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Abstract. Indoleamine-2,3-dioxygenase (IDO) is an immuno-
suppressive enzyme involved in tumor malignancy. However, 
the regulatory mechanism underlying its involvement remains 
largely uncharacterized. The present study aimed to inves-
tigate the hypothesis that NK4, an antagonist of hepatocyte 
growth factor (HGF), can regulate IDO and to characterize the 
signaling mechanism involved. Following successful transfec-
tion of the human ovarian cancer cell line SKOV-3 (which 
constitutively expresses IDO) with an NK4 expression vector, 
we observed that NK4 expression suppressed IDO expression; 
furthermore, NK4 expression did not suppress cancer cell 
growth in vitro [in the absence of natural killer (NK) cells], but 
did influence tumor growth in vivo. In addition, NK4 enhanced 
the sensitivity of cancer cells to NK cells in vitro and promoted 
NK cell accumulation in the tumor stroma in vivo. In an effort 
to clarify the mechanisms by which NK4 interacts with IDO, 
we performed investigations utilizing various biochemical 
inhibitors. The results of these investigations were as follows. 
First, c-Met (a receptor of HGF) tyrosine kinase inhibitor 
PHA-665752, and phosphatidylinositol 3-kinase (PI3K) 
inhibitor LY294002 both suppress IDO expression. Second, 
enhanced expression of PTEN (a known tumor suppressor) via 
negative regulation within a PI3K-AKT pathway, inhibits IDO 
expression. Conversely, neither the MEK1/2 inhibitor U0126 
nor the STAT3 inhibitor WP1066 affects IDO expression. 

These results suggest that NK4 inhibits IDO expression via a 
c-Met-PI3K-AKT signaling pathway.

Introduction

Indoleamine-2,3-dioxygenase (IDO) is known to be an 
immunosuppressive enzyme. IDO was initially characterized 
in terms of its catalysis of the first and rate-limiting step in 
the kynurenine pathway of tryptophan catabolism (1-3). It has 
since been reported that most tumors express IDO (4) and that 
IDO can contribute to tumor-induced immunosuppression by 
starving natural killer (NK)/T cells, which are sensitive to 
tryptophan deficiency (4-7). In this situation, tumor cells can 
escape immune surveillance via the action of IDO. Malignant 
tumors are also reportedly stimulated by proinflammatory 
mediators, such as interferons and other cytokines, to produce 
IDO (8,9). However, the regulatory mechanisms related to 
IDO and malignancy remain largely uncharacterized.

Hepatocyte growth factor (HGF) is a heterodimeric 
molecule that plays a key role in the regulation of migration, 
invasion and angiogenesis in cancer (10-13). It is composed 
of an α-chain containing the N-terminal hairpin domain and 
4 kringle domains, and a serine protease-like β-chain (14). 
Therefore, NK4 is a variant form of HGF, comprising the 
N-terminal and subsequent 4 kringle domains of HGF (15). As 
NK4 retains binding capacity to the HGF receptor c-Met, NK4 
competes with HGF and inhibits the function of HGF (15,16). 
Thus, NK4 functions as an antagonist of HGF. Numerous 
reports have shown that NK4 inhibits growth, invasion, 
dissemination and angiogenesis in malignant tumors (16-24). 
Furthermore, NK4 reportedly inhibits the function of 
angiogenesis factors such as VEGF and bFGF, regardless of 
HGF-c-Met signaling (16,17).

Recently, it has been reported that NK4 expression by gene 
transfer (at the tumor site) enhances tumor-specific cytotoxic 
T lymphocyte (CTL) activation, resulting in complete murine 
colon cancer cell line (CT26) tumor regression in vivo (22). 
While IDO is not specifically mentioned in the present 
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study (22), it has been reported in other studies that CT26 can 
produce IDO (25). These results suggest the possibility that 
NK4 may exert potent antitumor activity, at least partially, 
by enhancing the host's tumor immunity via the regulation of 
IDO expression.

We conducted the experiments described below in an 
effort to investigate the hypothesis that NK4 regulates IDO 
and to characterize the signaling mechanism involved.

