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Purpose: Indolamine 2,3-dioxygenase (IDO) is the rate limiting enzyme of tryptophan 
degradation and is a negative prognostic factor in oral squamous cell carcinoma (OSCC) 
patients, while the underlying molecular mechanism remains unclear. This research aimed to 
explore the IDO expression and its biological functions in OSCC.
Materials and Methods: IDO expression was analyzed by qPCR, Western blots, and 
immunohistochemistry (IHC) in OSCC cell lines and tissue specimens. Tryptophan and 
kynurenine content were determined by UPLC-MS/MS in serum samples of OSCC patients 
and healthy controls. Oncomine databases and Kaplan-Meier survival analyses were used to 
identify the IDO expression and its correlation with OSCC prognosis. Cell counting, CCK8 
assay, flow cytometry, cell cycle, and EdU incorporation assays were used to assess the effect 
of IDO inhibition on OSCC growth either by shRNA or the IDO-specific inhibitor (epacado-
stat) in vitro. An OSCC xenograft mouse model was established to verify the predicted 
function of IDO inhibition in vivo. Mechanistically, an 84-gene apoptosis PCR array and 
rescue experiment were used to characterize the underlying mechanism involved in IDO- 
regulated apoptosis in OSCC.
Results: IDO expression was upregulated in OSCC cell lines and tissues and was negatively 
correlated with OSCC progression. Lentivirus-mediated IDO knockdown and epacadostat 
significantly reduced viability and promoted apoptosis of OSCC cells in vitro and in vivo. 
The apoptosis PCR array identified BCL2 related protein A1 (BCL2A1) as the most 
obviously changed gene at the transcriptional level. IDO inhibition downregulated 
BCL2A1 expression, increased the expression and translocation of cytochrome c, thus 
promoted apoptosis in OSCC. Overexpression of BCL2A1 reversed the pro-apoptotic effect 
of IDO inhibition.
Conclusion: The present results revealed that IDO directly affect the growth of OSCC cells 
by regulating BCL2A1 expression. IDO and the IDO-BCL2A1-cytochrome c axis may be 
potential therapeutic targets for OSCC.
Keywords: oral squamous cell carcinoma, indolamine 2, 3-dioxygenase, apoptosis, 
BCL2A1

Introduction
Head and neck cancer is the sixth most common cancer in the world, and oral 
squamous cell carcinoma (OSCC) accounts for 90% of the head and neck cancer.1,2 

More than 300,000 patients are diagnosed with OSCC worldwide annually, and 
25–50% of OSCC patients experience relapse regardless of treatment, location, or 
stage.3 Currently available therapies, including surgical resection, radiotherapy, and 
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chemotherapy, have achieved modest success, but the 
5-year overall survival rate of OSCC patients remains at 
approximately 50%.4 Therefore, seeking specific targets 
and designing new effective strategies for OSCC therapy 
is of great importance.

Tryptophan (Trp) is an essential amino acid that regulates 
protein synthesis and immune evasion during embryo 
implantation,5 thereby maintaining the stability of the internal 
environment.6 Indolamine 2,3-dioxygenase (IDO) catalyzes 
the rate limiting step of the degradation of Trp in the kynur-
enine (Kyn) pathway.7,8 In cancers, IDO activation boosts the 
formation of the immunosuppressive microenvironment, 
thereby inhibiting activation of anti-tumor immune responses. 
The mechanism underlying IDO-related immunosuppression 
relies on two processes: (1) overexpression of IDO in dendritic 
cells or tumor cells depletes the L-tryptophan in the tumor 
microenvironment, thus inhibiting cell cycle progression in 
lymphocytes through the general control nonderepressible 2 
(GCN2) pathway;9,10 and (2) accumulation of toxic IDO 
metabolites (ie, Kyn) induces apoptosis of lymphocytes and 
differentiation of regulatory T cells.7,11 Treatment with IDO 
inhibitors decreases the tumor mass and stimulates anti-tumor 
immune responses.12 In addition to its immunosuppressive 
function, IDO has an effect on tumor cell growth, which 
remains to be explored. Increased expression of IDO promotes 
tumor growth and metastasis by activating the IDO-aryl 
hydrocarbon receptor (AHR) axis in primary breast 
cancer.13,14 IDO and its downstream metabolites promote 
colon cancer cell proliferation by activating β-catenin 
signaling.15 IDO is associated with poor clinical outcomes 
and chemotherapeutic responses in various malignant 
diseases.15–19 Elevated IDO expression is a significant nega-
tive prognostic factor in OSCC patients, especially in those 
undergoing adjuvant radiochemotherapy17 and nimotuzumab 
therapy.20 However, the underlying molecular mechanism 
remains to be explored.

In this study, we found that IDO was upregulated in 
OSCC cell lines and tissues and was negatively correlated 
with OSCC progression. IDO inhibition markedly 
reduced OSCC cell viability and promoted apoptosis of 
OSCC cells in vitro and in vivo. Mechanistically, IDO 
may promote OSCC by regulating BCL2A1 expression, 
and targeting the IDO-BCL2A1-cytochrome c pathway 
promoted apoptosis of OSCC cells. The present findings 
may reveal the mechanisms underlying the regulatory 
role of IDO in OSCC and suggest that IDO and the IDO- 
BCL2A1-cytochrome c axis are potential therapeutic tar-
gets for OSCC.

