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Abstract. Liver cancer is a malignant cancer phenotype for 
which there currently remains a lack of reliable biomarkers 
and therapeutic targets for disease management. Tryptophan 
2,3‑dioxygenase (TDO2), a heme‑containing polyoxygenase 
enzyme, is primarily expressed in cells of the liver and 
nervous systems. In the present study, through the combina‑
tion of cancer bioinformatics and analysis of clinical patient 
samples, it was shown that TDO2 expression in liver cancer 
tissue samples was significantly higher than that in normal 
tissues, and liver cancer patients with high TDO2 expression 
had a poor prognosis. Mechanistic studies on liver cancer 
cells showed that TDO2 promoted cancer cell migration and 
invasion via signal transduction through the Wnt5a pathway. 
Such regulation impacted the expression of cancer‑associated 
biomarkers, such as matrix metalloprotease 7 (MMP7) and 

the cell adhesion receptor CD44. Treatment with a calcium 
channel blocker (azelnidipine) reduced TDO2 levels and 
inhibited liver cancer cell migration and invasion. A mouse 
xenograft cancer model showed that TDO2 promoted tumori‑
genesis. Furthermore, azelnidipine treatment to downregulate 
TDO2 also decreased liver cancer development in this mouse 
cancer model. TDO2 is thus not only a useful liver cancer 
biomarker but a potential drug target for management of liver 
cancer.

Introduction

Liver cancer is a frequently occurring malignant cancer that 
results in more than 700,000 deaths annually worldwide (1,2). 
Although there are an increasing number of diagnostics 
methods and therapeutic regimens under development, the 
prognosis of patients with liver cancer remains poor, and 
one reason for this poor prognosis is the efficient ability of 
liver cancer tumors to undergo metastasis leading to the 
development of secondary tumors in several different organs, 
ultimately resulting in mortality (3,4). Thus, there is a pressing 
need to identify novel mechanisms that regulate liver cancer 
initiation, development and progression to identify new thera‑
peutic targets for management of this disease.

The Wnt signal transduction pathway plays a key 
biological role in embryonic development, cell fate, and 
tumorigenesis (5‑7). There is a close association between the 
Wnt signaling pathway and the different factors that regu‑
late early epithelial‑mesenchymal transition (EMT) events 
during tumor metastasis, including cell adhesion markers 
(CDH1, N‑CDH2 and CD44), transcription factors (Snail 
and Slug) and matrix metalloproteases (MMPs) (8‑13). The 
Wnt signal transduction pathway is commonly divided into 
β‑catenin‑dependent (canonical) and β‑catenin‑independent 
(non‑canonical) signaling arms, which regulate different 
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biochemical events (5,14). The Wnt signaling pathway has 
been frequently implicated in liver cancer metastasis and 
disease development (15‑17).

Tryptophan 2,3‑dioxygenase (TDO2) is an oxidoreductase, 
and one of the rate‑limiting enzymes involved in the conver‑
sion of L‑tryptophan to L‑kyneurinine, which is the first step 
in pathway(s) leading to the provision of key biochemical 
compounds including NAD+, picolinic acid and glutaryl‑CoA. 
The kyneurinine pathway is primarily expressed in liver and 
cells of the nervous system, such as neurons (18,19). TDO2 has 
a key function in not only regulating the catabolic breakdown 
of tryptophan, but also functions to maintain steady‑state 
homeostasis of cellular tryptophan levels. Upregulation of 
TDO2 can increase the breakdown of tryptophan and result 
in the accumulation of kynurenine, thereby inactivating or 
inhibiting immune cells within the tumor microenvironment, 
especially T cells. Such biochemical changes can cause tumor 
cells to evade immune surveillance, allowing tumors to grow 
and spread rapidly (20,21). Recent studies have found that 
TDO2 is also highly expressed in tumor cells, such as malig‑
nant glioma, liver cancer, malignant melanoma and bladder 
cancer (22‑25). Such findings highlight an association between 
TDO2 levels with tumor initiation and disease progression; 
furthermore, TDO2 is implicated in a functional role in the 
host immune response to tumors.

The aim of the present study was to investigate the 
functional association between TDO2 and liver cancer, and 
provide a mechanistic explanation. The results showed that 
the upregulation of TDO2 expression in liver cancer cells 
was dependent on a specific microRNA. Increased TDO2 
levels impacted signaling via the Wnt5a pathway, leading to 
increased expression of secreted cancer biomarkers, such as 
CD44 and MMP7, which was associated with increased liver 
cancer cell migration and invasion. Furthermore, there was a 
strong association between TDO2 expression and liver cancer 
development in vivo using a mouse xenograft model of liver 
cancer.

