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ABSTRACT

Indoleamine 2,3-dioxygenase 2 (IDO2) is a newly discovered enzyme that 
catalyzes the initial and rate-limiting step in the degradation of tryptophan. As a 
homologous protein of IDO1, IDO2 plays an inhibitory role in T cell proliferation, 
and it is essential for regulatory T cell (Treg) generation in healthy conditions. Little 
is known about the immune-independent functions of IDO2 relevant to its specific 
contributions to physiology and pathophysiology in cancer cells. The purpose of this 
study was to assess the impact of IDO2 gene silencing as a way to inhibit B16-BL6 
cancer cells in a murine model. Here, for the first time, we show that knockdown of 
IDO2 using small interfering RNA (siRNA) inhibits cancer cell proliferation, arrests 
cell cycle in G1, induces greater cell apoptosis, and reduces cell migration in vitro. 
Knockdown of IDO2 decreased the generation of nicotinamide adenine dinucleotide 
(NAD+) while increasing the generation of reactive oxygen species (ROS). We 
further demonstrate that cell apoptosis, induced by IDO2 downregulation, can be 
weakened by addition of exogenous NAD+, suggesting a novel mechanism by which 
IDO2 promotes tumor growth through its metabolite product NAD+. In addition to 
in vitro findings, we also demonstrate that IDO2 silencing in tumor cells using short 
hairpin RNA (shRNA) delayed tumor formation and arrested tumor growth in vivo. 
In conclusion, this study demonstrates a new non-immune-associated mechanism of 
IDO2 in vitro and IDO2 expression in B16-BL6 cells contributes to cancer development 
and progression. Our research provides evidence of a novel target for gene silencing 
that has the potential to enhance cancer therapy.

INTRODUCTION

Indoleamine 2,3-dioxygenase 2 (IDO2) is a newly 
discovered enzyme that can catabolize tryptophan into 
kynurenine [1-3]. IDO2, an isoform of IDO1, is located 
immediately downstream of classic IDO1 on human 
chromosome 8p21. IDO1 and IDO2 have similar genomic 
structure and function. Both of them are highly expressed 
in various types of cancer cells as well as immune cells, 

such as dendritic cells (DC) [2, 4]. Both IDO1 and IDO2 
are known immunosuppressive molecules, and their 
immune suppressive function has been investigated 
both in vivo and in vitro. A recent study reported by 
the Koropatnick group shows that IDO1, expressed in 
tumor cells, presents immune-independent function in 
response to chemotherapeutic and radioactive drugs [5]. 
We recently observed that cells in the invasive melanoma 
cell line, B16-BL6, highly express IDO2 whereas the 
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less invasive melanoma cell line, B16F10, had limited 
expression of IDO2 in the absence of interferon-gamma 
(IFN-γ) induction. Although this suggests that IDO2 may 
also possess non-immune function on tumor biological 
characters, the physiological and pathological roles of 
IDO2 remain unclear. The non-immune function of IDO2 
has not been well investigated.

Previous studies have shown that 1-methyl-L-
tryptophan (L-1-MT) is a more potent inhibitor of IDO1, 
while D stereoisomer (D-1-MT, selective for IDO2 [2]) 
is more effective inhibiting IDO1-expressing tolerogenic 
DC. D-1-MT was shown to have superior anti-tumor 
activity in preclinical models [6], suggesting the important 
role of IDO2 in cancer development. Controversially, it 
has also been reported that L-1-MT, rather than D-1-MT, 
inhibited IDO2 activity [7-9]. It is important to identify 
IDO2 selective inhibitors to understand IDO2 function. 
With the significant structural similarity shared by IDO1 
and IDO2 and the same substrate utilized by them, it is 
difficult to develop distinct inhibitors. RNA interference 
(RNAi) using short interfering RNA (siRNA) offers an 
opportunity to exclusively study the role of IDO2 in vitro 
as siRNA can induce sequence-specific gene inhibition 
at the post-transcription level. Short hair RNA (shRNA) 
provides the opportunity to study IDO2 in vivo.

Tryptophan, an essential amino acid, can be 
degraded to a series of physiological materials that are 
required in several physiological processes. Both IDO1 
and IDO2 have the enzymatic ability to catabolize 
tryptophan into kynurenine, which is a supplier of NAD+. 
As an essential co-factor required in many biochemical 
processes, NAD+ is consumed by tumor cells at higher 
rates. Inhibition of NAD+ formation leads to cell 
apoptosis [10, 11]. Knocking down IDO1 using siRNA-
reduced NAD+ generation, leads to enhanced sensitivity 
of tumor cells to chemotherapeutic drugs [5]. It is 
unknown, however, if downregulation of IDO2 expression 
can induce cell apoptosis/death by suppressing NAD+. 
Moreover, the potential to knockdown IDO2 using RNAi 
to prevent tumor growth has not been explored.

In this study, we investigate the biological function 
of IDO2 in melanoma cancer cells using RNAi to elucidate 
the non-immune function of IDO2 and its mechanism in 
tumor growth. We also evaluate the potential therapeutic 
effect of IDO2 siRNA and shRNA in a murine melanoma 
model.