Materials and Methods
Animals
Four-week-old pathogen-free male BALB/c nude mice 
purchased from Shanghai Laboratory Animal Center 
(Shanghai, China) were reared in the Specific Pathogen 
Free Animal Center of the Ninth People’s Hospital, 
Shanghai Jiao Tong University School of Medicine.

Cell Lines
The human immortalized oral epithelial cells (HIOEC) and 
OSCC cell lines (WSU-HN4, WSU-HN6, CAL27, and 
WSU-HN30) used in the study were provided by the 
Oral Oncology Department, Ninth People’s Hospital. 
HIOEC cells were cultured in defined keratinocyte serum- 
free medium (Gibco, New York, NY, USA). OSCC cells 
were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin- 
streptomycin. All cells were cultured in a humidified 
atmosphere containing 5% CO2 at 37°C.

Immunohistochemistry (IHC)
IHC was used to determine IDO expression in clinical 
samples. Before staining, paraffin-embedded OSCC tis-
sue sections were placed in a 60°C incubator for 2 hours. 
Then, they were deparaffinized in xylene and soaked in 
the reducing concentrations of ethanol (90%, 80%, and 
70%) to rehydrate. Sections were then boiled in citric 
acid buffer for 8 min to retrieve antigen, blocked in 5% 
goat serum for 20 min, and incubated in 3% H2O2 to 
suppress endogenous peroxidase activity. Sections were 
incubated in the 100-fold diluted anti-IDO (CST) anti-
body at 4°C overnight, rinsed with PBS the next day, and 
then incubated with the secondary antibody (peroxidase- 
conjugated goat anti-rabbit antibody) at room tempera-
ture for 1 hour. The sections were developed in DAB 
solution and the staining was observed under 
a microscope (Olympus, Japan). The staining was termi-
nated with distilled water and counter-stained with hema-
toxylin. Light microscopy was used to observe the 
sections.

RNA Extraction, PCR Array and qPCR 
Validation
To determine the mRNA expression of IDO and analyze 
gene expression after IDO knockdown, a human apoptosis 
PCR assay (Wcgene Biotech, Shanghai, China) and qPCR 
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were performed according to the manufacturer’s protocols. 
HIOEC and OSCC cells were collected using the TRIzol 
reagent (Invitrogen, USA) to obtain total RNA, and the 
PrimeScript RT Reagent kit (TaKaRa, Shiga, Japan) was 
used for reverse transcription. Genes that showed >2-fold 
change in expression level in the two lentivirus-mediated 
IDO knockdown OSCC cell lines were further analyzed by 
qPCR. qPCR was performed using the SYBR Premix Ex 
Taq II kit (TaKaRa, Shiga, Japan) according to the manu-
facturer’s protocols. Considering the difference of total 
RNA among different samples, β-actin was used as an 
endogenous control. The gene transcription levels were 
analyzed using 2−ΔΔCt. Primer sequences were as follows: 
IDO sense, 5ʹ-AGTTCTGGGATGCATCACCA-3ʹ, anti-
sense, 5ʹ-ACTGCAGTCTCCATCACGAA-3ʹ; BCL2A1 
sense, 5ʹ-GTCTCCATCACGAA-3ʹ, antisense, 5ʹ- 
CGCAACATTTTGTAGCACTCTG-3ʹ; Caspase-5 sense, 
5ʹ-TCACCTGCCTGCAAGGAATG-3ʹ, antisense, 5′- 
TCTTTTCGTCAACCACAGTGTAG-3′; TNFRSF11B 
sense, 5′-GCGCTCGTGTTTCTGGACA-3′, antisense, 5′- 
AGTATAGACACTCGTCACTGGTG-3′; TNFRSF9 
sense, 5′-TCCACCAGCAATGCAGAGTG-3′, antisense, 
5′-CCAAAGCAACAGTCTTTACAACC-3′; CD27 sense, 
5′-CAGAGAGGCACTACTGGGCT-3′, antisense 5′- 
CGGTATGCAAGGATCACACTG-3′; CD70 sense, 5′- 
GCTTTGGTCCCATTGGTCG-3′, antisense 5′- 
CGTCCCACCCAAGTGACTC-3′; DAPK sense, 5′- 
AATGGTGTTTACTACCTGCACTC-3′, antisense 5′- 
CTCAGGAGCGACAAACTCTGG-3′; β-actin sense, 5′- 
GCGGGAAATCGTGCGTGACAT-3′, antisense 5′- 
GATGGAGTTGAAGGTAGTTTCG-3′.

Western Blot Analysis
Total protein determinations used the RIPA lysis buffer 
(Beyotime Biotechnology, Nanjing, China) supplemented 
with 1 mM PMSF on ice for 30 min; proteins were quanti-
fied by the Nanodrop assay (Thermo) and denatured using 
a 100°C water bath. Equal amounts of total protein calcu-
lated according to the concentration of each sample were 
separated on 12.5% SDS PAGE. The protein bands were 
transferred to PVDF membranes (Bio-Rad, Hercules, CA, 
USA). The non-specific bands were blocked by 5% nonfat 
milk powder dissolved in Tris-buffered saline (TBS)/ 
Tween20 (TBS/T) at a final concentration of 5% used to 
block the non-specific sites. The blots were detected using 
specific antibodies overnight at 4°C and washed three times 
by TBST followed by incubated in HRP-conjugated second-
ary antibody for 1 hour at room temperature. Finally, all 

immunoreactive signals were analyzed with the Allcam 
detection system (Tanon, Canton, MA, USA).