Materials and methods

Cell culture. Normal liver cells THLE‑3 (cat. no. CRL‑11233) 
and hepatocellular carcinoma HepG2 cells (cat. no. HB‑8065) 
were obtained from the American Type Culture Collection. 
Hepatocellular carcinoma cells Huh7 (cat. no. SCSP‑526) 
were obtained from the Cell Bank of the Chinese Academy 
of Sciences. All cells were grown in DMEM (Hyclone, 
Cytiva) supplemented with 10% FBS (Biological Industries) 
in a humidified incubator (5% CO2, 37˚C). Liver cancer 
cells were treated with pan‑PKC inhibitor GÖ 6983 
(cat. no. HY‑13689; MedChemExpress, Inc.) MEK inhibitor 
U026 (cat. no. HY‑12031A; MedChemExpress, Inc.) or 
calcium channel blocker azelnidipine (cat. no. HY‑B0023; 
MedChemExpress, Inc.) at the indicated concentrations for 
0, 24 or 48 h, before being subjected to further analyses, as 
detailed below. To identify drugs that can reduce TDO2 
expression, a library of 1,000 US FDA‑approved drugs were 
screened (Targetmol Co., Ltd.). Briefly, the cells were inocu‑
lated in a 6‑well plate and then treated with different drugs at 
a concentration of 25 µM. After 24 h, the cells were collected 
for protein extraction and validation. All cell lines were free of 

mycoplasma and were authenticated by genetic profiling using 
polymorphic short tandem repeat loci.

Collection of clinical samples and analysis. A total of 83 
normal (control) liver tissue samples (age range, 38‑68 years; 
mean age, 52; 40 male and 43 female patients) and 98 liver 
cancer tissue samples (age range, 40‑60 years; mean age, 51; 
51 male and 47 female patients) were collected from patients 
who underwent liver biopsy at the Cancer Hospital of Hubei 
(Wuhan, China). The normal liver samples and the cancer 
samples were derived from different individuals. All samples 
were collected from January 2018 to June 2020. All patients 
provided written informed consent. The present study was 
approved by the Scientific Ethics Committee of the Cancer 
Hospital of Hubei (HZ20201018) (Wuhan, China) and the 
Scientific Ethics Committee of Wuhan University of Science 
and Technology (WUST200913) (Wuhan, China). The clinical 
samples were fixed with formalin for immunohistochemical 
analysis before rapidly freezing in liquid nitrogen for RNA 
and protein analysis.

Animal studies. For the mouse xenograft studies, 36 4‑week‑old 
male BALB/c nude mice (weight, 10‑15 g) were purchased 
from SLAC Laboratory Animal Co. Ltd., and randomly 
assigned to different groups (n=3 per group), and maintained 
under pathogen‑free conditions. A total of 1x106 HepG2 or 
Huh7 stable cells were subcutaneously injected into the lower 
right flank of the nude mice. Measurement of tumor volume, 
calculated using the formula: V=L x W2 x 0.5236 (L=long 
axis, W=short axis). The tumor weight of the each mouse was 
not allowed to exceed 10% of the body weight, and the average 
tumor diameter did not exceed 20 mm. In case of ulceration, 
infection or necrosis, the experiment was stopped immediately, 
and the animals were euthanized. All mice were euthanized 
4 weeks later, the tumors were excised carefully, and the final 
tumor weight measured. Mice were euthanized by a peritoneal 
injection of 200 mg/kg sodium pentobarbital. When the mice 
stopped breathing and beating for 1 min and the pupils were 
dilated, the euthanasia was considered complete.

To induce hepatocarcinogenesis, 21 male C57BL/6 mice 
(2‑weeks of age; body weight, 5 g) were intraperitoneally 
injected with 20 µg/g body weight diethylnitrosamine (DEN; 
Sigma‑Aldrich; Merck KGaA). To increase the expression of 
TDO2 in liver tissues, from the second week onwards, 100 µl 
adenovirus solution containing 1x109 adenoviruses were intro‑
duced into the mouse peritoneum, once a week for 3 weeks. 
When the growth of the tumor caused pain to the animal, 
or the animal lost more than 20% of the body weight of the 
normal animal, or ulcers, infection, or necrosis appeared, 
the experiment was stopped immediately and the animal 
was euthanized. All mice were euthanized after 12 months, 
and the liver was dissected for the subsequent experiments. 
Mice were euthanized by a peritoneal injection of 200 mg/kg 
sodium pentobarbital. When the mice stopped breathing and 
beating for 1 min and the pupils were dilated, the euthanasia 
was considered complete. All mice were housed at 23‑25˚C, 
with 50‑60% humidity, 12‑h light/dark cycle, with food and 
water ad libitum. All experiments on mice were performed 
under the guidance of the Animal Ethics Committee of Wuhan 
University of Science and Technology (WS267891).
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Molecular biology. The human TDO2 overexpression plasmid 
pTDO2 was obtained from Addgene. Small interfering 
(si)RNAs targeting TDO2, Wnt5a, CD44 and MMP7 were 
obtained from Shanghai GenePharma Co., Ltd. microRNA 
(miRNA/miR) mimics and the miR‑140‑5p inhibitor were 
chemically synthesized by Guangzhou Ribobio Co., Ltd. The 
siRNA sequences were: siTDO2, 5'‑CGU UAA UCG CGU 
AUA AUA CGC GUA TT‑3'; siCD44, 5'‑CUC CCA GUA UGA 
CAC AUA UTT‑3'; siMMP7, 5'‑CUG CUG ACA UCA UGA 
UUG GTT‑3'; siWnt5a, 5'‑GAA ACU GUG CCA CUU GUA 
UTT‑3'; siNC 5'‑AAU UCU CCG AAC GUG UCA CGU TT‑3'; 
miR‑140‑5p mimic, 5'‑CAG UGG UUU UAC CCU AUG GUA 
G‑3'; miR‑140‑5p inhibitor, 5'‑CUA CCA UAG GGU AAA ACC 
ACU G‑3' and the corresponding negative control, 5'‑CAG 
UAC UUU UGU GUA GUA CAA‑3'. These reagents were used 
according to standard molecular biology protocols or the 
manufacturer's instructions.