RESULTS

IDO2 siRNA significantly knocks down IDO2 
expression in B16-BL6 cells, but does not affect 
IDO1 expression

Human primary tumors, such as gastric, colon 
and renal cell carcinomas, constitutively express IDO2 
mRNA, whereas its expression in cancer cell lines has 

to be induced by IFN-γ [8]. Therefore, we assessed if 
IDO2 is expressed in mouse cancer cell lines. Initially, 
we measured IDO2 expression in a panel of mouse tumor 
cell lines of differing histological origin (data not shown). 
The murine melanoma cell line B16-BL6 showed strong 
expression of IDO2 without IFN-γ. To test the efficacy 
of gene silencing using IDO2 siRNA, B16-BL6 was 
transfected with IDO2 siRNA or GL2 siRNA (control 
siRNA). Twenty-four hours after transfection, IDO2 
expression was measured at the transcriptional level by 
RT-PCR (Figure 1A, left panel). In the cells with IDO2 
siRNA transfection, IDO2 mRNA expression decreased 
by >80% (Figure 1A, right panel). IDO2 expression at the 
protein level was also measured by Western blot analysis 
(Figure 1B). Data showed that the designed IDO2 siRNA 
effectively downregulated expression of IDO2 in B16-
BL6 cells.

Because IDO1 gene is located upstream of IDO2 
gene on chromosome 8 and these two genes possess 
adjacent structural and evolutionary relationships, genetic 
knockdown one of them may cause a change in expression 
of the other [1, 2]. Moreover, alternative splice variants of 
IDO2 mRNA are found in macrophages which obtained 
from IDO1 ko mice [12]. To investigate if IDO2 gene 
silencing changes IDO1 expression, we measured the 
expression of IDO1 by qPCR. Data showed that IDO2 
siRNA did not affect expression of IDO1 (Figure 1C).

Biological changes occur in B16-BL6 cells after 
IDO2 gene silencing

IDO1 expression correlates with decreased 
proliferation of immune cells [13, 14] and its silencing 
provided the opposite outcome [5]. Because IDO2 shares 
the same enzymatic function, we investigated the effect of 
IDO2 on B16-BL6 cell proliferation using an MTT assay. 
Silencing IDO2 significantly reduced proliferation of B16-
BL6 cells (Figure 2A).

It is also reported that IDO1-mediated depletion of 
tryptophan induces cell cycle arrest in T cells at G1 [15]. 
We accordingly measured the effect of IDO2 siRNA on 
cell cycle. Interestingly, IDO2 gene silencing induced 
more cells in G1 in contrast to IDO1 (Figure 2B).

Tryptophan is an essential amino acid, and its 
depletion results in cell apoptosis [16, 17]. Although 
the enzymatic activity of IDO2 is not as great as IDO1, 
studies have demonstrated that both IDOs can catabolize 
tryptophan. Therefore, we used flow cytometry to detect 
if silencing IDO2 would reduce cell apoptosis. Annexin-V 
and propidium iodide (PI) double positive cells increased 
in IDO2 siRNA-transfected cells as compared to cells 
transfected with the control GL2 siRNA (Figure 2C).

B16-F10 and B16-BL6 are two variant cell lines 
of B16 melanoma with markedly different spontaneous 
metastatic behavior [18]. B16-BL6 is more invasive than 
B16-F10 and the two cell lines express differential levels 
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of IDO2. We investigated if IDO2 expression contributes 
to differences in cell invasion by measuring cell migration 
distance using a cell scratch assay. As shown in Figure 
2D, the gap created by scratch was almost filled with GL2 
siRNA-transfected cells, whereas the gap still remained 
in IDO2 siRNA-transfected cells. The data indicate 
that silencing IDO2 can significantly inhibit tumor cell 
migration (Figure 2D).

Gene silencing of IDO2 induces apoptosis and is 
associated with suppression of NAD+ generation 
and upregulation of ROS

IDO catalyzes the initial, rate-limiting step in 
tryptophan catabolism into the kynurenine pathway. In 

this step, L-tryptophan is converted to L-kynurenine, a 
source of NAD+ in cells. NAD+, in turn, can inhibit ROS 
generation by ketoglutarate dehydrogenase and pyruvate 
dehydrogenase [19]. In fact, tumor cells consume large 
amounts of NAD+ [10, 11]. We measured the intracellular 
NAD+ concentration and ROS generation after IDO2 gene 
silencing. We found that intracellular NAD+ concentration 
in the IDO2 gene-silenced cells was significantly lower 
than the GL2 control siRNA-transfected group (Figure 
3A). We also found that IDO2 gene silencing significantly 
increased the ROS level in B16-BL6 cells (Figure 3B).

To understand if cell apoptosis, caused by IDO2 
gene silencing, is attributed to the decrease of NAD+, 
exogenous NAD+ was supplemented to the B16-BL6 
cells after IDO2 or GL2 siRNA transfection. As shown in 