Serum Sample Collection
Serum was collected from OSCC patients (n=34) and 
healthy controls (n=35) during January 2018 and 
December 2018. None of the patients had received pre-
vious chemotherapy or radiotherapy, nor did they have 
a history of prior malignancies. Healthy controls were 
volunteers without oral diseases, autoimmune disorders, 
or immunodeficiency. The TNM staging was according 
to the standards of the American Joint Committee on 
Cancer (AJCC). All subjects provided written informed 
consents. The clinical information of the OSCC patients 
and healthy controls is summarized in Table 1. There 
was no statistically significant difference in average age 
between patients and healthy controls. Each blood sam-
ple was clotted for 45 min at room temperature prior to 
centrifugation at 3000 × g for 10 min. The serum was 
collected into a 1.5 mL centrifuge tube and frozen at 
−80°C before analysis.

Gene Knockdown
Short hairpin RNAs (shRNAs) (Sangon Biotech, 
Shanghai, China) was used to knockdown the expression 
of IDO in OSCC cells. The sequences of the shRNA 
duplex targeting IDO (IDO-SH1) were as follows: sense, 
5ʹ-TGGATGTTCATTGCTAAAC-3ʹ, antisense, 5ʹ- 
TAAAGCCTGAGGAGGCCCTGGG-3′. Those targeting 
IDO-SH2 were as follows: sense, 5′- 
ACGATCATGTGAACCCAAA-3′, antisense, 5′- 
TTGTTGGCAATTTCCATCCAAG-3′. The sequence of 
the negative control (mock) vector was as follows: 5′- 
GAAGCAGCACGACTTCTTC-3′. After 12-hour lenti-
virus particle transfection, stable transfected cells were 
selected with puromycin for another 7 days. The efficiency 
of gene knockdown was confirmed by qPCR and Western 
blotting.

Cell Proliferation
Cells were seeded into 96-well plates at a density of 5 × 
103/well. After 1, 2, or 4 days, the culture medium was 
removed and the cell counting kit-8 (CCK8) solution 
(Dojindo, Japan) (10%/well) was added into each well to 
measure cell proliferation. After incubation for 2 hours, 
absorbance was measured at a wavelength of 450 nm on 
a microplate reader (Bio-Rad).
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Cell Counting
Cells were seeded into 6-well plates at a density of 4 × 
105/well). After 1, 2, or 4 days, cells were digested by 
trypsinization and suspended in DMEM. Cell number was 
counted under light microscopy using a Neubauer 
improved chamber.

Apoptosis and Cell Cycle Analysis
IDO knockdown (IDO-SH1 and IDO-SH2) and control 
CAL27 cells (mock) were seeded in 6-well plates, and 

after 24 hours, when reaching 70% confluence, they were 
harvested by trypsinization for apoptosis and cell cycle 
analysis. OSCC cells (2 × 105 cells/well) were seeded in 
6-well plates. After 24 hours, the medium was replaced 
with fresh medium containing 0, 20, or 40 μmol/L (μM) 
epacadostat for another 24 hours. Cells were prepared for 
apoptosis and cell cycle analysis. For apoptosis analysis, 
cells were stained with Annexin V-APC and 7-AAD. For 
cell cycle analysis, cells were fixed with cold 70% ethanol 
overnight followed by staining with PI/RNase staining 
buffer according to the manufacturer’s procedures. 
Apoptosis rate and cell cycle distribution were determined 
by a flow cytometry (BD FACSCanto II, San Francisco, 
CA, USA).

EdU Incorporation Assay
The cell preparation was as described for apoptosis and 
cell cycle analysis. To test DNA replication, duplicate 
DNA was marked using an EdU (5-ethynyl-2ʹ- 
deoxyuridine) Detection Kit (Beyotime Biotechnology) 
according to the manufacturer’s instructions. The EdU 
incorporation rate was measured using immunofluores-
cence (Olympus fluorescent microscope, Japan).

Transient Plasmid Transfection
IDO knockdown (IDO-SH1 and IDO-SH2) and control 
CAL27 cells were transfected with the vectors pTSB (empty 
vector) and pTSB-BCL2A1 (BCL2A1 overexpression plas-
mid), which were purchased from TranSheepBio (Shanghai, 
China). The BCL2A1 sequence was as follows: gaattcgccac-
catgacagactgtgaatttggatatatttacaggctggctcaggactatctg-
cagtgcgtcctacagataccacaacctggatcaggtccaagcaaaacgtcca-
gagtgctacaaaatgttgcgttctcagtccaaaaagaagtggaaaagaatctgaagt-
catgcttggacaatgttaatgttgtgtccgtagacactgccagaacactattcaac-
caagtgatggaaaaggagtttgaagacggcatcattaactggggaagaattgtaac-
catatttgcatttgaaggtattctcatcaagaaacttctacgacagcaaattgccccg-
gatgtggatacctataaggagatttcatattttgttgcggagttcataatgaataacacag-
gagaatggataaggcaaaacggaggctgggggaaatggcacaatcacacacc-
tatgctggtagagtcagtggcccacaagaagaggaaaatggctttgggatcc. 
Aliquots containing 4 μg of plasmid/vector and 10 μL PEI 
were used per well (6-well plates). After 6 hours, the medium 
was replaced with antibiotics-free culture medium. The trans-
fection efficiency was estimated to be 70% after using a GFP 
(green fluorescent protein) expressing plasmid. After 48 hours, 
cells were collected and lysed to obtain total protein and 
prepared for Western blot analysis.