For total RNA extraction, 1 ml TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) was first added to the collected 
cells for lysis. Chloroform was then added to the lysate to 
stratify it, the supernatant was taken and a new centrifuge tube 
was added, and isopropyl alcohol was added to precipitate the 
RNA. Next, 1 µg RNA was reverse‑transcribed into cDNA 
using an MLV‑reverse transcriptase kit (Invitrogen; Thermo 
Fisher Scientific, Inc.). Reverse transcription‑quantitative PCR 
was performed using SYBR® Premix Ex Taq (Takara Bio, 
Inc.). The primer sequences were as follows: human TDO2 
forward, 5'‑TCC TCA GGC TAT CAC TAC CTG C‑3' and reverse, 
5'‑ATC TTC GGT ATC CAG TGT CGG‑3'; human GAPDH 
forward, 5'‑ATG ACA TCA AGA AGG TGG TG‑3' and reverse 
5'‑CAT ACC AGG AAA TGA GCT TG‑3'. The thermocycling 
conditions were: 95˚C for 30 sec; followed by 30 cycles of 95˚C 
for 5 sec, 50˚C for 30 sec and 72˚C for 30 sec. The results were 
normalized to GAPDH using the 2‑ΔΔCq method (26).

Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) was used for transfection of all cells. according 
to the manufacturer's instructions. To generate stable cell lines 
overexpressing TDO2, HepG2 and Huh7 cells were transduced 
with a lentivirus construct containing either the TDO2 cDNA 
or without any insert in the expression cassette; clones were 
selected using 100 µg/ml G418. TDO2‑expressing clonal lines 
were assessed using RT‑qPCR.

Western blotting. For the separation of cytoplasmic and nuclear 
proteins, a nucleoprotein and cytoplasmic protein extraction kit 
was used (cat. no. KGP150; KeyGEN BioTECH, Inc.). Briefly, 
the centrifuged cells were added to the cell membrane lysate 
and lysed on ice for 10 min to obtain cytoplasmic proteins 
after centrifugation. Nuclear lysate was added to the remaining 
precipitate and lysed on ice for 10 min. After centrifugation, 
the supernatant obtained contained the nuclear proteins. 
GAPDH was used as a control protein in the cytoplasm and 
LaminB1 was used as a control protein in the nucleus. For total 
protein extraction, the cells were lysed with RIPA lysis buffer 
(Beyotime Institute of Biotechnology) followed by a BCA 
protein assay, and 30 µg total protein was loaded per lane on 
an SDS‑gel and resolved using 10% SDS‑PAGE. Subsequent 
transfer and blotting were performed using standard protocols. 
The primary antibodies used were as follows (1:1,000 dilu‑
tion): anti‑TDO2 (cat. no. 15880‑1‑AP; ProteinTech Group, 

Inc.), anti‑Wnt5a (cat. no. ab179824; Abcam), anti‑P‑PKC 
(cat. no. #2060; Cell Signaling Technology, Inc.), anti‑P‑ERK 
(cat. no. 28733‑1‑AP; ProteinTech Group, Inc.), anti‑CD44 
(cat. no. 15675‑1‑AP; ProteinTech Group, Inc.), anti‑MMP7 
(cat. no. 10374‑2‑AP; ProteinTech Group, Inc.) and 
anti‑GAPDH (cat. no. #5174; Cell Signaling Technology, 
Inc.). The PVDF membrane was incubated with the primary 
antibody at 4˚C overnight. After being washed three times 
with TBST Buffer, the PVDF membrane was then incubated 
with the corresponding secondary antibody (1:10,000 dilu‑
tion; cat. no. SA00001‑2; ProteinTech Group, Inc.) for 1 h at 
the shaker. Finally, the blotted proteins were observed using 
BeyoECL Plus (cat. no. P0018S; Beyotime, Inc.), and the quan‑
tification of the blots was analyzed using ImageJ version 1.8.0 
(National Institutes of Health).

Cell monolayer wound closure assay. Liver cancer cells 
(4x105) were incubated in a 6‑well plate; 12 h later the confluent 
cell monolayer was wounded across the well diameter using 
a 200‑µl sterile pipette tip. The wounded cell monolayer was 
then washed twice with fresh cell culture medium. Digital 
images of the wounded cell monolayer were collected at 0 and 
48 h using an inverted microscope. The wound surface area 
was assessed using ImageJ software (version 1.8.0), and the 
wound healing activity of the colon cancer cells was deter‑
mined by the quantification of wound healing progression. 
Wound healing activity=1‑(wound surface area at the indi‑
cated time‑point/wound surface area at baseline). Serum‑free 
medium was used during the experiment.

Cell migration and invasion assays. Transwell assays were 
performed using Corning permeable cell culture chambers. 
Briefly, 1x105 cells were mixed into 100 µl of serum‑free 
medium, then the cell suspension was seeded into the upper 
chamber, while the lower chamber contained 600 µl media 
supplemented with 10% FBS. After 24 h of incubation, the 
Transwell inserts were removed, and cells were gently wiped 
away from the upper chamber using cotton swabs, and next 
the Transwell filter (containing cells on the bottom) was fixed 
in 100% methanol for 10 min, rinsed in PBS and stained with 
0.05% (w/v) crystal violet for 30 min. After washing, the filters 
were removed and mounted under coverslips on slides. Using 
bright field microscopy and digital imaging, five areas were 
randomly selected in each field of view at x100 magnification, 
and imaged and analyzed.

