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Overexpression of the tumor necrosis factor receptor-associated factor 4 (TRAF4) has been detected in many 
cancer types and is considered to foster tumor progression. However, the role of TRAF4 in hepatocellular car-
cinoma (HCC) remains elusive. In this study, we found that TRAF4 was highly expressed in HCC cell lines and 
HCC tissues compared with normal liver cell lines and adjacent noncancerous tissues. TRAF4 overexpression 
in HCC tissues was correlated with tumor quantity and vascular invasion. In vitro studies showed that TRAF4 
was associated with HCC cell migration and invasion. An in vivo study verified that TRAF4 overexpres-
sion facilitated metastasis in nude mice. In addition, overexpressed TRAF4 promoted the phosphorylation of 
Akt and induced Slug overexpression, leading to downregulated E-cadherin and upregulated vimentin, while 
silencing TRAF4 moderated the phosphorylation of Akt and repressed the expression of Slug, which resulted 
in upregulated E-cadherin and downregulated vimentin. These effects were inversed after pretreatment of the 
PI3K/Akt inhibitor LY294002 or overexpression of constitutively active Akt1. Our study demonstrated that 
TRAF4 was involved in promoting HCC cell migration and invasion. The process was induced by the EMT 
through activation of the PI3K/Akt signaling pathway.
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INTRODUCTION

Hepatocellular carcinoma (HCC), accounting for 90% 
of all primary liver neoplasias, is the fifth most common 
cancer and the third leading cause of cancer-related deaths 
throughout the world1–3. The characteristic of high recur-
rence after surgery and the limitation of surgical manage-
ment for patients with recurrent HCC or advanced HCC 
lead to a dismal survival outcome4,5. Molecular therapies 
precisely targeting signaling pathways that participate in 
HCC development, progression, and metastasis are there-
fore promising prospects in the improvement of prognosis.

The tumor necrosis factor receptor-associated factor 
(TRAF) family, composed of seven members (TRAF1–7), 
serves as a signal transducer through binding tumor 
necrosis factor receptors (TNFRs) and interleukin-1/Toll- 
like receptors (IL-1R/TLRs)6,7. A distinct structural feature  
of TRAF proteins is the presence of a carboxy-terminal 

TRAF domain, which consists of an N-terminal coiled-
coil region (N-TRAF) and a C-terminal b-sandwich 
(C-TRAF)8. Their main function is associated with diverse 
biological processes including adaptive and innate immu-
nity, stress responses, inflammation, and bone metabo-
lism, and they play an important role in regulating cell 
survival, proliferation, and differentiation6,9.

As a unique member of the TRAF family, TRAF4 is the 
only one containing a nuclear localization signal (NLS) 
and possessing three CART domains (cystein-rich domain 
associated with RING and TRAF domain)10. Moreover, 
the three residues R, Y, and S, which are involved in the 
recognition of the cytoplasmic TRAF member inter-
acting motif (TIM) of the TNFR, are replaced, respec-
tively, by S, F, and F in TRAF4, leading to its reduction 
in interaction with most members of the TNFR family7. 
A functional distinction between TRAF4 and other TRAF 
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proteins is that TRAF4 does not seem to play a role in the 
immune system, as immunological defects have not been 
detected in mice lacking TRAF411,12. TRAF4 is crucial for 
early embryogenesis and central nervous system myelin 
homeostasis7,13. Upregulated TRAF4 can be observed during 
development. TRAF4 deficiency is embryonically lethal 
or, if not lethal, causes severe developmental defects in 
the trachea, skeleton, and nervous system11,12.

TRAF4, as the first member of the TRAF family to 
be found in human carcinoma, was initially identified in 
breast cancer from a differential screen between meta-
static lymph node and benign fibroadenoma biopsies14. 
Thereafter, TRAF4 overexpression was detected in 43% 
of 623 patients with 20 different tumor types through 
immunohistochemistry (IHC) analysis15. Recently, sev-
eral studies explored the function of TRAF4 in breast 
cancer, lung cancer, and oral squamous cell carcinoma 
(OSCC), which demonstrated the participation of TRAF4 
in carcinogenesis16–18. Furthermore, cytoplasmic TRAF4 
expression in breast cancer patients was significantly 
linked to a poor prognosis19. However, the role of TRAF4 
in HCC remains poorly elusive.