Table 1 Clinical Characteristics of the Patients with OSCC and 
Healthy Controls

Characteristics OSCC 
Patients

Healthy 
Controls

(n=34) (n=35)

Age (years; mean ± SDa) 55±10 55±9

Gender
Male 18 18

Female 16 17

Tumor site
Tongue 23

Gingiva 4
Lip 1

Cheek mucosa 3

Oral floor 3

T classificationb

Tis 1
T1 13

T2 9

T3 2
T4 9

N classificationb

N0 21

N1 3
N2 10

N3 0

M classificationb

M0 32

M1 2

AJCC stage
I 19
II 14

III 0

IV 1

Notes: aSD, standard deviation. bTNM, tumor-lymph-node-metastasis classification, 
confirmed by a histopathological examination within the 12-month follow-up 
period.
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Cellular Distribution of Cytochrome c
Confocal microscopy was used to show the distribution of 
cytochrome c. Cells were incubated with MitoTracker dye 
(MitoTracker Deep Red, Molecular Probes, Invitrogen) for 
45 min in an incubator in the dark. Then, the slides were 
fixed with 4% formaldehyde at room temperature for 30 min 
and blocked with 5% normal goat serum in PBS containing 
0.2% Triton X-100 (TPBS) for 1 hour at room temperature to 
reduce nonspecific labeling. The fixed slides were stained with 
a primary anti-cytochrome c antibody (12963S; Cell Signaling 
Technology, Danvers, MA, USA) at 4°C for 12–16 hours, then 
with an AF-561-labeled secondary antibody at 37°C for 60 
min. The cells were also subjected to 4′,6-diamidino-2-pheny-
lindole staining to visualize the nuclei. Images were obtained 
using different excitation filters and merged.

Mouse Xenograft Models
To assess the effect of IDO knockdown on OSCC tumor 
xenograft progression, 5 × 106 control cells and IDO-SH1 
CAL27 cells were injected into the right side and left side, 
respectively, on the mouse inguen and allowed to grow 
until visible (five mice total). Tumors were measured 
every 7 days for 49 days with Vernier digital calipers.

To verify the effect of the IDO inhibitor in vivo, 5 × 106 

CAL27 cells were injected into the left side and right side of 
the mouse inguen. When the tumor volume reached approxi-
mately 80 mm3, mice were randomly distributed to control and 
treated groups (five mice in each group), and treatment was 
initiated. The treated and control groups received intraperito-
neal injection of epacadostat (100 mg/kg) and DMSO, respec-
tively, every 3 days for a total of five injections and tumors 
were measured with Vernier digital calipers on the same day.

Mice were sacrificed at the end of the experiments. 
Tumors obtained were fixed with 4% phosphate-buffered 
paraformaldehyde and embedded in paraffin for IHC.

Statistical Analysis
All results were verified by at least three independent 
experiments and are presented as the mean ± SD. 
Statistical analyses between two groups were performed 
with t-tests using SPSS version 23.0 software.

Results
The Expression Level of IDO is 
Correlated with OSCC Progression
IDO expression in HIOEC and OSCC cells was analyzed 
by qPCR and Western blot analysis. The study included 

four OSCC cell lines: CAL27, WSU-HN4, WSU-HN6, 
and WSU-HN30. The qPCR results indicated that IDO 
mRNA expression of the OSCC cells was remarkably 
higher than that of HIOEC cells (Figure 1A, p < 0.01). 
The overexpression of IDO in OSCC cells was confirmed 
by Western blot analysis (Figure 1B). Higher expression at 
the transcriptional and translational levels suggested that 
IDO played a functional role in OSCC. IDO expression in 
tissues was assessed by collecting four pairs of OSCC 
tissue specimens and normal oral epithelial tissue speci-
mens. Samples were fixed and embedded in paraffin, and 
tissue sections were processed as described in Materials 
and methods. IDO expression in human tissues was deter-
mined by IHC staining, which verified that IDO expres-
sion was higher in OSCC tissues than that in peritumoral 
tissues (Figure 1D), and this was confirmed by the 
Oncomine database (Figure 1E and S1). Trp and Kyn 
were analyzed by UPLC-MS/MS in serum samples from 
34 patients with OSCC (55.31 ± 10.43 years old) and 35 
healthy controls (55.46 ± 9.13 years old) (Table 1). As 
shown in Figure 1C, the Kyn/Trp ratio was higher in 
OSCC patients than that in healthy controls (9.87 ± 
2.57% and 8.73 ± 1.48%, respectively, p < 0.05), indicat-
ing that IDO was activated in OSCC. Kaplan-Meier survi-
val analysis showed that OSCC patients with higher IDO 
expression had a worse prognosis than those with lower 
IDO expression (Figure 1F, p < 0.05), suggesting that IDO 
promoted OSCC progression.