Figure 1: Gene silencing of IDO2 with siRNA in B16-BL6 cells. A. Silencing IDO2 in B16-BL6 cell line: B16-BL6 cells were 
transfected with different siRNA targeting IDO2 or GL2 (control siRNA), or remained untransfected as a blank control. IDO2 mRNA 
expression levels were measured 24 h post transfection by conventional RT-PCR (left panel) and qRT-PCR (right panel) as described in 
Materials and Methods. Bars indicate the means of two independent measurements (n=3 for each measurement) ± SD (***p≤0.001). B. 
IDO2 expression at the protein level: B16-BL6 cells were transfected with IDO2 or GL2 siRNA, or remained untransfected as a blank 
control. After 48 h transfection, total protein was extracted from cells and separated by PAGE. IDO2 protein expression level in B16-BL6 
cells was detected by Western blot. C. IDO2 siRNA did not affect IDO1 expression. IDO1 mRNA expression levels in the cells from (A) 
were measured 24 h post transfection by qPCR. Bars indicate the mean of three independent measurements ± SD.
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Figure 2: Impact of IDO2 on the biological activities of B16-BL6 cells. A. IDO2 gene silencing slowed the proliferation of 
B16-BL6 cells. After IDO2 or GL2 siRNA transfection, B16-BL6 cell proliferation was measured by MTT. Bars indicate the mean of five 
measurements ± SD (**p≤0.01). B. Gene silencing of IDO2 arrests the cell cycle in G1: B16-BL6 cells were transfected with IDO2 or GL2 
siRNA for 24 h. Cells were harvested and fixed overnight, followed by flow cytometry analyses of cells after staining with PI. C. IDO2 
silencing increased cell apoptosis. B16-BL6 cells were transfected with IDO2 or GL2 siRNA. 48 h after transfection, cells were double 
stained with FITC-conjugated annexin V and PI and followed by flow cytometric analysis. D. IDO2 gene silencing inhibited the migration 
of B16-BL6 cells. B16-BL6 cells were transfected with IDO2 or GL2 siRNA for 4 h and then were scratched. Images of cell migration were 
taken at the beginning of observation and 24 h afterwards.
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Figure 3: Gene silencing of IDO2–induced apoptosis is associated with suppression of NAD+ generation and 
upregulation of ROS in B16-BL6 cells. A. Gene silencing of IDO2 decreased intracellular NAD+. B16-BL6 cells were transfected 
with IDO2 or GL2 siRNA for 48 h, or remained untransfected as blank control. NAD+ levels were measured as described in Materials 
and Methods. Bars indicate the mean of three independent measurements ± SD (**p≤0.01). B. Intracellular ROS increased in IDO2-
silenced cells. B16-BL6 cells were transfected with IDO2 or GL2 siRNA for 48 h. ROS levels in different groups were measured by 
dichlorofluorescein assay and detected by flow cytometry. C. Exogenous NAD+ can relieve the apoptosis induced by IDO2 gene silencing. 
B16-BL6 cells were transfected with IDO2 or GL2 siRNA for 4 h, then treated with 100 μM NAD+. Cell apoptosis was measured 48 h after 
treatment with NAD+, as described in Figure 2A. Bars indicate the mean of three independent measurements ± SD (**p≤0.01).
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Figure 3C, exogenous NAD+ rescued cells from apoptosis 
in IDO2-silenced B16-BL6 cells, suggesting NAD+ is 
involved in cell apoptosis induced by knockdown of 
IDO2.

Knockdown of IDO2 in tumor cells reduces 
tumor growth and tumor formation in vivo

To determine the role of IDO2 in tumor growth 
in vivo, we first generated an IDO2 shRNA transfected 
stable cell line. IDO2 siRNA was cloned into a shRNA 
expressing vector containing a GFP reporter gene. We 
detected the fluorescence of GFP in the generated stable 
cell line by flow cytometry to confirm the purity of stable 
cells. As shown in Supplementary Figure 1, both IDO2 
shRNA and scrambled shRNA transfected cells are GFP 
positive. Moreover, we measured the IDO2 expression in 
these stable cells by qPCR. The results show that there 
was 82% downregulation of IDO2 expression in IDO2 
shRNA stable cells, but no reduction of IDO2 expression 
in the scrambled shRNA cells in comparison to B16-
BL6 untransfected control cells (Supplementary Figure 
2). IFN-γ is a known stimulating factor of IDO2 [8]. 
We treated IDO2 shRNA and scrambled shRNA cells or 
wild type B16-BL6 cells with IFN-γ and measured IDO2 
expression. The results show that IDO2 expression was 
increased (6-fold change) in control and scrambled shRNA 
B16-BL6 cells stimulated with IFN-γ. However, IDO2 
expression, stimulated by IFN-γ, was abrogated in the 
IDO2 shRNA transfected cells (Supplementary Figure 3).

Next we investigated the effect of differential 
expression levels of IDO2 in tumor cells on tumor 
formation and growth in vivo. We observed that tumor 
onset in IDO2 shRNA stable cells (B16-BL6/IDO2-) 
injected mice was substantially postponed compared with 
mice injected with scrambled shRNA cells (B16-BL6/
IDO2+) (Figure 4A). In addition to tumor onset time, we 
found that tumor growth was constrained in IDO2 shRNA 
stable cells injected mice compared with scrambled 
shRNA stable cells injected mice (Figure 4B). At the 
end point of the observation, tumor tissues were excised 
and weighed. The mass of tumors derived from IDO2 
shRNA stable cells was much smaller than those from the 
scrambled shRNA stable cell injected mice (Figure 4C). 
Furthermore, we found that IDO2 expression in IDO2 
shRNA tumor tissue still maintained 80% gene silencing 
22 days after cell inoculation (Figure 4D).

Treatment of IDO2 shRNA arrests the 
development and progression of tumor in vivo

To explore the therapeutic effect of silencing IDO2, 
we treated tumor-bearing mice with IDO2 shRNA. As 
shown in Figure 5A, tumor growth was significantly 
slower in IDO2 shRNA treated mice compared with 
scrambled shRNA treated mice. Tumor weight derived 

from IDO2 shRNA treated mice was less than scrambled 
shRNA treated mice (Figure 5B). These results indicate 
that IDO2 silencing can inhibit tumor growth in a murine 
melanoma model.

DISCUSSION

In this study, we demonstrated that siRNA 
knockdown of IDO2 inhibited cancer cell proliferation, 
arrested cell cycle in G1, induced greater apoptosis, and 
reduced cell migration in vitro. Knockdown of IDO2 also 
decreased the generation of kynurenine and NAD+ while 
increasing the generation of ROS. We further demonstrated 
that cell apoptosis, induced by IDO2 downregulation, can 
be attenuated by addition of exogenous NAD+, suggesting 
a novel mechanism by which IDO2 promotes tumor 
growth through its metabolite product NAD+. In addition 
to these in vitro findings, we also showed that using 
shRNA to silence IDO2 in tumor cells delayed tumor 
formation and arrested tumor growth in vivo, providing a 
potentially new therapy for cancer.