In this study, we found that elevated expression of 
TRAF4 can be observed in HCC cell lines and HCC tis-
sues. TRAF4 overexpression was associated with multi-
ple tumor numbers and vascular invasion. In in vitro and 
in vivo studies we demonstrated that TRAF4-dependent 
cell migration and invasion occurred in HCC, which was 
at least partially relevant to the epithelial–mesenchymal 
transition (EMT), and was regulated through the PI3K/
Akt signaling pathway.

MATERIALS AND METHODS

Tissue Samples

Sixty pairs of HCC and corresponding adjacent nor-
mal liver tissues were randomly collected with written 
consent between October 2014 and December 2015 at 
the Department of Hepatobiliary Surgery, the Sun Yat-
Sen Memorial Hospital of Sun Yat-Sen University. All 
sample collections were conducted after the approval 
of the ethics committee of the Sun Yat-Sen Memorial 
Hospital of Sun Yat-Sen University according to the 1975 
Declaration of Helsinki.

Cell Lines and Cell Cultures

Six human HCC cell lines including HepG2, Huh7, 
SMMC-7721, Sk-hep1, MHCC97H, and Hep3B, the 
hepatic stellate cell line, and the immortalized normal 
human liver cell line L02 were purchased from the Type 
Culture Collection of the Chinese Academy of Sciences 
(Shanghai, P.R. China). All cell lines were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 
Rockville, MD, USA) containing 10% fetal bovine serum 

(FBS; Biological Industries, Israel) at 37°C with 5% CO2. 
Specific inhibitor LY294002 (Cell Signaling Technol-
ogy, Danvers, MA, USA) soluble in dimethyl sulfoxide 
(DMSO; MP Biomedicals, Solon, OH, USA) at a con-
centration of 50 µM was used for 30 min to inhibit PI3K/
Akt activation.

Lentivirus Construction and Infection

TRAF4 overexpression, TRAF4 knockdown, and Akt1 
overexpression lentivirus plasmids and their negative con-
trol lentivirus were purchased from GenePharma Com-
pany (Shanghai, P.R. China). The knockdown sequences  
are 5¢-TTCTCCGAACGTGTCACGT-3¢ (NC-shRNA) and  
5¢-GTATGGCCTAGATGTTTCATA-3¢ (TRAF4 shRNA).  
The lentivirus was transfected into HepG2, and Sk-Hep1 
cells with an optimal multiplicity of infection (MOI) of 
30 TU/ml together with 5 µg/ml polybrene. At 36 h after 
infection, infected cells were selected with 3 µg/ml puro-
mycin. Transfection efficiency was confirmed by quan-
titative reverse transcription polymerase chain reaction 
(qRT-PCR) and Western blotting.

Quantitative Reverse Transcription Polymerase Chain 
Reaction (qRT-PCR)

Total RNA was isolated using TRIzol reagent 
(TakaRa, Japan) according to the manufacturer’s instruc-
tions. Real-time PCR was performed on a LightCycler 
480 Real-Time PCR system (Roche, Indianapolis, IN, 
USA) using SYBR Premix Ex Taq (TaKaRa). Primers 
of TRAF4 and GAPDH are as follows: TRAF4, 5¢-CAT 
CCAGAGCCACCAGTACC-3¢ (forward) and 5¢-TTGA 
ATGGGCAGAGCACC-3¢ (reverse); GAPDH, 5¢-AAGA 
AGGTGGTGAAGCAGG-3¢ (forward) and 5¢-GTCAAA 
GGTGGAGGAGTGG-3¢ (reverse); primers of E-cadherin, 
vimentin, and Slug were used as previously described20,21. 
The relative level of mRNA was normalized to GAPDH. 
Triplicate RNA samples were used for each experiment, 
and three independent experiments with statistical analy-
sis were performed.