Immunohistochemistry. The tissues were immersed in 4% 
(w/v) paraformaldehyde and fixed for 24 h, and then the 
tissues were dehydrated, embedded in paraffin and cut into 
5‑µm sections. Hematoxylin and eosin staining was performed 
according to standard protocols. Paraffin sections were 
deparaffinized in xylene and then rehydrated using a concen‑
tration gradient alcohol. The processed tissue sections were 
subjected to heat‑induced antigen recovery by incubation in 
a citrate buffer at 100˚C for 10 min. The tissue sections were 
incubated with the antibody in blocking buffer: anti‑TDO2 
antibody (cat. no. 15880‑1‑AP, ProteinTech Group, Inc.), 
anti‑Wnt5a antibody (cat. no. ab179824, Abcam), anti‑MMP7 
(cat. no. 10374‑2‑AP, ProteinTech Group, Inc.) or anti‑CD44 
antibody (cat. no. 15675‑1‑AP, ProteinTech Group, Inc.), 
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overnight at 4˚C. After extensive washing, the sections were 
incubated with species‑specific HRP‑conjugated secondary 
antibody in blocking buffer (Sangon Biotech, Co., Ltd.) at 
25˚C for 45 min. The sections were washed extensively, incu‑
bated with DAB chromogenic reagent, counterstained with 
hematoxylin, rinsed and mounted on microscope glass slides 
using neutral resin.

Bioinformatics analysis. miRNAs binding to target genes were 
analyzed by DIANA (http://diana.imis.athena‑ innovation.
gr/DianaTools/index.php?r=lncBase/index), MIRDB 
(http://mirdb.org/), TargetScan (http://www.targetscan.org/
vert_71/) and mirDIP (http://ophid.utoronto.ca/mirDIP/index_
confirm.jsp) databases. 

Statistical analysis. All experimental data are presented 
as the mean ± SEM of at least 3 independent experiments. 
Statistical analysis was performed using GraphPad Prism 
8.0.2 software (GraphPad Software, Inc.). Data were analyzed 
using an unpaired Student's t‑test when comparing two groups. 
Comparisons between multiple groups were performed using a 
one‑way ANOVA followed by a Tukey's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Elevation of TDO2 in liver cancer disease. To investigate 
whether TDO2 expression is elevated in clinical samples from 
patients with liver cancer, TDO2 expression levels in control 
and liver cancer clinical specimens were analyzed using 
immunohistochemistry. Liver cancer samples consistently 
showed upregulation of TDO2 expression (Fig. 1A and B). 
Western blot analysis consistently revealed increased TDO2 
protein expression in liver cancer compared with control clin‑
ical samples (Fig. 1C and D). RT‑qPCR data from control and 
liver cancer clinical samples revealed no significant difference 
in TDO2 mRNA levels in liver cancer samples compared with 
the normal control liver samples (Fig. 1E). These data showed 
that TDO2 expression is increased in liver cancer disease.

Increased TDO2 expression promotes liver cancer cell 
migration and invasion. To further explore the biological role 
of TDO2 in liver cancer, HepG2 and Huh7 cell lines were trans‑
duced with a TDO2 expression plasmid (pTDO2) or a control 
plasmid (empty vector; pcDNA3.1). In TDO2‑overexpressing 
HepG2 and HuH7 cells, a significant increase in liver cancer 
cell migration and invasion was observed compared with cells 
transduced with the control plasmid (Fig. S1A and B). A similar 
picture emerged when RNA interference (RNAi) was used to 
assess the role of TDO2 expression in liver cancer cell migra‑
tion and invasion. Compared with the control group (siCon), 
TDO2 knockdown (siTDO2) significantly reduced the wound 
closure (Fig. S1C) and migratory and invasive abilities of the 
cells (Fig. S1D). Increased TDO2 expression thus correlates 
with increased liver cancer cell migration and invasion.

miR‑140‑5p targets the TDO2 mRNA 3'‑untranslated region 
(UTR) to inhibit TDO2 expression. Bioinformatics analysis 
of miRNAs from different databases (TargetScan, miRDB, 
mirDIP and DIANA) suggest that miR‑140‑5p is a potential 

regulator of TDO2 expression in normal vs. liver cancer 
disease states (Fig. 2A). Using RT‑qPCR analysis, miR‑140‑5p 
was found to be significantly downregulated in liver cancer 
cells (HepG2 and Huh7) compared with the control liver 
cells (THLE‑3) (Fig. 2B). Furthermore, RT‑qPCR analysis of 
miR‑140‑5p in the control and liver cancer specimen showed 
that miR‑140‑5p levels were significantly downregulated in 
the liver cancer samples compared with the controls (Fig. 2C). 
Analysis of TDO2 vs. miR‑140‑5p levels showed an inverse 
correlation in the liver cancer clinical samples (Fig. 2D); that 
is reduced miR‑140‑5p levels correlated with increased TDO2 
levels in liver cancer disease.