IDO Inhibition Decreases the Viability of 
OSCC Cells
As the qPCR results indicated that higher IDO expres-
sion was found in CAL27 cells, we chose CAL27 cells 
to investigate whether IDO potentiates OSCC progres-
sion. IDO shRNAs were constructed and transfected into 
CAL27 cells (Figure 1A and B). The knockdown effi-
cacy was determined by qPCR (Figure 2A) and Western 
blotting (Figure 2B), which showed that IDO was mark-
edly downregulated by shRNA transfection in OSCC 
cells. Cell counting and CCK8 assays were used to 
explore the effect of ectopic IDO expression on the 
malignant phenotype of OSCC cells. IDO knockdown 
significantly decreased the growth (Figure 2C) and via-
bility (Figure 2D) of OSCC cells, indicating that IDO 
might play an important role in OSCC cell growth. To 
further confirm this, we used an IDO inhibitor—epaca-
dostat, which competes with the Kyn pathway substrate 
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Figure 1 The expression level of IDO is correlated with oral squamous cell carcinoma progression. (A) Expression analysis of IDO by qPCR in oral squamous cell carcinoma cell 
lines. Analysis of IDO expression in normal (HIOEC) and OSCC (CAL27, WSU-HN4, WSU-HN6 and WSU-HN30) cell lines. (B) Expression analysis of IDO by Western blot in 
OSCC cell lines. Analysis of IDO expression in normal (HIOEC) and OSCC (CAL27, WSU-HN4, WSU-HN6 and WSU-HN30) cell lines. The Western blot shown here is 
a representative of three independent experiments. (C) The ratio of KYN (Kynuenine)/TRP (Tryptophan) in OSCC patients. TRP and KYN were analyzed by UPLC-MS/MS. (D) 
IDO immunohistochemistry analysis of OSCC or paratumor tissues (original magnification 200×, scale bar, 200 μm). (E) IDO gene analysis in OSCC (Oncomine database). Box 
plots derived from gene expression data in Oncomine comparing expression of IDO gene in oral cavity (left plot) and OSCC (right plot). (F) Kaplan-Meier analysis of OSCC patients 
with low level (112 cases) vs high level (33 cases) of IDO expression. P-values were calculated by Log rank test. (*P < 0.05, **P < 0.01).
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Trp to bind to the catalytic domain of IDO1. Dose- 
dependent and time-dependent effects of epacadostat on 
OSCC cells were determined by the CCK-8 assay. 
Results indicated that epacadostat significantly reduced 
cell viabilities at the concentration of 2.5 μM, and the 
inhibiting effect was much more obvious at the concen-
trations of 20 μM and 40 μM (Figure 2E and F). Thus, 
we finally chose the higher concentration for further 
experiment, which was similar in a study of colorectal 
cancer with the concentration of 50 μM.16 Epacadostat 
also inhibited cell growth in a time-dependent manner, as 
shown in Figure 2G and H. Therefore, inhibiting IDO by 
shRNA or a specific inhibitor decreased the viability of 
OSCC cells.

IDO Inhibition Promotes Apoptosis of 
OSCC Cells
Flow cytometry analysis was used to explore whether 
blocking IDO expression caused apoptosis in OSCC 
cells. The results showed that knockdown of IDO in 
CAL27 cells increased the percentage of apoptotic cells 
from 3.85 ± 0.47% to 12.39 ± 2.89% or 9.59 ± 0.57% 
(Figure 3A). Using the Western blot assay, we found that 
IDO knockdown markedly increased the expression of 
cleaved caspase-3 in OSCC cells (Figure 3C), which 
identified the pro-apoptotic effect of IDO knockdown. 
Similar results were observed in CAL27 and WSU-HN6 
cells treated with the IDO inhibitor epacadostat (Figure 
3B and D, S2). CAL27 and WSU-HN6 cells were treated 
with 0, 20, and 40 μM of epacadostat for 24 hours and 
analyzed by flow cytometry. Results showed that epaca-
dostat significantly increased the percentage of apoptosis 
in OSCC cells. For CAL27 cells, the percentage of 
apoptosis was 8.56 ± 0.54% in cells treated with 20 
μM epacadostat and 11.84 ± 1.75% in those treated 
with 40 μM, compared with 5.82 ± 0.40% of apoptosis 
in the control group. The same tendency was observed 
for WSU-HN6 cells. These data indicated that blocking 
IDO expression by IDO-shRNA or IDO inhibitor sup-
pressed OSCC growth by promoting apoptosis.