Both IDO1 and IDO2 are rate-limiting enzymes 
in the catabolization of tryptophan to kynurenine. It is 
well appreciated that IDO1 presents very high enzymatic 
activity, while it is uncertain about the extent of IDO2 
activity. Most studies have shown it is difficult to measure 
IDO2 activity. In our study, B16-BL6 cells highly 
expressed IDO2, and IDO2 had sufficient enzymatic 
activity as shown by a reduction of kynurenine and it 
metabolite NAD+ in this pathway. The activity of IDO2 
has been measured in stable transfected T-REK cells [20] 
and human DC [21]. The expression level or stability of 
IDO2 and cell culture conditions may affect its enzymatic 
activity. However, its specific contributions to normal 
physiology and pathophysiology are unknown. There are 
almost no reports of IDO2 function in tumor cells or tumor 
formation and growth. The data we show here reveals the 
new immune-independent function of IDO2 in mediating 
tumor formation and growth.

We investigated the effect of IDO2 on the 
physiological and pathophysiological functions of tumor 
cells, including cell proliferation, migration, apoptosis and 
cell cycle. Interestingly, IDO2 gene silencing slowed B16-
BL6 cell proliferation, increased accumulation of cells 
in G1 and decreased accumulation in G2/M, which is in 
contrast to IDO1. It has been reported that IDO1 impedes 
tumor cell proliferation [22] and IDO1-mediated depletion 
of tryptophan induces cell cycle arrest in T cells at G1 
[15]. This difference might be attributed to the reduction 
of NAD+, which resulted from silencing IDO2, as NAD+ 
is required and highly consumed by tumor cells. These 
data demonstrate that IDO2 plays an important role in cell 
biological progress and is not reduntant. Further study is 
needed to elucidate this phenomenon.

IDOs can degrade tryptophan to generate 
kynurenine, which then undergoes several degradation 



Oncotarget32335www.impactjournals.com/oncotarget

Figure 4: Impact of IDO2 in tumor formation and growth in vivo. A. Knockdown of IDO2 in B16-BL6 cells delayed tumor 
onset. IDO2 shRNA or scrambled shRNA transfected stable B16-BL6 cells (2x105cells), which were subcutaneously injected into the 
upper hind leg of C57BL/6 mice (n=12/group). Tumor onset day was defined as the time when tumor diameter reached 5 mm (*p≤0.05). B. 
Silencing IDO2 reduced tumor growth (**p≤0.01). C. Excised tumor weight of B16-BL6/IDO2- is lighter than B16-BL6/IDO2+. Tumors 
were excised at the end point of the experiment and weighed (**p≤0.01). D. IDO2 expression in tumor tissue. Total RNA was extracted 
from tumor tissue and IDO2 expression was measured by qRT-PCR.
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steps to produce quinolinic acid, a source of NAD+ 
in cells. Antisense-mediated reduction of IDO1 
expression reduced intracellular NAD+ in A549 human 
tumor cell line by approximately 60% [23]. FK866, a 
pharmacological inhibitor of NAD+, has been tested in 
a phase II clinical trial for treatment of chronic B-cell 
lymphocytic leukemia and cutaneous T-cell lymphoma 
[24]. There was a similar reduction after treatment in vitro 
with cancer cells becoming sensitive to apoptosis after 
depletion of NAD+ [10]. Addition of exogenous NAD+ 
shows significant cytoprotection from apoptosis triggered 
by staurosporine, C2-ceramide, or N-methyl-N-nitro-

N-nitrosoguanidine [11]. In addition, NAD+ can inhibit 
ROS generation from ketoglutarate dehydrogenase and 
pyruvatedehydrogenase [19]. Both NAD+ decrease and 
ROS increase can lead to cancer cell apoptosis [11]. In 
our study, IDO2 silencing resulted in a similar reduction in 
the amount of intracellular NAD+ in B16-BL6 cells with 
significantly elevated ROS levels. Our data further showed 
that addition of exogenous NAD+ rescued IDO2-silenced 
cells from apoptosis. Taken together, our data suggest that 
IDO2 knockdown-associated apoptotic signaling might be 
mediated by NAD+.

Figure 5: Treatment with IDO2 shRNA in vivo suppresses tumor growth. C57BL/6 mice were treated with 50 μg of IDO2 
shRNA or scrambled shRNA in 1 ml PBS by hydrodynamic injection through the tail vein three days before cancer cell inoculation when 
2x105 B16-BL6 cells were subcutaneously injected into the upper hind leg. At 7, 14 and 21 days after cancer cell inoculation, mice were 
treated with 50 μg IDO2 shRNA or scrambled vectors as described above. Groups of mice treated with scrambled shRNA were set as 
controls (*p<0.05 vs control groups). The tumor growth curve A. and the tumor weight B. were determined as described in Figure 4 (n=12; 
*p<0.05 vs control groups).
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Like IDO1, IDO2 is an immunosuppressive 
molecule, and it plays an important role in induction 
and maintenance of tumor microenvironment immune 
tolerance [25-27]. IDO2 gene-transfected 293 cell 
line inhibited CD4+ and CD8+ T cell proliferation 
in a co-cultured system [28]. IDO2 not only directly 
enhances Treg generation, but it also facilitates the 
immunosuppressive function of IDO1. Systemic treatment 
with IDO2 shRNA may not only impair tumor function 
but it may also change the host immune system, leading to 
an overall reduction of tumor burden. The effect of IDO2 
shRNA treatment will be a future research direction.