Western Blotting

Cells cultured in six-well plates in an exponentially 
growing phase were washed three times with ice-cold PBS 
before being lysed in 0.1 ml of RIPA buffer (Beyotime, 
P.R. China) containing protease inhibitor cocktail and 
phosphatase inhibitors (Beyotime). After incubation on 
ice for 30 min, cells were centrifuged at 4°C for 20 min 
at 14,000 ́  g, and supernatants were extracted. Protein 
concentration was quantified with a BCA protein Assay 
Kit (ComWin Biotech, Beijing, P.R. China). Extractions 
were boiled with sample loading buffer (Beyotime). 
The extractions containing 30 ng of protein samples 
were loaded onto 10% or 15% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and 
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electrophoresed. After being separated, the proteins were 
transferred to 0.45 µm of polyvinylidene fluoride (PDVF) 
membranes (Millipore, Boston, MA, USA). The mem-
branes were blocked with 5% skimmed milk in Tween/
Tris-buffered salt solution [20 mmol/L Tris (pH 7.0), 
0.15 mol/L NaCl, and 0.1% Tween 20] for 60 min at room 
temperature and subsequently incubated overnight at 4°C 
with primary antibodies directly against TRAF4 (dilution 
1:1,000; Abcam, Cambridge, MA, USA); E-cadherin, 
vimentin, Slug, p-Akt (Ser473), pan-Akt, b-actin, and 
GAPDH (dilution 1:1,000; Cell Signaling Technology). 
The PVDF membranes were washed three times for 5 min 
each with 15 ml of Tween/Tris-buffered salt solution and 
then incubated with specific horseradish peroxidase-
conjugated secondary antibodies (dilution 1:5,000; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) for 60 min at 
room temperature. The membranes were washed again, 
as mentioned previously, followed by the detection of 
specific antibody–antigen complexes using Immobilon 
Western Chemiluminescent HRP Substrate (Millipore). 
GAPDH protein served as an internal loading control. 
Intensity of bands was evaluated by the ImageJ software, 
version 1.49e (National institutes of Health, Bethesda, 
MD, USA), and each experiment was repeated three 
times with statistical analysis.

Histology and Immunohistochemistry

Paraformaldehyde-fixed paraffin-embedded sections 
(4 µm thick) was used for histology and IHC. Sections 
were deparaffinized twice using xylene for 20 min each, 
then rehydrated with a graded series of washes in etha-
nol, and finally rinsed in PBS. Sections were stained with 
hematoxylin and eosin (H&E) (Beyotime) for mouse 
lung structure. For IHC, rehydrated sections were treated 
in TE (10 mM Tris/1 mM EDTA, pH 9.0) at sub-boiling 
temperature for 20 min and cooled at room temperature 
and subsequently incubated with 3% hydrogen peroxide 
for 10 min at room temperature. After washing twice for 
5 min each, sections were blocked with 200 µl of nor-
mal goat serum (ZSGB-BIO, Beijing, P.R. China) for 
1 h at 37°C, and then incubated with 200 µl of TRAF4 
antibody (Novus, Littleton, CO, USA) at a dilution of 
1:1,000 overnight at 4°C. Afterward, tissue sections were 
washed with PBS three times and incubated with a bioti-
nylated secondary antibody and peroxide-conjugated 
streptavidin working solution for 30 min each, and then 
stained with 3,3¢-diaminobenzidine tetrahydrochloride 
(DAB) (ZSGB-BIO). The staining results were blindly 
assessed by two researchers according to the score crite-
ria described previously20.

Cell Migration and Invasion Assays

For cell migration assay, 1 ́  105 cells were seeded per 
Transwell insert (Corning, Corning, NY, USA) filled with 

200 µl of nonserum medium. Afterward, inserts were 
dipped in 800 µl of medium and incubated at 37°C with 
5% CO2 for 24 h. Finally, cells were fixed in 4% paraform-
aldehyde for 30 min and stained with 1% crystal violet. 
Cells on the upper side of the insert were removed with a 
cotton swab. Six microscopic fields were captured using a 
digital camera per insert, and cell numbers were counted 
using the ImageJ software , version 1.49e (National insti-
tutes of Health). Each experiment with duplicate inserts 
was repeated three times with statistical analysis.

For invasion assay, 100 µl of Matrigel mixture (20 µl 
of Matrigel diluted in 80 µl of ice-cold nonserum medium; 
BD Biosciences, San Jose, CA, USA) was placed into the 
Transwell chambers and then incubated at 37°C with 5% 
CO2 for 6 h. After the solidification of Matrigel, residual 
DMEM was extracted, and 1 ́  105 cells suspended in 200 µl 
of serum-free DMEM were placed into the Transwell 
chambers. The same procedures were followed as with the 
migration assay. Incubation at 37°C with 5% CO2 in this 
assay was for 36 h.