Bioinformatics algorithms (TargetScan, miRDB, mirDIP 
and DIANA) were used, and they revealed a potential binding 
site for miR‑140‑5p in the 3'UTR of the TDO2 mRNA 
(Fig. 2E). To test this potential interaction, two reporter vectors 
consisting of the luciferase‑coding sequence followed by the 
3'UTR of wild‑type TDO2 (WT‑TDO2 3'‑UTR) or mutant 
3'‑UTR (Mut‑TDO2 3'‑UTR) were constructed (Fig. 2E). 
Transient transfection of these constructs into HepG2 or Huh7 
liver cancer cells followed by luciferase assay showed that 
miR‑140‑5p decreased luciferase activity when co‑expressed 
alongside WT‑TDO2 3'UTR; however, miR‑140‑5p had little 
to no effect on luciferase activity with Mut‑TDO2 3'UTR 
(Fig. 2F). As these data suggested that miR‑140‑5p could 
directly bind to the TDO2 3'UTR, miR‑140‑5p mimics or 
mimic NC were transfected into HepG2 and Huh7 cells. 
The results showed that miR‑140‑5p mimics decreased both 
HepG2 and Huh7 monolayer wound closure, cell migration and 
invasion (Fig. S2A and B). Consistent with this, an inhibitor of 
miR‑140‑5p showed the reverse effect; an increase in HepG2 
and Huh7 monolayer wound closure, cell migration and inva‑
sion was observed (Fig. S2C and D). These data suggest that 
miR‑140‑5p inhibits TDO2 expression by directly binding to 
the 3'UTR of TDO2 mRNA in HepG2 and Huh7 cell lines.

Elevated levels of TDO2 are associated with increased CD44 
and MMP7 expression. To investigate the mechanism under‑
lying the effects of TDO2‑mediated liver cancer cell migration 
and invasion, expression of EMT biomarkers associated with 
liver cancer development and progression was assessed. 
Overexpression of TDO2 resulted in a significant increase in 
N‑cadherin and fibronectin levels; conversely, TDO2 overex‑
pression resulted in a decrease in the expression of the tumor 
suppressor, E‑cadherin (Fig. S3A). Next, the expression of 
other biomarkers related to cancer metastasis were examined. 
Western blotting showed that overexpression of TDO2 signifi‑
cantly increased CD44 and MMP7 levels (Fig. 3A). However, 
expression of other cancer biomarkers, such as MMP9, MMP2 
and c‑Met were not affected (Fig. 3A).

Next, whether CD44 and MMP7 contribute to liver cancer 
cell properties, such as wound closure, cell migration and 
invasion was assessed (Figs. S4 and S5). CD44 expression 
was knocked down using siRNA (siCD44) in both HepG2 and 
Huh7 cell lines overexpressing TDO2 (Fig. S4A). Consistently, 
the enhancement of monolayer wound closure, cell migration 
and invasion caused by TDO2 overexpression was significantly 
inhibited following siCD44 transfection (Fig. S4B and C). 
Next, MMP7 expression was knocked down using siRNA 
(siMMP7) in both HepG2 and Huh7 cells overexpressing 
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TDO2 (Fig. S5A). In HepG2 or Huh7 cells, downregulation 
of the MMP7 gene also offsets the enhancement of wound 
healing, cell migration and invasion caused by TDO2 overex‑
pression (Fig. S5B and C). These data suggest that the elevated 
expression of CD44 and MMP7 biomarkers provide important 
supporting roles in liver cancer cell migration and invasion.

TDO2 activates the Wnt5a signal transduction pathway. 
CD44 and MMP7 are both downstream target genes of the 
Wnt/β‑catenin signal transduction pathway (11,27,28). This 
then raised the question as to whether TDO2 affects signaling 
through the Wnt/β‑catenin signaling pathway. Western blotting 
showed that TDO2 overexpression did not affect components 
of the Wnt/β‑catenin pathway such as β‑catenin and c‑Myc 
(Fig. S3B).

Importantly, upon TDO2 overexpression, other components 
of the Wnt5a signal transduction pathway exhibited changes 
in both HepG2 and Huh7 cells (Fig. 3B). Overexpression 
of TDO2 caused a significant increase in Wnt5a levels 
(Fig. 3B). Furthermore, the levels of phospho‑protein 

kinase C (ζ) (P‑PKC) as in the figure were significantly 
elevated in the TDO2 overexpressing cells (Fig. 3B). In HepG2 
and Huh7 cells overexpressing TDO2, phospho‑ERK1/2 
(P‑ERK) levels were elevated (Fig. 3C), indicating activation 
of the MAPK pathway.

To examine the association between TDO2 and the Wnt5a 
signal transduction pathway, the effects of Wnt5a knockdown 
(siwnt5a) in HepG2 and Huh7 cells overexpressing TDO2 
were examined (Fig. S6). Interestingly, knockdown of Wnt5a 
in TDO2‑overexpressing HepG2 or Huh7 cells completely 
blocked the increase in P‑PKC, CD44 and MMP7 levels 
(Fig. S6A). Furthermore, knockdown of Wnt5a consistently 
caused a decrease in monolayer wound closure, cell migration 
and invasion in both the control and TDO2‑overexpressing 
HepG2 or Huh7 cells (Fig. S6B and C).