In summary, for the first time, this study 
demonstrates direct evidence of physiological and 
pathophysiological effects of IDO2 on B16 melanoma. 
Using siRNA to knockdown IDO2 expression in B16-
BL6 cells, we have shown that the role of IDO2 in tumor 
development and progression is correlated with the 
production of NAD+ and ROS. IDO represents an ideal 
target for immunomodulation, and we have confirmed that 
IDO2 could be a new therapeutic target. IDO2 suppression 
through gene silencing is a promising strategy for effective 
cancer therapy.

MATERIALS AND METHODS

Animal and cell lines

Male C57BL/6 mice were purchased from The 
Jackson Laboratory. A murine melanoma cell line 
established from a C57BL/6 mouse and designated B16-
BL6 was obtained from the American Type Culture 
Collection(ATCC)) and maintained in DMEM medium 
(Life Technologies, Carlsbad, CA) with 10% FBS, 
L-glutamine, penicillin, and streptomycin at 37°C in 5% 
CO2.

siRNA synthesis and transfection

The siRNA targeting IDO2 mRNA was generated 
in accordance with the target sequence selection method 
described by Elbashir et al [29]. siRNA was synthesized 
by the manufacturer (Sigma, St. Louis, MO). SiRNA 
targeting luciferase gene GL2 (GL2 siRNA) was used as 
a scrambled-silencing control since GL2 is not expressed 
in treated cells. IDO2 siRNA and GL2 siRNA were 
transfected into B16-BL6 cells using lipofectamine 2000 
reagent (Invitrogen, Burlington, ON, Canada) as described 
previously [30]. Briefly, cells were plated into 12-well 
plates (1.2 ×105 cells/well) and allowed to grow overnight 
to reach 50-70% confluence. Cell medium was replaced 
with the 300 μl OptiMEM® serum-reduced medium 
(Invitrogen Life Technologies, Carlsbad, CA) before 
transfection. 1 μg of IDO2 siRNA or GL2 siRNA was 
incubated with 2 μl of lipofectamine 2000 reagent in 200 
μl of Optimal serum-reduced medium at room temperature 

for 20 min, and then the mixture was gently added to each 
group.

Stable cell line construction

The siRNA expression vector (shRNA) for stable 
transfection was constructed as previously described 
[31, 32]. The oligonucleotides containing target-specific 
sense and anti-sense sequences of IDO2 mRNA were 
synthesized, annealed and inserted into the pRNAT H1.1 
siRNA expression vector utilizing restriction enzyme sites 
at the end of the strands to express the siRNA. Stable 
cell line was constructed as follows: Bl6-BL6 cells were 
transfected with IDO2 shRNA or scrambled shRNA in a 
12-well plate for 24 h and then reseeded to a 75 mm disk. 
Stably transfected IDO2 shRNA or scrambled shRNA 
B16-BL6 cells were selected and cloned by growth in a 
medium supplemented with 600 μg/mL of G418 (Sigma, 
St. Louis, MO).

IDO2 mRNA quantification

Cells were lysed (Trizol reagent, Invitrogen) 
and total RNA was isolated according to the 
manufacturer’s instructions. 1 μg of total RNA was 
synthesized to cDNA using reverse transcriptase 
(MMLV-RT, Invitrogen). The following primers 
sets were used for PCR amplifications: GAPDH, 
5’-TGATGACATCAAGAAGGTGGTGAA-3’ (sense) and 
5’-TCCTTG GAGGCCATGTAGGCCAT-3’(antisense); 
IDO2, 5’-GTGGGGCTGGTCTATGAAGGTG-3’(sense) 
and 5’-TGGTGGCAGCGGAGATAATGTA-3’ (antisense); 
IDO1, 5’-GGGCTTTGCTCTACCACATCCACT-3’ 
(sense) and 5’-ACATCGTCATCCCCTCGGTTCC-3’ 
(antisense). Real-time PCR reactions were performed 
in a Stratagene Mx3000P QPCR System (Agilent 
Technologies) using SYBR green PCR Master Mix (Life 
Technologies, Carlsbad, CA) according to manufacturer's 
protocol. Differences in gene expression were calculated 
using the ∆Ct method.

Western blot analysis

1.2x105 cells were seeded into a 12-wheel plate and 
grown overnight. The cells were transfected with IDO2 
siRNA or GL2 siRNA for 48 h. Cells were harvested, 
washed twice with ice-cold PBS, re-suspended in protein 
lysis buffer with complete protein inhibitor, and then the 
container was kept on ice for 30 min. Lysed cells were 
centrifuged at 15000 × RPM for 20 min at 4°C and the 
supernatant was collected and stored at -80°C for future 
use. Protein concentration was determined by Bio-Rad 
protein assay and 50 ug of each group cell lysate was 
separated on 12% SDS-PAGE, transferred to nitrocellulose 
membrane, blocked with 5% fat-free milk and 3% BSA 
in TBS-T (0.25% Tween 20), probed with a mouse anti-
human IDO2 mAb that binds to both human and mouse 
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IDO2 (Santa Cruz Biotechnology, Paso Robles, CA) 
and Monoclonal Anti-b-Actin Ab (Sigma, St. Louis, 
MO) according to the manufacturer’s instructions, and 
visualized by an ECL assay (Pierce, Rockford, lL).

NAD+ quantification

NAD+/NADH Quantification Kit (BioVision, 
Milpitas, CA; Catalog#K337-100) was used to measure 
NAD+ levels in the cells. Briefly, 1.2 ×105 cells were 
seeded into a 12-wheel plate and grown overnight. The 
cells were transfected with IDO2 siRNA or GL2 siRNA 
for 48 h. The transfected cells were harvested and washed 
with ice-cold PBS, pelleted by centrifugation, and then 
NADH/NAD extraction buffer was used to lyse the cells 
by two freeze/thaw cycles. After the addition of NAD 
cycling buffer and NAD cycling enzyme mix to a total 
volume of 100 μl, NADt (total NAD including NADH 
and NAD) was detected in 50 μl of extracted samples. In 
order to degrade NAD+, the remainder sample was heated 
to 60°C for 30 min for NADH detection. The levels of 
NADH were measured in a similar fashion. NAD+ 
levels were calculated by subtracting NADH levels from 
NADt levels. Absorbance at 450 nm was measured on a 
microplate reader.