In Vivo Tumor Metastasis Assay

Male BALB/c-nude mice (6 weeks old) purchased 
from the Medical Science Experimentation Center of Sun 
Yat-sen University (Guangzhou, P.R. China) were used 
for animal studies. The animal study was approved by the 
Institutional Animal Care and Use Committee of Sun Yat-
Sen University, and all animals were cared for accord-
ing to institutional guidelines. Cells were suspended in 
PBS at a concentration of 1 ́  107 cell/ml. Cell suspension 
(100 µl) was injected into tail veins of mice, and after 
30 days of inoculation, the mice were sacrificed to detect 
the efficiency of metastasis.

Statistical Analysis

All continuous data were expressed as mean ± standard  
deviation (SD), and differences between groups were  
analyzed using two-sided Student’s t-test or one-way  
analysis of variance. Categorical variables were expres-
sed as absolute numbers and compared between groups 
using the chi-square test. A value of p < 0.05 was con-
sidered as statistically significant. Statistical analyses 
were performed using the SPSS Statistics version 21.0  
(IBM SPSS).

RESULTS

TRAF4 Is Overexpressed in HCC Cell Lines  
and HCC Tissues

We first verified TRAF4 expression in HCC cell lines. 
TRAF4 expression in an immortalized nontumorigenic 
hepatocyte cell line L02, heptic stellate cell line (HSC), 
and HCC cell lines (HepG2, Huh7, Sk-hep1, Hep3B, 
SMMC-7721, and MHCC-97H) were analyzed using 
qRT-PCR and Western blotting. Results showed that at 
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the mRNA and protein levels, TRAF4 expression was 
prominently upregulated in HCC cell lines compared 
with that in a nontumorigenic hepatocyte cell line L02 
and HSC (p < 0.05) (Fig. 1A and B).

To further confirm whether TRAF4 expression is 
associated with human HCC, we detected the TRAF4 

expression in 60 pairs of HCC tissues and corresponding 
tumor-adjacent samples (at least 1.5 cm away from the 
tumor) using IHC. Results showed that TRAF4 expres-
sion was evidently higher in HCC samples than that in 
noncancerous adjacent tissues. In addition, the expres-
sion of TRAF4 was significantly higher in HCC with 

Figure 1. Tumor necrosis factor receptor-associated factor 4 (TRAF4) is overexpressed in hepatocellular carcinoma (HCC) cell lines 
and HCC tissues. (A) TRAF4 is overexpressed in HCC cell lines at the mRNA level. Data are presented as the mean ± standard devia-
tion (SD); n = 9. *p < 0.05. (B) TRAF4 is highly expressed in HCC cells at the protein level. (C) Representative immunohistochemistry 
images show that TRAF4 is more highly expressed in HCC tissues than in adjacent tumor tissues. Stronger stain intensity and higher 
stain density exist in HCC tissues with vascular invasion than in those without vascular invasion. (D) Quantitative charts of TRAF4 
expression in tumor-adjacent tissues and HCC tissues are shown. The expression of TRAF4 is correlated with the incidence of HCC 
and vascular invasion. Data are presented as the percentage. *p < 0.05.
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Figure 2. TRAF4 regulates HCC cell mobility. (A) The upregulation and downregulation of TRAF4 in HepG2 cells and Sk-Hep-1 
cells are confirmed through qRT-PCR and Western blotting. Data are presented as the mean ± SD; n = 9. *p < 0.05. (B) Cell mobility 
is tested using a Transwell assay. Representative views shows that upregulated TRAF4 promotes cell migration and invasion, while 
downregulated TRAF4 attenuates these effects. (C) Quantitation of cell migration and invasion. Data are presented as the mean ± SD; 
n = 6. *p < 0.05. (D) TRAF4 overexpression promotes HCC metastasis in vivo. Representative views of lung tissues from each group 
and pulmonary metastasis rates are shown. Data are presented as the number.
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vascular invasion than those without vascular invasion 
(Fig. 1C and D). Furthermore, to identify the clinical role 
of TRAF4, we investigated the correlations of TRAF4 
expression with tumorous pathological characteristics 
including age, gender, HbsAg status, liver cirrhosis, AFP 
level, tumor size, tumor numbers, tumor capsule forma-
tion, vascular invasion, and TNM stage. In this study, an 
IHC stain score of less than 4 points, namely (−) and (+), 
was considered to be a low TRAF4 expression. A total 
score above 6 was regarded as a high TRAF4 expression. 
In 60 cases of tumor tissues, 24 cases expressed a high 
level of TRAF4 and 36 cases expressed a low level of 
TRAF4. Interestingly, we noted that in tissues with a high 
expression of TRAF4, 29.2% were associated with mul-
tiple tumors, while only 8.3% were in tissues with a low 
expression of TRAF4 (7/24 vs. 3/36, p = 0.034). We also 
found that 79.2% of the cases in the high TRAF4 expres-
sion group were concomitant with vascular invasion com-
pared to 27.8% of the cases in the low TRAF4 expression 
group (19/24 vs. 10/36, p = 0.000095). No relationship 
existed between TRAF4 expression and other tumorous 
pathological characteristics. These results suggested that 
TRAF4 expression might play a critical role in HCC. 
High expression of TRAF4 might be associated with an 
invasive potential.