To examine the association between TDO2 and the Wnt5a 
signal transduction pathway, the effects of pan‑PKC inhibitor 
GÖ 6983 treatment on HepG2 and Huh7 cells overexpressing 
TDO2 were determined (Fig. S7). Again, pan‑PKC inhibi‑
tion blocked PKC phosphorylation (P‑PKC), and decreased 

Figure 1. TDO2 expression is increased in liver cancer. (A) TDO2 expression in control and liver cancer clinical specimens using immunohistochemistry. 
Representative immunohistochemistry images are shown. (B) Semi‑quantitative analysis of TDO2 protein expression in the control (n=53) and liver cancer 
(n=56) samples from the immunohistochemistry datasets. (C) Western blot analysis of TDO2 and GAPDH protein levels; 3 representative samples of control 
and liver cancer samples are shown. (D) TDO2 and GAPDH protein levels were determined via densitometry using ImageJ and are presented as the IOD 
(E) Quantification of TDO2 mRNA levels using reverse transcription‑quantitative PCR. Data are presented as the mean ± SEM. **P<0.01; ns, not significant; 
TDO2, tryptophan 2,3‑dioxygenase; IOD, integrated optical density; H&E, hematoxylin and eosin.
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Figure 2. TDO2 mRNA is a direct target of miR‑140‑5p. (A) The four‑way Venn diagram indicates the numbers of miRNAs that overlapped in four publicly 
available bioinformatics algorithms with a TDO2 signature. The four‑way Venn diagram was analyzed by DIANA (http://diana.imis.athena‑innovation.
gr/DianaTools/index.php?r=lncBase/index), MIRDB (http://mirdb.org/), TargetScan (http://www.targetscan.org/vert_71/) and mirDIP (http://ophid.utoronto.
ca/mirDIP/index_confirm.jsp ) databases. (B) Reverse transcription‑quantitative PCR analysis of miR‑140‑5p levels in control liver (THLE‑3) and liver cancer 
(HepG2 and HuH7) cells. (C) miR‑140‑5p levels were quantified in 30 normal control liver tissues and 42 liver cancer samples from patients. (D) Correlation 
between TDO2 protein levels and miR‑140‑5p levels in 42 liver cancer patient samples that we collected. (E) Schematic showing the synthesis of the WT 
and MUT TDO2 mRNA 3'UTR sequences to luciferase reporters. The potential miR‑140‑5p‑binding site in the TDO2 mRNA 3'UTR is highlighted. It was 
from TargetScan (http://www.targetscan.org/vert_71/). (F) Luciferase activity measurements in HepG2 and Huh7 cells transfected with luciferase reporter 
plasmids carrying either WT‑pmir‑TDO2 or MUT‑pmir‑TDO2 sequences, and co‑expressing either miR‑140‑5p mimic or miR‑140‑5p mimic NC. Data 
are presented as the mean ± SEM. **P<0.01. TDO2, tryptophan 2,3‑dioxygenase; miR, microRNA; UTR, untranslated region; NC, negative control; WT, 
wild‑type; MUT, mutant; RIP, RNA immunoprecipitation.
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expression of CD44 and MMP7 (Fig. S7A), consistent with 
PKC signaling influencing expression of these key secreted 
cancer biomarkers. Pan‑PKC inhibition caused a significant 

decrease in monolayer wound closure, cell migration and 
invasion in both control and TDO2‑overexpressing HepG2 
or Huh7 cells. The use of GÖ 6983 offset the enhancement 

Figure 3. TDO2 activates the Wnt5a pathway to promote the expression of CD44 and MMP7. HepG2 and Huh7 cells were transfected with plasmids pTDO2 
or pcDNA3.1. Western blotting of transfected HepG2 (left hand panels) and Huh7 (right hand panels) cell lines expressing either pCDNA3.1 or pTDO2 (A) for 
markers of cancer cell migration; (B) for components of the Wnt5a signaling pathway, including Wnt5a and phospho‑(P)‑PKC; and (C) to detect ERK1/2 phos‑
phorylation (P‑ERK). Data are presented as the mean ± SEM. **P<0.01; ns, not significant; TDO2, tryptophan 2,3‑dioxygenase; MMP, matrix metalloprotease; 
P‑PKC, phospho‑protein kinase C.
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Figure 4. TDO2 accelerates DEN‑induced liver tumor progression in C57BL/6 mice. (A) Schematic of the experimental setup: 2‑week‑old male C57BL/6 mice 
were injected intraperitoneally (i.p.) with 20 µg/g DEN. To increase TDO2 expression in liver tissues, adenoviruses containing the TDO2 expression cassette 
was introduced into the mouse peritoneum, once a week for 3 weeks. All mice were euthanized at 12 months of age. Mice that received normal drinking water 
and were not instilled with adenovirus were used as the control. (B) Representative images of the gross mouse livers. (C) TDO2, Wnt5a, CD44 and MMP7 
expression in liver tissues were determined by western blotting. (D) Representative microscopic features of liver cancer in H&E‑stained liver sections from 
mice. (E) Tumor numbers in the mouse liver. (F) Average maximal diameters of the tumors. Scale bar, 50 mm. Data are presented as the mean ± SEM of at 
least 3 mice per group. **P<0.01; ns, not significant; TDO2, tryptophan 2,3‑dioxygenase; DEN, diethylnitrosamine; H&E, hematoxylin and eosin; MMP, matrix 
metalloprotease.
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of wound healing, cell migration and invasion caused by 
TDO2 overexpression. (Fig. S7B and C). Another pharmaco‑
logical inhibitor, U0126, was found to inhibit MEK protein 
kinase and signaling through the canonical MAPK pathway 
(Fig. S8). Testing U0126 in this context again revealed a block 
in the TDO2‑induced increase in CD44 and MMP7 levels 
(Fig. S8A). Furthermore, U0126 also caused a decrease in 
liver cancer cell migration and invasion in the control and 
TDO2‑overexpressing cells in the liver cancer cells (Fig. S8B 
and C). These data suggest a close functional link between 
the TDO2, Wnt5a, PKC and MAPK pathways in controlling 
HepG2 and Huh7 cell migration and invasion.