Materials and methods

Cell lines and culture. The human ovarian cancer cell line 
SKOV-3 (26) (American Type Culture Collection, Manassas, 
VA, USA) was cultured in RPMI-1640 medium (Gibco, 
Grand Island, NY, USA) containing 10% inactivated fetal calf 
serum (Sigma, St. Louis, MO, USA), 100 U/ml penicillin, and 
100 µg/ml streptomycin (Gibco) at 37˚C in a 5% CO2 atmo-
sphere for no longer than 8 weeks after recovery from frozen 
stocks.

The NK cell line KHYG-1 (27) was purchased from the 
Japanese Collection of Research bioresources (JCRb; Osaka, 
Japan). Cells were cultured in RPMI1-640 medium supple-
mented with 100 nM of human interleukin-2 (R&D Systems, 
Inc., Minneapolis, MN, USA) and 10% inactivated fetal calf 
serum (Sigma) at 37˚C in a 5% CO2 atmosphere for no longer 
than 8 weeks after recovery from frozen stocks.

Antibodies and inhibitors. Anti-human-IDO monoclonal 
antibody was prepared and utilized as previously reported (8). 
Anti-human-actin (Sigma), anti-mouse-CD49b (R&D Systems), 
anti-HGF-α (Santa Cruz biotechnology, Inc., Santa Cruz, CA, 
USA), anti-phospho-c-Met, anti-c-Met, anti-phospho-AKT, 
anti-AKT, anti-phospho-ERK, anti-ERK, anti-phospho-
STAT3 and anti-STAT3 (Cell Signaling Technology, Inc., 
Danvers, MA, USA) antibodies were purchased and utilized 
according to the manufacturer's instructions.

The c-Met tyrosine kinase inhibitor PHA-665752((3z)-5-
[(2,6-dichlorobenzyl)sulfonyl]-3-[(3,5-dimethyl-4-{[(2R) 
-2-(pyrrolidin-1-ylmethyl)pyrrolidin-1-yl]carbonyl}-1H-
pyrrol-2-yl)methylene]-1,3-dihydro-2H-indol-2-one; Merck 
KGaA, Darmstadt, Germany) (28), the phosphatidylinositol 
3-kinase (PI3K) inhibitor LY294002 (2-(4-morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one; Cell Signaling Technology) 
(29), the MEK1/2 inhibitor U0126 (1,4-diamino-2,3-dicyano-
1,4-bis[2-aminophenylthio] butadiene; Cell Signaling 
Technology) (30), and the STAT3 inhibitor WP1066 ((2E)-3-
(6-bromo-2-pyridinyl)-2-cyano-N-[(1S)-1-phenylethy]-2-
propenamide P; Santa Cruz biotechnology) (31) were 
purchased and were utilized according to the corresponding 
manufacturer's instructions.

Experimental and control cell lines. The NK4, PTEN and 
luciferase (LUC) expression plasmid vectors that were 
used in the present study have been previously described 
(18,32-35). These vectors were transfected into SKOV-3 using 
Lipofectamine-LTx and Plus reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer's instructions. The 
cells were selected using 10 µg/ml blasticidin S hydrochloride 
(Funakoshi Co., Ltd., Tokyo, Japan). Resistant clones were 
obtained after 4 weeks as SKOV-3/NK4, SKOV-3/PTEN and 

SKOV-3/LUC (control). The cells were subsequently main-
tained in the presence of 10 µg/ml blasticidin S hydrochloride.

Exposure to inhibitors. before protein extraction for western 
blotting, SKOV-3 cells (5x105/well) were seeded into 6-well 
plates and cultured in RPMI-1640 medium containing 10% 
fetal calf serum with varying concentrations of inhibitors (0, 1 
or 10 µM) overnight.

Western blotting. Ten micrograms of protein extracted from a 
homogenate of cultured cells or 10 µl of culture supernatants 
were mixed with 2x SDS-PAGE sample buffer [120 mM 
Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 0.004% bromophenol 
blue and 10% 2-mercaptoethanol]. The resulting preparations 
were incubated at 95˚C for 2 min and electrophoresed on a 
0.1% SDS-5 or 10% polyacrylamide gel, prior to blotting onto 
a polyfluorovinylidene membrane. These membranes were 
then blocked with Non-Protein blocking Agent (ATTO Corp., 
Tokyo, Japan) at room temperature for 1 h and incubated with 
antibodies described above for 1 h at room temperature. The 
membranes were washed with phosphate-buffered saline 
(PbS)-Tween-20 three times, and incubated with several horse-
radish peroxidase-conjugated secondary antibodies. Signals 
were detected by chemiluminescence (ECL Kit; Amersham 
Biosciences, Piscataway, NJ, USA) via X-ray film.