Measurement of oxidative stress

Oxidative stress was determined by measuring 
the production of ROS using 5-(and-6)-carboxy-2’, 
7’-dichlorodihydro-fluorescein diacetate (carboxy-
H2DCFDA) (Sigma, St. Louis, MO) The nonpolar, 
nonionic H2-DCFDA is cell permeable and is hydrolyzed 
to nonfluorescent H2-DCF by intracellular esterases. 
H2-DCF is rapidly oxidized to highly fluorescent DCF 
when the peroxide presenting. Briefly, 1.2 ×105 B16-
BL6 cells were seeded in a 12-well plate and allowed to 
grow overnight. Cells were transfected with GL2 siRNA 
or IDO2 siRNA for 48 h and then harvested, pelleted 
by centrifugation, re-suspended with 5μl MH2DCFDA 
in DMSO for 30 min. Cells were detected using a BD 
FACSCalibur flow cytometer (BD Biosciences, Franklin 
Lakes, NJ) and analyzed by FlowJo software (Tree Star, 
Inc., Ashland, OR, USA).

Cell proliferation assay

B16-BL6 cells were transfected with IDO2 siRNA 
or GL2 siRNA for 24 h in a 12-well plate, trypsinized, 
recounted and 5 ×102 cells per well for each group were 
seeded in a 96-well plate in 200 μl complete medium. Cell 
proliferation was analyzed by MTT 96 h later. Briefly, 20 
μl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
(MTT) solution (5 mg/ml) was added into the culture 
medium of each well for 4 h of reaction in the incubator, 
then the medium was discarded. 100 μl DMSO was 
dissolved in the crystal by slowly shaking for 15 min. 

Absorbance at 490 nm was measured on a microplate 
reader.

Cell apoptosis assay

Annexin V-FITC apoptosis detection kit (BD 
Pharmingen, San Diego, CA) was used to analyze 
apoptosis. 1.2 ×105 B16-BL6 cells were seeded in a 12-
well plate and allowed to grow overnight. Cells were 
transfected with GL2 or IDO2 siRNA for 48 h and then 
harvested, pelleted by centrifugation, re-suspended in 
binding buffer, and stained with annexin V-FITC and 
PI as recommended by the manufacturer. Cells were 
analyzed using a BD FACSCalibur flow cytometer and 
analyzed by FlowJo software. FITC/PI double-negative 
cells were identified as viable cells, FITC-positive cells 
were identified as being early apoptotic, FITC/PI double-
positive cells were deemed late apoptotic, and PI-positive/
FITC-negative cells were necrotic.

Cell migration assay

Cell migration was measured by a scratch method. 
1.2 ×105 B16-BL6 cells were seeded in a 12-well plate 
and allowed to grow overnight. Cells were transfected 
with GL2 or IDO2 siRNA for 24 h. The surface of cells 
was scratched by a 10 ul tip, washed twice with PBS and 
allowed to migrate in DMEM without FBS. Images were 
taken at the beginning of scratch and 24 h later.

Cell cycle analysis

B16-BL6 cells (1.2 ×105) were cultured in a 12-well 
plate overnight, and then transfected with IDO2 siRNA or 
GL2 siRNA for 24 h. The cells were harvested, washed 
twice with PBS, pelleted by centrifugation, fixed in 75% 
ice-cold ethanol, and stored at -20°C overnight. The cells 
were washed twice with PBS and then re-suspended in 500 
μl PI (20 μg/ml) (Sigma, St. Louis, MO) staining solution 
for 15 min at room temperature. The staining solution 
contained 0.1% Triton X-100 (Sigma, St. Louis, MO) and 
RNase A (Sigma, St. Louis, MO). Cells were detected 
using a BD FACSCalibur flow cytometer and analyzed by 
FlowJo software.

siRNA expression vector treatment

C57BL/6 mice were treated with 50 μg of IDO2 
or scrambled expression vectors in 1.0 ml PBS by 
hydrodynamic injection through the tail vein 3 days 
before cancer cell inoculation. For the inoculation, 2 ×105 
B16-BL6 cells were injected subcutaneously into the 
upper hind legs. At 7, 14 and 21 days after cancer cell 
inoculation, mice were treated again with 50 μg IDO2 or 
scrambled siRNA expression vectors in 1.0 ml PBS by 
hydrodynamic injection.
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Animal experiments

B16-BL6 cells were stably transfected with IDO2 
shRNA or scrambled shRNA in vitro. The cells were 
harvested and washed twice in PBS, and viable, trypan 
blue-excluding cells were counted. Viable cells (2 ×105) 
were re-suspended in a volume of 0.1 ml PBS then 
subcutaneously injected into the upper hind leg of each 
mouse. Tumor size was measured by caliper every other 
day when tumors appeared and the tumor volume was 
calculated using the following formula: tumor volume = 
0.5 × (tumor width) × (tumor length). Tumor onset day 
was established as the point when tumor diameter reached 
5 mm. All animal experiments were done in accordance 
with national standards, Canadian Council on Animal 
Care.

Statistics

Data are presented as mean ± SD. Student’s t-test 
(2-tailed) was used to determine differences between 
two means. For the comparison of multiple groups, 
one-way ANOVA test was applied. For all statistical 
analyses, differences with p values <0.05 were considered 
significant.