TDO2 overexpression promotes tumorigenesis in vivo. In 
order to study the association between TDO2 expression 
with liver cancer tumor development and progression in vivo, 
the effect of TDO2 on the prevalence of DEN‑induced liver 
cancer in C57BL/6 mice was assessed. C57BL/6 mice were 
intraperitoneally injected with 20 µg/g body weight dieth‑
ylnitrosamine. To increase the expression of TDO2 in liver 

tissues, from the second week onwards, 100 µl adenovirus 
solution containing 1x109 adenoviruses were introduced into 
the mouse peritoneum, once a week for 3 weeks (Fig. 4A). The 
results showed that TDO2 overexpression in the liver tissues 
significantly enhanced tumor multiplicity (Fig. 4B). Western 
blotting showed increased expression of TDO2 was paralleled 
with increased Wnt5a, CD44 and MMP7 expression (Fig. 4C). 
H&E staining showed that TDO2 increased the atypia of 
liver cancer in mice (Fig. 4D). TDO2 overexpression in the 
liver tissues of liver cancer mouse models not only enhanced 
the severity of liver cancer, but also markedly enhanced the 
number of liver tumors (Fig. 4E and F).

A mouse xenograft model was also used to study the 
association between TDO2 expression with liver cancer 
development and progression. In these experiments, an 
immunocompromised nude mouse was used and subcutane‑
ously injected into HepG2 or Huh7 cells stably overexpressing 
TDO2. Consistently, there was an increase in tumor volume 
and weight, and TDO2 serum levels in liver cancer cells over‑
expressing TDO2 compared with the control (Fig. S9A‑C). 

Figure 5. Azelnidipine inhibits TDO2 expression and liver cancer cell migration and invasion. (A) HepG2 and Huh7 cells were treated with 20 µM azelnidipine 
(Aze) for 24 h before cell lysis and immunoblotting for TDO2 and GAPDH. (B) Wound healing assays with the liver cancer cells were performed using HepG2 
and Huh7 cells treated with 20 µM azelnidipine and compared with the control (0 µM). Cells were observed at 0 and 48 h after treatment. (C) Transwell 
migration and Matrigel invasion assays using HepG2 and Huh7 cells treated with 20 µM azelnidipine for 24 h. Data are presented as the mean ± SEM. **P<0.01. 
TDO2, tryptophan 2,3‑dioxygenase.
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Figure 6. Inhibition of TDO2 expression by azelnidipine prevents tumorigenesis in C57BL/6 mice. (A) Schematic diagram of the experimental setup: 2‑week‑old 
male C57BL/6 mice were injected intraperitoneally (i.p.) with 20 µg/g DEN. To reduce TDO2 expression in liver tissues, 28 mg/kg azelnidipine was added to 
the drinking water. (B) Representative images of the gross mouse liver. (C) TDO2, Wnt5a, CD44 and MMP7 expression in liver tissues were determined by 
western blotting. (D) Representative microscopic features of liver cancer in the H&E‑stained liver sections from mice. (E) Tumor numbers in the mouse liver. 
(F) Average maximal diameters of tumors. Scale bar, 50 mm. Data are presented as the mean ± SEM of at least 3 mice per group. **P<0.01. H&E, hematoxylin 
and eosin; TDO2, tryptophan 2,3‑dioxygenase; DEN, diethylnitrosamine; MMP, matrix metalloprotease.
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Immunohistochemistry analysis of tumor sections showed 
increased expression of TDO2 was paralleled with increased 
Wnt5a, CD44 and MMP7 expression (Fig. S9D). These data 
suggest that TDO2 overexpression promotes liver cancer 
development and progression in vivo.

Reduction of TDO2 expression inhibits the tumorigenesis 
in liver. To determine a pharmacological route for blocking 
TDO2 promotion of liver cancer disease, a small molecule 
drug library was screened. A calcium channel blocker, 
azelnidipine (Aze), was found to be able to decrease TDO2 
levels in the HepG2 and Huh7 cell lines (Fig. 5A). Treatment 
with azelnidipine caused a decrease in cell migration and 
invasion (Fig. 5B and C). Overexpression of TDO2 in these 
liver cancer cells partially overcame the pharmacological 
effects of azelnidipine (Fig. S10). Notably, TDO2 overexpres‑
sion re‑established the elevation in CD44 and MMP7 levels 
(Fig. S10A); furthermore, although azelnidipine caused a 
decrease in cell migration and invasion, there was a consistent 
increase in these parameters in TDO2‑overexpressing cells 
compared with the controls (Fig. S10B and C).