In vitro cell growth kinetics. SKOV-3/NK4 and SKOV-3/LUC 
cells (500 of each line) were seeded into the wells of 96-well 
plates and cultured in RPMI-1640 medium containing 10% 
fetal calf serum. Every 24 h, cells were counted using a 
colorimetric assay in conjunction with the Cell Proliferation 
kit II (xTT) (boehringer Mannheim GmbH biochemica, 
Mannheim, Germany) and a growth curve was derived from 
these results.

Sensitivity of transfectants to NK cells in vitro. The sensitivity 
of SKOV-3/NK4 and SKOV-3/LUC cells to NK cells was 
investigated by colorimetric assay using xTT. SKOV-3/NK4 
and SKOV-3/LUC cells (500 of each line) were seeded into 
a 96-well plate and co-cultured with KHYG-1 cells (0, 500, 
1,000, 2,000 or 4,000 cells) in RPMI-1640 medium containing 
10% fetal calf serum for 72 h. After three washes with PbS to 
exclude KHYG-1 cells completely, the viable cell count was 
determined by colorimetric assay and calculated as the percent 
of control cells (cultured without KHYG-1 cells).

Experimental animals. Four- to six-week-old female bALb/c 
nude mice (Japan Clea Laboratories, Tokyo, Japan) were used. 
All animal experiments were conducted according to the insti-
tutional and national guidelines for animal experiments.

Subcutaneous tumor growth in vivo. SKOV-3/NK4 and 
SKOV-3/LUC cells (5x106 cells of each line) were inoculated 
subcutaneously into the backs of mice to induce tumor growth. 
The tumor volume [(long diameter) x (short diameter)2 x 1/2] 
was measured twice a week and used to obtain the tumor 
growth curves.

Immunohistochemical staining. At 1 week after subcutaneous 
tumor cell inoculation, mice were sacrificed under isoflurane 
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anesthesia and the tumor was removed. After formalin fixa-
tion, paraffin sections were prepared, deparaffinized, and 
treated with hydrogen peroxide for 30 min to block endog-
enous peroxidase. The sections were then reacted with a 1:10 
dilution (5 µg/ml) of anti-mouse CD49b primary antibody 
for 16 h at room temperature, washed three times with PbS, 
and then incubated with enzyme-conjugated streptavidin for 
30 min. The sections were again washed with PbS 3 times, and 
color was developed using the diaminobenzidine method. The 
number of stained NK cells was counted under high-power 
magnification (x200).

Statistical analysis. Significance testing between the 2 groups 
was performed using Student's t-test. A P-value of <0.05 was 
considered significant.

Results

Establishing an NK4-expressing cell line and determining 
its IDO expression. NK4 expression was detected by western 
blotting at the position corresponding to a molecular weight 
of 67 kDa in SKOV-3/NK4 culture supernatant samples. 
No NK4 expression was detected in the culture supernatant 
of parent SKOV-3 or SKOV-3/LUC. In contrast, parental 
SKOV-3 and SKOV-3/LUC showed evident IDO expression, 
while SKOV-3/NK4 did not show IDO expression (Fig. 1A). 
These results suggest that the expression of NK4 inhibits IDO 
expression.

In vitro cell growth kinetics. Growth curve analyses of 
SKOV-3/NK4 and SKOV-3/LUC cells showed no significant 
differences between the two groups, suggesting that the expres-
sion of NK4 did not affect cell growth in vitro (data not shown).

Sensitivity of transfectants to NK cells in vitro. The propor-
tion of viable tumor cells co-cultured with NK cells is shown 
in Fig. 1b. The percent survival of SKOV-3/NK4 cells was 
significantly lower than that of the control cells, indicating that 
the expression of NK4 enhanced the sensitivity of tumor cells 
against NK cells.