ACKNOWLEDGMENTS AND FUNDING

This study was partially supported by grants 
from Natural Science Foundation of China (NSFC, No. 
81160286, No. 81273303, No. 91229119), Jiangxi Science 
and Technology Innovation Programs (20124ACB00800, 
20133BBG70019, 20135BBB70012), Canadian Institute 
of Health Research (CIHR), and London Regional Cancer 
Program (LRCP) and Canadian Breast Cancer Foundation 
(CBCF).

CONFLICTS OF INTEREST

The authors of this manuscript have no conflicts of 
interest to disclose.

REFERENCES

1. Ball HJ, Sanchez-Perez A, Weiser S, Austin CJ, Astelbauer 
F, Miu J, McQuillan JA, Stocker R, Jermiin LS, Hunt 
NH. Characterization of an indoleamine 2,3-dioxygenase-
like protein found in humans and mice. Gene. 2007; 
396:203-213.

2. Metz R, Duhadaway JB, Kamasani U, Laury-Kleintop L, 
Muller AJ, Prendergast GC. Novel tryptophan catabolic 
enzyme IDO2 is the preferred biochemical target of 
the antitumor indoleamine 2,3-dioxygenase inhibitory 
compound D-1-methyl-tryptophan. Cancer research. 2007; 
67:7082-7087.

3. Hou DY, Muller AJ, Sharma MD, DuHadaway J, Banerjee 
T, Johnson M, Mellor AL, Prendergast GC, Munn DH. 
Inhibition of indoleamine 2,3-dioxygenase in dendritic cells 
by stereoisomers of 1-methyl-tryptophan correlates with 
antitumor responses. Cancer research. 2007; 67:792-801.

4. Sun T, Chen XH, Tang ZD, Cai J, Wang XY, Wang SC, 
Li ZL. Novel 1-alkyl-tryptophan derivatives downregulate 
IDO1 and IDO2 mRNA expression induced by interferon-
gamma in dendritic cells. Molecular and cellular 
biochemistry. 2010; 342:29-34.

5. Maleki Vareki S, Rytelewski M, Figueredo R, Chen D, 
Ferguson PJ, Vincent M, Min W, Zheng X, Koropatnick 
J. Indoleamine 2,3-dioxygenase mediates immune-
independent human tumor cell resistance to olaparib, 
gamma radiation, and cisplatin. Oncotarget. 2014; 5:2778-
2791. doi: 10.18632/oncotarget.1916. 

6. Boerner BP, George NM, Targy NM, Sarvetnick NE. 
TGF-beta superfamily member Nodal stimulates human 
beta-cell proliferation while maintaining cellular viability. 
Endocrinology. 2013; 154:4099-4112.

7. Yuasa HJ, Ball HJ, Austin CJ, Hunt NH. 
1-L-methyltryptophan is a more effective inhibitor of 
vertebrate IDO2 enzymes than 1-D-methyltryptophan. 
Comparative biochemistry and physiology Part B, 
Biochemistry & molecular biology. 2010; 157:10-15.

8. Lob S, Konigsrainer A, Zieker D, Brucher BL, Rammensee 
HG, Opelz G, Terness P. IDO1 and IDO2 are expressed in 
human tumors: levo- but not dextro-1-methyl tryptophan 
inhibits tryptophan catabolism. Cancer immunology, 
immunotherapy. 2009; 58:153-157.

9. Austin CJ, Mailu BM, Maghzal GJ, Sanchez-Perez A, 
Rahlfs S, Zocher K, Yuasa HJ, Arthur JW, Becker K, 
Stocker R, Hunt NH, Ball HJ. Biochemical characteristics 
and inhibitor selectivity of mouse indoleamine 
2,3-dioxygenase-2. Amino acids. 2010; 39:565-578.

10. Hasmann M, Schemainda I. FK866, a highly 
specific noncompetitive inhibitor of nicotinamide 
phosphoribosyltransferase, represents a novel mechanism 
for induction of tumor cell apoptosis. Cancer research. 
2003; 63:7436-7442.

11. Pittelli M, Felici R, Pitozzi V, Giovannelli L, Bigagli 
E, Cialdai F, Romano G, Moroni F, Chiarugi A. 
Pharmacological effects of exogenous NAD on 
mitochondrial bioenergetics, DNA repair, and apoptosis. 
Molecular pharmacology. 2011; 80:1136-1146.

12. Metz R, Smith C, Duhadaway JB, Chandler P, Baban B, 
Merlo LM, Pigott E, Keough MP, Rust S, Mellor AL, 
Mandik-Nayak L, Muller AJ, Prendergast GC. IDO2 is 
critical for IDO1-mediated T-cell regulation and exerts 
a non-redundant function in inflammation. International 
immunology. 2014; 26:357-67. doi: 10.1093/intimm/
dxt073.

13. Uyttenhove C, Pilotte L, Theate I, Stroobant V, Colau D, 
Parmentier N, Boon T, Van den Eynde BJ. Evidence for a 
tumoral immune resistance mechanism based on tryptophan 



Oncotarget32340www.impactjournals.com/oncotarget

degradation by indoleamine 2,3-dioxygenase. Nature 
medicine. 2003; 9:1269-1274.

14. Kai S, Goto S, Tahara K, Sasaki A, Kawano K, Kitano 
S. Inhibition of indoleamine 2,3-dioxygenase suppresses 
NK cell activity and accelerates tumor growth. Journal of 
experimental therapeutics & oncology. 2003; 3:336-345.

15. Ren XB, Yu JP, Cao S, Ren BZ, Li H, Liu H, Min WP, Hao 
XS. Antitumor effect of large doses IL-2-activated HLA 
haploidentical peripheral blood stem cells on refractory 
metastatic solid tumor treatment. Cancer biotherapy & 
radiopharmaceuticals. 2007; 22:223-234.