Administration of azelnidipine to the liver cancer 
mouse models reduced TDO2 expression in the liver tissues 
(Fig. 6A‑C). Pharmacological reduction of TDO2 expression 
in the liver cancer mouse model alleviated the severity of liver 
cancer and liver tumor numbers (Fig. 6D‑F). Similar to liver 
cancer mouse models, azelnidipine reduced tumor volume, 

weight and serum TDO2 level in the mouse xenograft tumor 
model (Fig. S11A‑D and Fig. S11F‑I). Immunohistochemistry 
analysis of tumor sections showed that azelnidipine reduced 
the expression of TDO2, Wnt5a, CD44 and MMP7 (Fig. S11E 
and Fig. S11J).

Discussion

In the present study, it was shown that the expression of tryp‑
tophan 2,3‑dioxygenase (TDO2) was upregulated in clinical 
samples of liver cancer compared with a control patient group. 
By combining bioinformatics analysis and experimental 
studies, miR‑140‑5p was determined to mediate an inhibitory 
effect on TDO2 expression, largely mediated by the binding 
of miR‑140‑5p to the 3'UTR of the TDO2 mRNA. Analysis 
of miR‑140‑5p levels in the control and liver cancer samples 
indicated that lower miR‑140‑5p levels were correlated with 
reduced overall survival in patients with liver cancer. There 
was a clear association between elevated TDO2 levels and acti‑
vation of the Wnt5a signal transduction pathway: There was 
increased activation of the PKC (isoform) and the canonical 
MAPK pathway, resulting in increased expression of matrix 
metalloprotease 7 (MMP7) and the cell adhesion receptor 
CD44 cancer biomarkers. These findings showing that TDO2 
promotes liver cancer disease progression is supported by 
other studies, which have also highlighted a role for TDO2 
in promoting tumor development and progression in multiple 

Figure 7. Schematic diagram showing the proposed mechanism by which TDO2 regulates liver cancer tumorigenesis. Under normal non‑transformed condi‑
tions, miR‑140‑5p binds to the 3'UTR in the TDO2 mRNA and downregulates TDO2 protein levels. In liver cancer, there are reduced levels of miR‑140‑5p, 
leading to elevated TDO2 expression levels, and thus activation of the Wnt5a signaling pathway, and increased expression of MMP7 and CD44. TDO2, 
tryptophan 2,3‑dioxygenase; MMP, matrix metalloprotease; P‑PKC, phospho‑protein kinase C; UTR, untranslated region.
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disease states including skin (18), breast (29) and non‑small 
cell lung cancer (30).

Aberrant miRNA expression frequently leads to abnormal 
expression of a range of target genes. miR‑140‑5p is known to 
suppress tumor growth and metastasis by targeting fibroblast 
growth factor 9 and transforming growth factor (TGF)β 
receptor 1 (31). miR‑140‑5p functions as a tumor suppressor 
in breast, ovarian and non‑small cell lung cancer (32‑34). The 
results of the present study propose a novel role for miR‑140‑5p 
in modulating TDO2 expression, and this is a major driver in 
liver cancer development and progression (Figs. 7 and S12).

How TDO2 enzymatic activity influences cancer devel‑
opment and progression was also assessed. TDO2 encodes 
a heme‑containing enzyme and oxidoreductase that plays a 
critical role in tryptophan metabolism by catalyzing the first 
and rate‑limiting step of the kynurenine pathway. Previous 
reports have found that TDO2 plays an important role in the 
occurrence and development of breast and brain cancer; this 
enzyme also promotes the activation of AHR and increases the 
Kyn/TPR ratio in a range of cancers (29,34‑37). In the present 
study, the increased levels of TDO2 activated the Wnt5a signal 
transduction pathway causing an increase in MMP7 and 
CD44 expression in liver cancer cells and xenograft tumors. 
Administration of an miR‑140‑5p mimic or RNAi‑mediated 
TDO2 knockdown caused a corresponding decrease in CD44 
and MMP7 levels. Interestingly, in the liver cancer samples, 
decreased levels of miR140‑5p were correlated with increased 
TDO2 levels, and reduced overall liver cancer patient survival. 
These findings provide a strong mechanistic link between the 
increased TDO2 levels and increased signaling through the 
Wnt5a pathway in liver cancer; increased expression of CD44 
and MMP7 could thus contribute to liver cancer development 
and progression. Furthermore, increased TDO2 expression 
also modulates epithelial‑mesenchymal transition (EMT) 
biomarkers such as E‑cadherin, N‑cadherin and fibronectin 
suggesting further effects on the EMT phenotype, which is 
implicated in tumor metastasis.

Azelnidipine is a dihydropyridine calcium channel blocker, 
and is widely used as a first‑line hypertension treatment due to 
the reliability of its antihypertensive effect. Azelnidipine has 
diuretic, cardioprotective, renal protective and anti‑arterio‑
sclerotic effects (38,39). In the present study, it was found that 
azelnidipine could be used to inhibit liver cancer cell migration 
and metastasis by inhibiting TDO2 expression. Although the 
molecular mechanism by which azelnidipine inhibits TDO2 
expression is still unclear, it is unlikely to directly involve 
cytosolic calcium ion levels. This was based on the result that 
nifedipine, another dihydropyridine and long‑acting calcium 
antagonist, did not affect TDO2 expression (Fig. S13).
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