IDO Inhibition Induces Apoptosis by 
Repressing BCL2A1 Expression in OSCC 
Cells
To explore the signaling pathways involved in IDO- 
regulated apoptosis in OSCC, an 84-gene qPCR-based 
apoptosis array was performed. The apoptosis array 

identified 15 and 13 genes with a more than two-fold 
change in transcription level in IDO-SH1 and IDO-SH2 
(Figure S4A), respectively. Seven apoptosis-related 
genes—BCL2A1, caspase-5, TNFRSF11B, TNFRSF9, 
CD27, CD70, and DAPK—showed similar changes in 
two knockdown OSCC cell lines (Figure 4A). As 
shown in Figure 4B, IDO knockdown significantly 
decreased BCL2A1 expression by 23.78-fold and 3.15- 
fold in IDO-SH1 and IDO-SH2, respectively, compared 
with the controls (p < 0.05). Similar results were 
observed in CAL27 and WSU-HN6 cells treated with 
the IDO inhibitor epacadostat (Figure S4B). BCL2A1 is 
a member of the BCL-2 protein family. The protein 
encoded by the BCL2A1 gene decreases the release of 
pro-apoptotic cytochrome c from mitochondria and 
blocks caspase activation, thus acting as an anti- 
apoptotic regulator involved in a wide variety of cellular 
activities such as embryonic development, homeostasis, 
and tumorigenesis.18 To examine the role of the IDO- 
BCL2A1-cytochrome c axis in regulating apoptosis in 
OSCC cells, the expression of molecules involved and 
the localization of cytochrome c relative to mitochondria 
was determined by Western blotting and immunofluores-
cence staining, respectively. The results showed that IDO 
knockdown and epacadostat treatment downregulated 
BCL2A1 and upregulated cytochrome c, thereby promot-
ing apoptosis (Figure 4C). Immunofluorescence staining 
results revealed that cytochrome c co-localized with the 
mitochondrial marker (Mito Tracker) in the control 
WSU-HN6 and CAL27 cells, while cytosolic cytochrome 
c was increased in the IDO knockdown and epacadostat- 
treated cells (Figure 4D). Overexpression of BCL2A1 
decreased the release of cytochrome c and restored apop-
tosis induction in IDO knockdown OSCC cells (Figure 
4E). These data indicated that IDO inhibition induced 
apoptosis in OSCC by regulating BCL2A1 and targeting 
the IDO-BCL2A1-cytochrome c pathway promoted 
OSCC cell apoptosis.

Inhibition of IDO Suppresses OSCC 
Xenograft Tumor Growth
The animal model of CAL27 transplanted in nude was 
established to observe the effect of IDO inhibition on 
OSCC progression in vivo. When the tumor volume 
reached 80 mm3, mice were randomly assigned into con-
trol and treated groups. As epacadostat was used at the 
concentration of 100mg/kg in vivo in a previous study of 
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Figure 2 IDO inhibition decreased the cell viabilities of OSCC cells. (A and B) Knockdown efficiency detection of IDO in CAL27 cells. Expression analysis of IDO by (A) 
qPCR and (B) Western blot in CAL27 cells. IDO was stably knocked down in CAL27 cells using lentivirus-generated shRNA. (C) Effects of IDO knockdown on growth of 
OSCC cells. Cytometry analysis of IDO knockdown and control CAL27 cells at the indicated time points. (D) Effects of IDO knockdown on cell viability of OSCC cells. 
CCK8 analysis of IDO knockdown and control CAL27 cells at the indicated time points. (E and F) OSCC cells were treated without or with epacadostat (0.5, 2.5, 10, 20, or 
40 μM) for 24 hours. Cell viability was analyzed using the CCK8 assay. (G and H) IDO inhibitor epacadostat induced a significant decrease of cell viabilities to CAL27 and 
WSU-HN6 cell lines by CCK8. CAL27 and WSU-HN6 cells were treated with 40 μM of epacadostat for 0, 24, 48 and 96 h. (*P < 0.05, **P < 0.01, ***P<0.001).
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Figure 3 IDO inhibition promoted apoptosis of OSCC cells. (A) Effects of IDO knockdown on apoptosis of OSCC cells. Flow cytometry analysis of Annexin V expression 
in IDO knockdown and control CAL27 cells. (B) Effects of epacadostat on apoptosis of OSCC cells. CAL27 and WSU-HN6 cells were treated with 0, 20, and 40 μM of 
epacadostat for 24 hours, stained for Annexin V and analyzed by flow cytometry. (C) Representative Western blots show the expression of caspase-3 and IDO in IDO 
knockdown and control CAL27 cells. (D) Representative Western blots show the expression of caspase-3 and IDO in epacadostat-treated CAL27 and WSU-HN6 cells. (*P 
< 0.05, **P < 0.01).
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Figure 4 IDO inhibition induced apoptosis of OSCC cells through repressing BCL2A1 expression. (A) Heatmap of the consistently down-regulated and up-regulated genes of IDO 
knockdown and control CAL27 cells. (B) Top consistently down-regulated and up-regulated genes were individually verified using qPCR. (C) The expression of IDO, BCL2A1, 
cytochrome c and caspase-3 in IDO knockdown and OSCC cells (CAL27 and WSU-HN6) treated with 0, 20, and 40 μM of epacadostat for 24 hours was detected by Western 
blots. (D) The co-localization of cytochrome c with mitochondria in IDO knockdown and OSCC cells (treated with 20 μM epacadostat for 24 h) is presented in cells labeled using 
Mito tracker dye and observed using a confocal microscope. Merged images are shown, and the yellow color represents co-localization of cytochrome c (green) and mitochondria 
(red) (scale bar, 20 μm). (E) Effects of BCL2A1 overexpression on apoptosis of IDO knockdown and control CAL27 cells. IDO knockdown CAL27 cells and control CAL27 cells 
were treated with BCL2A1 activator for 24 hours, and the expression of IDO, BCL2A1, cytochrome c and caspase-3 were detected by Western blots.
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Lewis lung cancer,21 we chose the same dose in our study. 
Mice received 100 mg/kg of epacadostat intraperitoneally 
every 3 days. Tumor volumes were calculated and tumor 
weights were recorded. No obvious side effects were 
found in epacadostat-treated mice (Figure S5A). 
Consistent with the in vitro results, epacadostat markedly 
inhibited tumor growth by 69.35% (Figure 5A). Compared 
with the control group, epacadostat-treated mice had 
a significantly lower tumor burden, as indicated by the 
smaller size and less weight of tumors (Figure 5B and 
C). The mean weight of the tumors from mice treated 
with epacadostat was approximately 65.58% lower than 
that from control mice. Moreover, to confirm the impact of 
IDO knockdown on the growth of OSCC xenograft 
tumors, mock vector-transfected cells and shRNA- trans-
fected cells (IDO-SH1) were subcutaneously implanted 
into each side of the inguen of mice, respectively. The 
results showed that tumors in mice receiving IDO knock-
down cells had smaller size and less weight than those of 
control mice (Figure 5D–F and S5B). Furthermore, to 
assess the effect of IDO inhibition on BCL2A1 protein 
levels and apoptosis of tumor cells in vivo, BCL2A1 and 
cleaved caspase-3 expression were analyzed by IHC in 
xenograft tumors. In line with the results in vitro, IDO- 
SH1 and epacadostat significantly reduced BCL2A1 
expression and promoted the cleavage of caspase-3 com-
pared with those in control cells (Figure 5G–H). These 
data indicated that IDO knockdown suppressed the expres-
sion of BCL2A1 and promoted apoptosis, thereby suppres-
sing the growth of OSCC cells in vivo.

