500 U/ml IFN-y for 24 h.

SAHA down-regulates the expression of IDO induced by
IFN-y in a dose-dependent manner. We further explored the
influence of SAHA on IDO expression. SGC-996 cells were
pre-treated with various concentrations of SAHA for 2 h,
and then treated with IFN-y for 24 h. We performed Western
blot analysis to detect IDO expression in total cell lysates.
Treatment with SAHA (up to 0.5 yM) dramatically reduced IDO
expression induced by 500 U/ml IFN-vy (Fig. 2). With increasing
concentrations of SAHA, IDO expression decreased. IDO
expression was almost completely inhibited at a concentration
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Figure 3. SAHA inhibits STAT1 phosphorylation and nuclear translocation. (A) Cells were treated with or without 10 xM SAHA for 2 h and then treated with
500 U/ml IFN-y for 5, 10 or 30 min. The phosphorylation of STAT1 and total STAT1 were detected by Western blotting with an anti-pSTAT1-Tyr701 antibody
and an anti-STAT]1 antibody, respectively. $-actin served as the loading control. Similar results were obtained in three independent experiments. (B) Cells were
grown on chamber slides and were pre-treated with or without SAHA (10 #M) for 2 h, followed by treatment with or without IFN-y (500 U/ml) for 30 min.
Immunofluorescence and confocal microscopy were performed as described in Materials and methods. Scale bar, 20 ym.

of 10 uM. Therefore, SAHA inhibited the expression of IDO
induced by IFN-y in a dose-dependent manner.

SAHA inhibits IFN-y-induced STATI phosphorylation and
nuclear translocation. IFN-y is known to induce IDO expres-
sion via activation of STAT1 (24). STAT1 has two isoforms,
STATl1a (91 kDa) and STAT1f (84 kDa). Both isoforms can
be activated by IFN-y. Phosphorylation of STAT1 at Tyr701
induces STAT1 dimerization, nuclear translocation and DNA
binding. STAT1 phosphorylation acts as an active transcrip-
tion factor in the nucleus. Thus, we wondered whether SAHA
blocked STAT1 Tyr701 phosphorylation and inhibited its
nuclear translocation. SGC-996 cells were pre-incubated
with or without 10 uM SAHA for 2 h and then treated with
500 U/ml IFN-v for 5, 10 or 30 min. We performed Western
blot analysis to detect the phosphorylation of STAT1 with an
anti-phospho-STAT1 (Tyr701) antibody as described above.
Phosphorylated STAT1 was expressed without stimulation
by IFN-y in SGC-996 cells. Stimulation of cells with IFN-y
for 5 min alone brought about a rapid increase in tyrosine
phosphorylation of STAT1. The expression of phosphorylated
STAT1 increased with the stimulation time of IFN-y. However,
SAHA significantly inhibited this increase (Fig. 3A). To further
investigate whether SAHA inhibited STAT1 nuclear transloca-

tion, SGC-996 cells were grown on coverslips, pre-incubated
with or without 10 uM SAHA for 2 h, and then treated with or
without 500 U/ml IFN-y for 30 min. STAT1 nuclear localiza-
tion was assessed by confocal microscopy with an anti-STAT1
antibody. STAT1 was localized exclusively in the cytoplasm
of untreated cells, and SAHA did not alter the basal subcel-
lular localization of STAT1. On the contrary, cells treated with
IFN-vy for 30 min showed a significant nuclear translocation
of STAT1. However, IFN-y-induced nuclear translocation of
STAT1 was considerably reduced after pre-treatment with
SAHA for 2 h (Fig. 3B). In summary, our data suggested that
SAHA inhibits phosphorylation and nuclear translocation of
STAT]I, and this inhibition may result in down-regulation of
IDO expression.

SAHA blocks IFN-y-induced activation of GAS and ISRE.
Following the determination that SAHA inhibits the tyrosine
phosphorylation of STAT1 and its translocation to nucleus, we
examined whether the inhibitory effect of SAHA could block
the transcriptional activation of STAT1 in the nucleus. The
reporter gene plasmids pGL3-Enhancer-GAS7-luc and pGL3-
Enhancer-ISRE4-luc were transfected into SGC-996 cells.
The transfection efficiency was normalized by co-transfection
with pRL-TK. The results showed that IFN-vy significantly
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Figure 4. Effect of SAHA on IFN-y-induced activation of GAS and ISRE. Cells were transfected with pGL3-Enhancer-GAS7-luc (A), pGL3-Enhancer-ISRE4-
luc (B) reporter plasmids and treated with 10 kM SAHA for 2 h, followed by treatment with 500 U/ml IFN-y for 24 h. Luminescence was measured with a
luminometer. pRL-TK plasmids were used for correcting the transfection efficiency. Results are expressed as the ratio between the activity of the reporter
plasmid and pRL-TK. "P<0.05;"P<0.01 and "“P<0.001. Similar results were obtained from two independent experiments.
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Figure 5. Effect of SAHA on IFN-y-induced activation of IRF-1 protein. Cells were pre-treated with or without 10 xM SAHA for 2 h and then treated with or
without 500 U/ml IFN-y for 8 h. IRF-1 protein in total cell lysates was detected by Western blotting. 3-actin served as the loading control.

enhanced the activity of the pGL3-Enhancer-GAS7-luc and
the pGL3-Enhancer-ISRE4-luc via Dual-Glo-Luciferase
analysis. Furthermore, SAHA sharply inhibited the activity
of pGL3-Enhancer-GAS7-luc and pGL3-Enhancer-ISRE4-luc
(Fig. 4). These facts suggested that SAHA down-regulated
IFN-y-induced expression of IDO via blocking STAT1-driven
transcriptional activity, mainly the activity of GAS and ISRE.