16. Yen CL, Mar MH, Craciunescu CN, Edwards LJ, Zeisel 
SH. Deficiency in methionine, tryptophan, isoleucine, or 
choline induces apoptosis in cultured cells. The Journal of 
nutrition. 2002; 132:1840-1847.

17. Lee GK, Park HJ, Macleod M, Chandler P, Munn DH, 
Mellor AL. Tryptophan deprivation sensitizes activated T 
cells to apoptosis prior to cell division. Immunology. 2002; 
107:452-460.

18. Hart IR. The selection and characterization of an invasive 
variant of the B16 melanoma. The American journal of 
pathology. 1979; 97:587-600.

19. Nishikawa H, Inoue T, Izumi T, Nakagawa S, Koyama T. 
SSR504734, a glycine transporter-1 inhibitor, attenuates 
acquisition and expression of contextual conditioned fear 
in rats. Behavioural pharmacology. 2010; 21:576-579.

20. Fatokun AA, Hunt NH, Ball HJ. Indoleamine 
2,3-dioxygenase 2 (IDO2) and the kynurenine pathway: 
characteristics and potential roles in health and 
disease. Amino acids. 2013; 45:1319-29. doi: 10.1007/
s00726-013-1602-1.

21. Trabanelli S, Ocadlikova D, Ciciarello M, Salvestrini 
V, Lecciso M, Jandus C, Metz R, Evangelisti C, Laury-
Kleintop L, Romero P, Prendergast GC, Curti A, Lemoli 
RM. The SOCS3-independent expression of IDO2 
supports the homeostatic generation of T regulatory cells 
by human dendritic cells. Journal of immunology. 2014; 
192:1231-1240.

22. Li M, Zhang X, Zheng X, Lian D, Zhang ZX, Sun H, 
Suzuki M, Vladau C, Huang X, Xia X, Zhong R, Garcia 
B, Min WP. Tolerogenic dendritic cells transferring 
hyporesponsiveness and synergizing T regulatory cells 
in transplant tolerance. International immunology. 2008; 
20:285-293.

23. Ichim TE, Zheng X, Suzuki M, Kubo N, Zhang X, Min LR, 
Beduhn ME, Riordan NH, Inman RD, Min WP. Antigen-
specific therapy of rheumatoid arthritis. Expert opinion on 
biological therapy. 2008; 8:191-199.

24. Liu VC, Wong LY, Jang T, Shah AH, Park I, Yang X, 
Zhang Q, Lonning S, Teicher BA, Lee C. Tumor evasion 
of the immune system by converting CD4+CD25- T cells 
into CD4+CD25+ T regulatory cells: role of tumor-derived 
TGF-beta. Journal of immunology. 2007; 178:2883-2892.

25. Selvan SR, Dowling JP, Kelly WK, Lin J. Indoleamine 
2,3-dioxygenase (IDO): Biology and Target in Cancer 
Immunotherapies. Curr Cancer Drug Targets.

26. Chevolet I, Speeckaert R, Schreuer M, Neyns B, Krysko 
O, Bachert C, Hennart B, Allorge D, van Geel N, Van Gele 
M, Brochez L. Characterization of the immune network of 
IDO, tryptophan metabolism, PD-L1, and in circulating 
immune cells in melanoma. Oncoimmunology. 4:e982382.

27. Holmgaard RB, Zamarin D, Li Y, Gasmi B, Munn DH, 
Allison JP, Merghoub T, Wolchok JD. Tumor-Expressed 
IDO Recruits and Activates MDSCs in a Treg-Dependent 
Manner. Cell Rep. 13:412-424.

28. Qian F, Liao J, Villella J, Edwards R, Kalinski P, Lele 
S, Shrikant P, Odunsi K. Effects of 1-methyltryptophan 
stereoisomers on IDO2 enzyme activity and IDO2-mediated 
arrest of human T cell proliferation. Cancer immunology, 
immunotherapy. 2012; 61:2013-2020.

29. Jin EJ, Choi YA, Sonn JK, Kang SS. Suppression 
of ADAM 10-induced Delta-1 shedding inhibits cell 
proliferation during the chondro-inhibitory action of TGF-
beta3. Molecules and cells. 2007; 24:139-147.

30. Wada Y, Yoshida K, Tsutani Y, Shigematsu H, Oeda M, 
Sanada Y, Suzuki T, Mizuiri H, Hamai Y, Tanabe K, Ukon 
K, Hihara J. Neutrophil elastase induces cell proliferation 
and migration by the release of TGF-alpha, PDGF and 
VEGF in esophageal cell lines. Oncology reports. 2007; 
17:161-167.

31. Strick R, Ackermann S, Langbein M, Swiatek J, Schubert 
SW, Hashemolhosseini S, Koscheck T, Fasching PA, Schild 
RL, Beckmann MW, Strissel PL. Proliferation and cell-cell 
fusion of endometrial carcinoma are induced by the human 
endogenous retroviral Syncytin-1 and regulated by TGF-
beta. Journal of molecular medicine. 2007; 85:23-38.

32. Pelaia G, Gallelli L, D'Agostino B, Vatrella A, Cuda G, 
Fratto D, Renda T, Galderisi U, Piegari E, Crimi N, Rossi 
F, Caputi M, Costanzo FS, Vancheri C, Maselli R, Marsico 
SA. Effects of TGF-beta and glucocorticoids on map kinase 
phosphorylation, IL-6/IL-11 secretion and cell proliferation 
in primary cultures of human lung fibroblasts. Journal of 
cellular physiology. 2007; 210:489-497.