TRAF4 Regulates HCC Cell Migration and Invasion

To determine whether TRAF4 regulates cell mobil-
ity in HCC, we generated TRAF4 overexpression and 
TRAF4 knockdown of HepG2 cells and Sk-hep1 cells 
(HepG2-TRAF4, Sk-hep1-TRAF4, and TRAF4-shRNA) 
as well as their negative controls (Mock; NC-shRNA). 
Expression of TRAF4 in these cells was identified at both 
mRNA and protein levels (Fig. 2A).

Transwell assay with and without Matrigel was per-
formed to detect migrant and invasive abilities in vitro. 
Results showed that both HepG2-TRAF4 and Sk-hep1-
TRAF4 had significantly larger populations of migrant and 
invasive cells compared to their negative controls. In con-
trast, for cells with downregulated TRAF4, both migrant 
and invasive abilities were reduced (Fig. 2B and C). To 
further verify the function of TRAF4 in vivo, HepG2-
TRAF4, Sk-hep1-TRAF4, and their corresponding control 
cells were injected into nude mice through the tail vein. 
Upregulated TRAF4 significantly promoted tumor metas-
tasis compared with the control group (Fig. 2D). Pulmo-
nary metastases rarely occurred in the TRAF4-Mock group 
compared to the TRAF4 group (Sk-Hep-1: 1:6 vs. 6:6; 

HepG2: 0:6 vs. 5:6). Taken together, the results revealed 
that TRAF4 regulated HCC cell mobility and participated 
in HCC metastasis in vitro and in vivo.

TRAF4 Regulates EMT in Liver Cancer Cells

Considering that EMT plays a pivotal role in cancer 
cell migration and invasion22, to investigate whether 
TRAF4 regulates the EMT in liver cancer cells, we 
detected the expression level of E-cadherin, vimentin, 
and the EMT transcription factor Slug using qRT-PCR 
and West ern blotting. In our study, at both the mRNA and 
protein levels, the changes in Slug expression was after 
TRAF4 expression. Upregulated epithelial cell marker  
E-cadherin and downregulated mesenchymal cell marker 
vimentin were observed in TRAF4 knockdown cell lines. 
TRAF4 overexpression significantly decreased the epi-
thelial cell marker and the increased mesenchymal cell 
marker (Fig. 3A and B). Our results indicated that TRAF4 
regulates the EMT in HCC.