Tumor growth in vivo. both SKOV-3/NK4 and control cells 
formed small nodules 1 week after inoculation (Fig. 1C). 
Subsequently, the tumors in the control group became 
enlarged, whereas those in the SKOV-3/NK4 group were 
barely increased in size, suggesting that the expression of NK4 
inhibited tumor growth in vivo.

Number of NK cells in the tumor stroma. Immunostaining of 
NK cells revealed accumulation of NK cells in the stroma of 
SKOV-3/NK4 and control subcutaneous tumors (Fig. 2A). The 
number of NK cells (38±10) that accumulated in the SKOV-3/
NK4 tumors was significantly higher than that (5±2) in the 
control tumors (P<0.01) (Fig. 2b). These results suggest that 
the expression of NK4 promoted NK cell accumulation around 
the tumor.

Establishing a PTEN-overexpressing cell line and determining 
its IDO expression. Strong PTEN expression was detected by 
western blotting at the position corresponding to a molecular 

weight of 55 kDa in SKOV-3/PTEN, while only weak PTEN 
expression was detected in parent SKOV-3 and SKOV-3/LUC 
cells. In contrast, parental SKOV-3 or SKOV-3/LUC showed 
evident IDO expression, while SKOV-3/PTEN did not show 
IDO expression. These results suggest that overexpression of 
PTEN inhibits IDO expression (Fig. 3).

Inhibitors and IDO expression. As shown in Fig. 4A, the 
c-Met tyrosine kinase inhibitor PHA-665752 inhibited c-Met 
phosphorylation of SKOV-3 in a concentration-dependent 
manner. Similarly, it suppressed IDO expression of SKOV-3 
in a concentration-dependent manner. The PI3K inhibitor 
LY294002 inhibited AKT phosphorylation of SKOV-3 at the 

Figure 1. Western blot detection of NK4 and IDO. NK4 expression was 
detected in the culture supernatant of SKOV-3/NK4 cells, while no NK4 
expression was detected in the culture supernatant of parent SKOV-3 or 
SKOV-3/LUC cells. In contrast, parental SKOV-3 or SKOV-3/LUC showed 
evident IDO expression, while SKOV-3/NK4 did not show IDO expression 
(A). The percentage of viable tumor cells remaining after co-culture with 
NK cells. The percent survival of SKOV-3/NK4 cells was significantly lower 
than that of control cells; *P<0.05. Results are expressed as mean ± SD (b). 
Subcutaneous tumor growth curves of SKOV-3/NK4 and control cells. both 
groups of cells formed small nodules 1 week after inoculation. Subsequently, 
the tumors in the control group enlarged substantially, whereas those in 
the SKOV-3/NK4 group increased only minimally; *P<0.05. Results are 
expressed as mean ± SD (C).
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concentration of 10 µM. Similarly, it suppressed IDO expres-
sion of SKOV-3 (Fig. 4b) at the concentration of 10 µM. On 

the other hand, although the MEK1/2 inhibitor U0126 inhib-
ited ERK (which is a downstream signaling factor of MEK) 
phosphorylation of SKOV-3 in a concentration-dependent 
manner and the STAT3 inhibitor WP1066 inhibited STAT3 
phosphorylation of SKOV-3 at the concentration of 10 µM, 
they did not affect IDO expression of SKOV-3 (Fig. 4C and D).

Discussion

The experiments described above aimed to investigate the 
hypothesis that NK4 influences IDO expression, and to 
clarify the signaling pathway involved. First, we transfected 
an NK4 expression vector into a human ovarian cancer cell 
line constitutively expressing IDO in order to examine the 
relationship between NK4 expression and IDO expression. 
We found that the NK4-expressing cell line did not express 
IDO. This indicates that NK4 suppressed the expression of 
IDO by these cells. Furthermore, experimentation using this 
NK4-expressing cell line yielded results similar to those of a 
previous study, which used an IDO-downregulated cell line 

Figure 3. Detection of PTEN and IDO by western blotting. Strong PTEN 
expression was detected in SKOV-3/PTEN cells, while weak PTEN expres-
sion was detected in parent SKOV-3 and SKOV-3/LUC cells. In contrast, 
parental SKOV-3 or SKOV-3/LUC cells showed evident IDO expression, 
while SKOV-3/PTEN cells did not show IDO expression.