Discussion
OSCC accounts for the majority of head and neck cancer, 
and it can arise in different locations including the tongue, 
gingiva, floor of the mouth, and buccal area.2,4 The com-
plex carcinogenesis of the disease from precancerous dys-
plastic lesions to carcinoma is still poorly understood. In 
the present study, we found that IDO expression was 
upregulated in OSCC and was negatively correlated with 
OSCC progression. IDO knockdown or IDO inhibitor 
induced apoptosis of OSCC cells in vitro. Silencing IDO 
inhibited the expression of the anti-apoptotic regulator 
BCL2A1, thereby increased the release of cytochrome 
c and promoted OSCC cell apoptosis. BCL2A1 overex-
pression reversed the induction of apoptosis caused by 
IDO knockdown. Silencing IDO expression significantly 
inhibited OSCC tumor growth in vivo. The present results 
indicated that IDO may promote OSCC growth by 

regulating BCL2A1 expression and targeting the IDO- 
BCL2A1-cytochrome c pathway may help to the therapy 
of OSCC.

Trp is an essential amino acid that plays crucial roles in 
immune suppression and tumor progression.6,7 IDO, the 
rate-limiting enzyme in the Trp degradation pathway, is 
present in two isoforms, IDO1 and IDO2. Both isoforms 
regulate the degradation of Trp to Kyn, although IDO1 has 
a 20–30-fold higher enzymatic activity than IDO2. IDO1 
is expressed in cancer cells and surrounding cells, whereas 
IDO2 is mainly expressed in the liver and kidney,22,23 and 
both isoforms have different expression patterns in differ-
ent tumors. In this study, qPCR results showed that IDO1, 
but not IDO2 or tryptophan-2,3-dioxygenase, was upregu-
lated in OSCC cell lines, which is consistent with the 
results reported by Laimer et al.17 In cancers, increased 
IDO activity promotes the development of an immunosup-
pressive microenvironment that supports tumor growth. 
IDO is associated with poor clinical outcome and che-
motherapeutic response in various malignant diseases 
including OSCC.15–19 High expression of IDO is 
a significant negative prognostic factor in patients with 
OSCC, especially in those undergoing adjuvant 
radiochemotherapy17 and nimotuzumab therapy.20 Thus, 
inhibition of IDO alone or in combination with classical 
chemotherapeutic agents has become a hot topic in the 
field of cancer treatment.24,25 Chronic inflammation 
increases the rates of necrotic and apoptotic cell death in 
IDO-KO mice,26 which may promote immune escape and 
tumor cell proliferation in OSCC.27 In addition to its 
immunosuppressive function, IDO overexpression pro-
motes tumor growth and metastasis by activating IDO- 
AHR or β-catenin signaling in primary breast cancer and 
colon cancer.14,28 Limited research has reported that over-
expression of IDO contributed to the differentiation of 
Treg, leading to immunosuppression responses in chronic 
periodontitis, which is a dysbiotic disease linked to 
increased risk of OSCC.29 However, the clinical signifi-
cance of IDO expression in OSCC is unclear, and the 
underlying molecular mechanism remains to be explored.