AKT Activation Is Involved in TRAF4-Conducted 
EMT and Cell Mobility

It has been reported that TRAF4 is a critical mol-
ecule for the activation of Akt through ubiquitination in 
lung cancer16. The function of the pivotal cell survival 
kinase Akt to regulate EMT has been widely reported23.  
Therefore, we investigated whether TRAF4-induced EMT 
is associated with Akt activation. We first found that 
TRAF4 overexpression unexpectedly promoted the phos-
phorylation of Akt and that silencing TRAF4 mitigated 
the phosphorylation of Akt both in Sk-Hep-1 cells and 
HepG2 cells (Fig. 4A). These results suggested that 
TRAF4 participated in the activation of Akt signaling in 
HCC. Afterward, we generated constitutively activated 
Akt1 (CA-Akt1) into silencing TRAF4 cells and treated  
TRAF4 over expression cells with the PI3K/Akt inhibi-
tor LY294002 to further explore the relationship between 
TRAF4-associated Akt activation and EMT. Our results 
showed that, in knockdown of TRAF4 cells, constitu-
tive Akt activation could reverse the expression of Slug, 
leading to a decreased expression of E-cadherin and an 
enhanced expression of vimentin (Fig. 4B). Furthermore, 
HCC cells lacking TRAF4 with Akt activation showed 
stronger migrant and invasive abilities when compared 
with those without Akt activation (Fig. 5A). Similar results 
were also observed in TRAF4 overexpression cells. We 
treated TRAF4 overexpression cells with LY294002 to  
inhibit PI3K/Akt activation. Inhibited PI3K/Akt activation 

FACING PAGE
Figure 3. TRAF4 regulates the epithelial–mesenchymal transition (EMT) in HCC cells. (A) Quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) shows changes in EMT marker expression following stable overexpression or knockdown of 
TRAF4. (B) EMT marker expression is regulated at the protein level following the expression of TRAF4. Data are presented as the 
mean ± SD; n = 9. *p < 0.05.
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impeded TRAF4-induced EMT in HCC cells (Fig. 4C). 
In addition, TRAF4-induced cell mobility was blocked 
without PI3K/Akt activation (Fig. 5B). These results 
suggested that TRAF4-regulated EMT and cell mobility 
were required for PI3K/Akt activation in HCC.

DISCUSSION

Since its first identification in human breast cancer 
in 1995, TRAF4 has been considered to be an oncogene 
because of its overexpression in many cancer types and 
its involvement in carcinogenesis via engaging in sev-
eral signal pathways10,15,18. For instance, TRAF4 is over-
expressed in lung cancer and is required for the activation 
of Akt signaling via ubiquitination. TRAF4 attenuation 
in lung cancer blunts malignant phenotype and interferes 
with glucose metabolism by downregulating Glut1 and 
HK216. TRAF4 plays a role in regulating cell growth, 
migration, and invasion by activation of the Wnt/b-catenin 
pathway in OSCC and colon cancer17,24. TRAF4 binds 
PRMT5 and is involved in the NF-kB pathway by promot-
ing breast cancer cell growth and proliferation25. TRAF4 
also promotes TGF-b receptor signaling to drive metasta-
sis and binds TRAF2 enhancing activation of the p70s6k/
S6 signaling pathway to promote the function of TRAF4 
on cell proliferation in breast cancer18,19. However, few 
studies have explored the role of TRAF4 in HCC.

To the best of our knowledge, this is the first study to 
investigate the function of TRAF4 in HCC. Our results 
revealed that upregulated TRAF4 is a frequent event in 
human HCC cell lines and tissues. Interestingly, tumors 
with a higher invasive tendency such as multiple tumor 
quantity and/or vascular invasion showed more highly 
expressed TRAF4. We established stable TRAF4 over-
expression cell lines and TRAF4 knockdown cell lines 
and unexpectedly found that TRAF4 regulates HCC cell 
migration and invasion in vitro and in vivo. Previous 
studies have identified that TRAF4 facilitates cell migra-
tion physiologically and pathologically. In the immune 
system, TRAF4 promotes immune cell migration without 
participation in the development and function26. Impaired 
neural tube closure and tracheal ring disruption in TRAF4-
deficient mice are relevant to abnormal cell migration11,12. 
Increasing evidence has demonstrated that TRAF4-
dependent cell mobility exists in many cancer types 
including breast cancer, OSCC, and colon cancer17,18,24. 
In this study, our results verified that TRAF4-dependent 
migration occurs in HCC and suggest that TRAF4 is a 
crucial potential molecule fostering HCC progression 
and driving metastasis in liver cancer.