Figure 2. CD49b expression in SKOV-3/NK4 and control subcutaneous tumors. The black arrowhead indicates NK cells accumulated in the tumor stroma. bars 
indicate 100 µm (A). The number of NK cells per high-power (magnification, x200) microscopy field. The number of NK cells (38±10) that accumulated in the 
SKOV-3/NK4 tumors was significantly higher than that (5±2) in the control tumors; *P<0.01. Results are expressed as mean ± SD (b).
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transfected with a short hairpin RNA vector targeting IDO 
(36). Therefore, NK4 expression did not influence cancer cell 
growth in vitro, but controlled tumor growth in vivo. In addi-
tion, it enhanced the sensitivity of cancer cells to NK cells 
in vitro and promoted NK cell accumulation in the tumor 
stroma in vivo. These findings indicate that NK4 can inhibit 
cancer growth in vivo by promoting NK cell accumulation 
via the inhibition of IDO expression in tumors, suggesting 
that NK4 represents a potentially useful immunotherapeutic 
anticancer agent.

In order to clarify the mechanism by which NK4 controls 
IDO, we performed an investigation utilizing various 
biochemical inhibitors. It has been reported that while NK4 
is known to function in the c-Met signaling pathway as an 
antagonist of HGF, it may also have other unknown functions 
unrelated to the c-Met signaling pathway (16,17). In order to 
investigate the known function, we utilized the c-Met tyrosine 
kinase inhibitor PHA-665752. While PHA-665752 inhibited 
c-Met phosphorylation, it also suppressed IDO expression. 
These results suggest that NK4 suppresses IDO expression 
via the c-Met signaling pathway. The PI3K-AKT, MAPK/
ERK, and the JAK-STAT pathways are known as signal path-

ways downstream of c-Met. In the present study, while the 
PI3K inhibitor LY294002 inhibited AKT phosphorylation of 
cancer cells, it also suppressed IDO expression. In addition, 
enhanced expression of PTEN, which suppresses tumor by 
negatively regulating the PI3K-AKT pathways (37,38), inhib-
ited IDO expression of cancer cells. Conversely, while the 
MEK1/2 inhibitor U0126 and the STAT3 inhibitor WP1066 
both inhibited ERK and STAT3 phosphorylation, neither 
affected IDO expression. These results suggest that NK4 
inhibits IDO expression via the c-Met-PI3K-AKT signaling 
pathway.

Recently, it has been reported that imatinib mesylate, 
a small-molecule inhibitor of KIT and bCR-AbL tyrosine 
kinase, inhibits IDO expression of gastrointestinal stromal 
tumors via the PI3K-AKT pathway (39). Results from both 
that study and the present suggest the possibility that various 
tyrosine kinase receptors control IDO expression in malignan-
cies through the PI3K-AKT signaling pathway. Furthermore, 
the collective results suggest that various molecularly-targeted 
therapeutic agents that suppress tyrosine kinase may function 
to enhance the cancer immunity of the host via the inhibition 
of IDO.

Figure 4. Effects of PHA-665752 on c-Met phosphorylation and IDO expression in SKOV-3 cells. PHA-665752 inhibited both c-Met phosphorylation and IDO 
expression of SKOV-3 cells in a concentration-dependent manner (A). Effects of LY294002 on AKT phosphorylation and IDO expression in SKOV-3 cells. 
LY294002 inhibited both AKT phosphorylation and IDO expression of SKOV-3 cells at the concentration of 10 µM (b). Effects of U0126 on ERK phosphoryla-
tion and IDO expression in SKOV-3 cells. While U0126 inhibited ERK phosphorylation of SKOV-3 cells in a concentration-dependent manner, it did not affect 
their IDO expression (C). Effects of WP1066 on STAT3 phosphorylation and IDO expression in SKOV-3 cells. WP1066 inhibited STAT3 phosphorylation of 
SKOV-3 cells at the concentration of 10 µM, but did not affect their IDO expression (D).
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