In the present study, we found that IDO expression was 
upregulated in OSCC and was negatively correlated with 
OSCC progression. By the CCK8 assay, we found that IDO 
inhibition reduced OSCC cell viabilities. As cell viability can 
be affected by cell death and proliferation, we later deter-
mined cell apoptosis, cell cycle and cell proliferation with the 
flow cytometry and EdU incorporation assay (Figure S3). 
Results indicated that IDO inhibition induced OSCC cell 
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Figure 5 IDO inhibition suppressed OSCC xenograft growth in vivo. (A–C) Epacadostat reduced tumor formation of OSCC. The OSCC xenograft mouse model was established with 
CAL27 cells, and mice were grouped and treated with 100 mg/kg epacadostat or DMSO. Graphs showed the (A) tumor volumes and (C) tumor weight from control and epacadostat- 
treated groups. Results are presented as the mean ± SD. (B) Representative image of tumors in each group. (D–F) IDO knockdown attenuated tumor growth of OSCC. Mock vector- 
transfected cells and shRNA- transfected cells (IDO-SH1) were implanted into each side of the inguen of mice. Graphs showed the (D) tumor volumes and (F) tumor weight of IDO-SH1 
and control CAL27 cells groups. The results are presented as the mean ± SD. (E) Representative image of tumors in each group. (G and H) The expression of IDO, BCL2A1, and caspase- 
3 in tumors from epacadostat-treated (G) and IDO knockdown (H) mice were indicated by immunohistochemical staining (original magnification 400×; scale bar, 500 μm). Tumor 
volume (mm3) = a × b2/2, where a is the longest diameter and b is the shortest diameter. Results are representative of three independent experiments. (*P < 0.05, **P < 0.01).
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apoptosis but not cell proliferation decrease. Although there 
was report that IDO inhibition induced G2/M cycle arrest in 
colorectal cancer cells,16 we guess this could be attributed to 
the difference of cancer cell type. Kyn is a natural ligand of 
AHR and their interaction, which leads to the nuclear trans-
location of AHR, is related to oncogene expression, angio-
genesis, and cell survival, as well as effects on immune cell 
function.10,30,31 Here, exogenous Kyn failed to rescue the 
growth retardation and apoptosis caused by IDO knockdown 
(data not shown), and IDO knockdown did not affect the 
expression of CYP1A1, a target gene of AHR, in OSCC, 
suggesting that the promotion of apoptosis by IDO inhibition 
was independent of the Kyn-AHR interaction.

Deregulation of apoptosis is a hallmark of cancer cells, 
and the agents that activate apoptosis in cancer cells could be 
valuable as anticancer therapeutics.32 In the present study, the 
results of flow cytometry indicated that knocking down IDO 
or IDO inhibitor treatment induced apoptosis in OSCC 
cells.33 The BCL2 family of proteins constitutes a critical 
checkpoint in apoptotic programmed cell death by regulating 
apoptotic molecules, including the release of cytochrome 
c from mitochondria. An apoptosis PCR array identified 
BCL2A1 as a markedly downregulated protein in response 
to IDO knockdown. BCL2A1, which has not been studied 
extensively compared with other BCL2-family proteins, is 
processed by the ubiquitin-proteasome system.34 BCL2A1 
inhibits apoptosis by interacting with several proapoptotic 
proteins, including BAX, BID, and PUMA, and decreases 
the release of pro-apoptotic cytochrome c from mitochon-
dria, as well as blocking caspase activation.35,36 BCL2A1 is 
overexpressed in various cancer cells,28,37–39 and it is over-
expressed in 88.9% of OSCC samples.37 BCL2A1 increased 
5-fold in OSCC stem cell-like cancer cells (side 
population),40 indicating that it may play a facilitative role 
in OSCC progression. Mandal et al reported that overexpres-
sion of BCL2A1 contributes to T cell leukemia by inhibiting 
caspase-3 activation.34 Hu et al showed that the microRNA- 
573/apoM/BCL2A1 pathway is essential for hepatocyte 
apoptosis and hepatocarcinogenesis.41 In addition, BCL2A1 
contributes to anti-cancer drug resistance.42,43 Therefore, the 
development of BCL2A1 inhibitors may be a promising 
approach to sensitize tumor cells to apoptosis and thus 
improve the efficiency of anti-cancer therapy.35 In this 
study, knockdown of IDO by lentivirus-mediated transfec-
tion or treatment with an IDO inhibitor downregulated 
BCL2A1, increased the release of cytochrome c, and pro-
moted caspase-3 cleavage, thereby promoting apoptosis in 
OSCC. Overexpression of BCL2A1 reversed apoptosis 

induced by IDO knockdown. These results indicated that 
IDO may play a facilitative role in OSCC by regulating 
BCL2A1 expression.

Conclusion
This study showed that IDO promoted tumor progression 
in OSCC by modulating BCL2A1 expression and targeting 
the IDO-BCL2A1-cytochrome c pathway promoted apop-
tosis of OSCC. These findings provide new insight into the 
mechanisms underlying OSCC progression and identify 
IDO as a potential prognostic biomarker and therapeutic 
target for OSCC.
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