The EMT is a continuous multistep biological pro-
cess related to the invasion and metastasis of tumors27. 
During EMT, tumor cells reduce cell adhesion, cut 
through the basement membrane, migrate into blood cir-
culation, and finally colonize at distant sites28. One of the 

distinguishing features of EMT is the decreased expres-
sion of E-cadherin, which, as the cell–cell junction pro-
tein, has been considered to be a suppressor of tumor 
dissemination, including the dissemination of liver can-
cer cells20,29–31. EMT-related transcription factors such as 
Snail and Slug bind to the E-box area, which serves as the 
upstream promoter of E-cadherin and then represses the 
expression of E-cadherin, triggering the EMT32. Our study 
revealed a positive correlation between TRAF4 and Slug. 
TRAF4 knockdown cells with low migration and invasion 
exhibited a lower expression of Slug, leading to the upreg-
ulation of E-cadherin and downregulation of vimentin. 
Overexpressed TRAF4 with elevated cell mobility promi-
nently facilitated the EMT through the elevation of Slug, 
which resulted in an attenuated expression of E-cadherin 
and enhanced level of vimentin. These findings indicate 
that TRAF4-dependent cell mobility, at least partially, is 
associated with the transcription factor Slug that triggers 
the transition between epithelial and mesenchymal phe-
notypes in HCC.

The PI3K/Akt signaling pathway is well known in regu-
lating cellular and physiological processes, including cell 
proliferation, cell cycle, differentiation, survival, apopto-
sis, metabolism, and migration. Additionally, activation 
of PI3K/Akt signaling plays an important role in main-
taining the biological features of malignant cells, includ-
ing the EMT23. For instance, sustained Akt activation was 
associated with low E-cadherin and directly elevated the 
expression of Snail, which could be reversed by the Akt 
inhibitor33. Twist, as a transcription factor with a strong 
ability to induce the EMT, has a significant effect on Akt 
activation34. Moreover, PI3K/Akt signaling can interact 
with several signaling pathways including the TGF-b sig-
naling pathway, the NF-kB signaling pathway, and the 
Wnt/b-catenin signaling pathway to induce the EMT23. 
In our study, upregulated TRAF4 facilitates the phospho-
rylation of Akt, whereas downregulated TRAF4 leads 
to the opposite events, which was in line with previous 
studies. In lung cancer, TRAF4 was demonstrated to be 
indispensable for Akt activation through ubiquitination16. 
Zhang et al. found that TRAF4 promoted Akt activation 
and gave evidence of a direct interaction between Akt 
and TRAF4 in breast cancer35. However, the mechanisms 
by which TRAF4 activates Akt signaling and whether 
TRAF4 interacts with Akt in HCC require further study.

Our study also found that TRAF4-induced EMT, cell 
migration, and cell invasion are dependent on Akt phos-
phorylation. Sustained Akt activation in TRAF4-deficient 
cells regained Slug expression and switched the epithelial 
phenotype to a mesenchymal phenotype, acquiring origi-
nal cell migration and invasive abilities. For TRAF4 over-
expression cells, using LY294002 to inhibit PI3K/Akt 
signaling can impede the TRAF4-induced upregulation of 
Slug, leading to enhanced expression of E-cadherin and 
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Figure 5. Regulatory effect of PI3K/Akt signaling pathways on TRAF4-induced cell mobility. (A) Constitutive activation of Akt1 
recovered cell migration and invasion impaired by TRAF4 downregulation (p < 0.05). (B) PI3K/Akt inhibitor LY294002 hampered 
the TRAF4-induced cell migration and invasion (p < 0.05). Data are presented as the mean ± SD; n = 6. *p < 0.05. All experiments were 
repeated independently three times; significant difference between groups: *p < 0.05.
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a decreased expression of vimentin. TRAF4-dependent 
cell migration and invasion can also be moderated. These 
effects were similar to a study in melanoma showing 
that blockage of PI3K/Akt signaling impeded SPARC-
induced Slug upregulation and cell migration while 
constitutively activating Akt rescue of Slug expression 
and the migratory ability of SPARC knockdown cells31. 
Although the underlying mechanisms and the correlation 
of TRAF4, Akt activation, and Slug expression in HCC 
remain inexplicit, this study revealed the fact that TRAF4 
activated the PI3K/Akt signaling pathway, which contrib-
uted to Slug expression, leading to EMT, migration, and 
invasion in HCC.

In summary, our study identified that TRAF4 plays an 
oncogenic role in HCC by facilitating cell mobility. TRAF4 
is a novel regulator of EMT through activating the PI3K/
Akt signaling pathway. This study contributes to the clari-
fication of the oncogenic function of TRAF4 in HCC and 
indicates that TRAF4 may serve as a potential therapeutic 
target for reducing HCC invasion and metastasis.
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