SAHA down-regulates the expression of the IRF-1 protein
induced by IFN-y. IRF-1 is an essential factor for IFN-vy-
induced expression of IDO (8). Therefore, we attempted to
determine whether SAHA affected the expression of the IRF-1
protein. Cells were pre-treated with or without 10 yM SAHA
for 2 h and then treated with or without 500 U/ml IFN-v for 8 h.
We used Western blot analysis to detect IRF-1 protein in total
cell lysates with a monoclonal mouse anti-human IRF-1 anti-
body. The results showed that IFN-y dramatically enhanced
IRF-1 expression, but SAHA inhibited the expression of IRF-1
which was induced by IFN-vy (Fig. 5). It could therefore be
concluded that SAHA down-regulated the expression of IDO
via blocking activation of IRF-1.

Discussion

IDO is an important immunogenic regulatory factor in the
process of tumor development and tumor immune tolerance
(25,26). Overexpression of IDO is closely related to poor prog-
nosis of patients with malignant tumors (27). Furthermore, it

is well known that IFN-vy induces IDO expression via the JAK/
STATI signaling pathway. Consequently, blocking of the JAK/
STATI signaling pathway to break immune tolerance may
present an option to improve the clinical immunotherapeutic
effect in gallbladder carcinoma treatments. However, possible
strategies to induce this inhibition remain to be figured out.

IDO has been investigated in many tumors other than
gallbladder carcinoma as described above. Therefore, we first
detected whether IDO was expressed in SGC-996 cells. In the
present study, we demonstrated that IDO was not expressed
without IFN-vy treatment. However, after stimulation with
50 U/ml IFN-y for 24 h or 500 U/ml IFN-y for 8 h, the expres-
sion of IDO could be significantly detected. IDO expression
induced by IFN-y was dose- and time-dependent in the gall-
bladder carcinoma SGC-996 cells.

Based on the fact that IDO is expressed in SGC-996
cells, we intended to find whether SAHA could inhibit IDO
expression in order to improve the immunotherapy of gall-
bladder carcinoma. In this study, we discovered that SAHA
down-regulated the expression of IDO in a dose-dependant
manner. Our observations suggest that SAHA may be used in
the clinic to improve the efficiency of gallbladder carcinoma
immunotherapy.

The IDO gene had a putative promoter region, and this
promoter contains a series of putative transcription factor
binding sites, including two ISRE regions, a GAS sequence
near ISRE-1 and ISRE-2, and two AP-1 binding sites (28,29).
In the process of the IFN-y-induced expression of IDO, STAT1
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acts as a critical transcriptional factor. STATI is phosphoryl-
ated at the cytoplasmic tail of the IFN-y receptor, dimerizes
and translocates to the nucleus, where it binds GAS to activate
IDO and IRF-1 gene expression directly. On the other hand,
STATI1 contributes indirectly to the activation of IDO via
inducing the production of IRF-1, which binds to ISRE-1 and
ISRE-2 elements in the IDO regulatory region resulting in
activation of IDO gene expression (8,17,30-32).

According to our data, SAHA inhibited the IFN-y-induced
phosphorylation of STATI, which plays an important role in
the regulation of IDO gene transcription. The inhibition of
STAT]I nuclear translocation resulted in an increase of STAT1
accumulation in the cytoplasm and disruption of the regulation
of the IDO gene transcription, directly down-regulating the
expression of IDO. In addition, we analyzed the roles of GAS
and ISRE, which regulated the expression of IDO in SGC-996
cells. Cells treated with IFN-y significantly induced transcrip-
tional activity of the reporter plasmids pGL3-Enhancer-GAS7
and pGL3-Enhancer-ISRE4 (Fig. 4), suggesting the impor-
tance of GAS and ISRE in the IFN-y-induced expression of
IDO.

Furthermore, SAHA significantly inhibited IFN-y-
induced transcriptional activation of the reporter plasmid
pGL3-Enhancer-GAS7 and pGL3-Enhancer-ISRE4 (Fig. 4).
This phenomenon could be explained by the fact that SAHA
inhibited STAT1 phosphorylation and nuclear translocation
(Fig. 3A), which was important for STAT1 binding of GAS and
ISRE to activate the IDO expression. Inhibition of GAS activa-
tion could directly down-regulate the expression of IDO. Unlike
GAS, activation of ISRE required both phosphorylated STAT1
and IRF-1. Thus, the fact that SAHA inhibited the activation of
ISRE could result from the inhibition of phosphorylated STAT1
and IRF-1. The IRF-1 promoter region contains GAS elements
which are important for IRF-1 expression. In this study we
found that SAHA decreased the IRF-1 protein level induced
by IFN-y (Fig. 5). This phenomenon could be explained by the
fact that SAHA inhibited STAT1 phosphorylation and activa-
tion of GAS, followed by down-regulation of the expression of
IRF-1 protein.

In conclusion, we demonstrated for the first time that SAHA
down-regulated the expression of IDO induced by IFN-y via
interfering with the phosphorylation and nuclear translocation
of STAT1 inhibiting its binding to GAS, ISRE and IRF-1
elements in the IDO regulatory region. These discoveries
suggest that the JAK/STAT1 signaling pathway plays a key
role in the expression of IDO in gallbladder carcinoma cells.
Therefore, regulating JAK/STATI signaling pathway may
provide a new gallbladder carcinoma immunotherapeutic
strategy to break tumor immune tolerance and contribute to
the development of clinical cancer immunotherapy.
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