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Abstract 

Background and Aims: Aberrant transcriptional programs are highly regulated processes that play 
important roles in the development and progression of hepatocellular carcinoma (HCC). Emerging 
evidence suggests that super-enhancers (SEs) often drive critical oncogene expression. However, 
SE-associated genes in HCC pathogenesis are still poorly understood. 
Methods: We performed integrative ChIP-seq and Hi-C analyses of HCC cells and identified ajuba LIM 
protein (AJUBA) as a SE-associated gene. We evaluated AJUBA expression in HCC using 
immunohistochemistry, immunoblotting, and qRT-PCR. ChIP and luciferase reporter assays were 
performed to demonstrate that transcription factor 4 (TCF4) bound to AJUBA-associated SEs. We then 
assessed the role of AJUBA in HCC using both in vitro and in vivo assays. Epithelial-mesenchymal transition 
(EMT) was examined using immunofluorescence and immunoblotting assays. Furthermore, we used 
immunoprecipitation and BiFC assays to explore the underlying mechanisms. 
Results: We identified AJUBA as a SE-associated oncogene in HCC regulated by TCF4. High AJUBA 
expression was related to an aggressive phenotype and unfavorable outcome in HCC patients. AJUBA 
knockdown significantly reduced cell migration and invasion capacities both in vitro and in vivo. 
Furthermore, AJUBA overexpression in HCC recruited tumor necrosis factor associated factor 6 
(TRAF6), enhancing the phosphorylation of Akt and increasing Akt activity toward GSK-3β, thus 
promoting EMT. 
Conclusions: Our results provide functional and mechanistic links between the SE-associated gene 
AJUBA and tumor EMT in aggressive HCC. 
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Introduction 
Hepatocellular carcinoma (HCC) is the most 

common primary liver malignancy and is a leading 
cause of cancer-related death worldwide [1]. Most of 

HCC patients are not eligible for curative surgery due 
to the lack of early observable symptoms. In spite of 
the recent advances in surgical techniques and 
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medical management, the long-term outcome of 
patients with HCC remains unsatisfactory because of 
the high incidence of recurrence and metastasis [2]. 
Therefore, it is essential to clarify the molecular 
mechanisms underlying HCC recurrence and/or 
metastasis, as well as to identify new predictive 
biomarkers and novel therapeutic targets. 

Metastasis is a primary cause of mortality in 
HCC and is triggered by a complicated succession of 
invasion-metastasis cascades [3]. Epithelial- 
mesenchymal transition (EMT) is the initial process of 
tumor metastasis. It is a reversible process during 
which polarized epithelial cells change into detached 
mesenchymal cells through cytoskeleton 
rearrangement, resulting in decreased adhesion and 
increased cell motility, enhancing tumor 
dissemination [4]. EMT is often triggered and 
controlled by various signaling pathways, such as 
TGF-β, Wnt, Notch, and PI3K/Akt [5]. Additionally, 
EMT is also mediated by several transcription factors 
including Snail, Twist, Slug, and Zeb; among them, 
Snail has been found to be a major inducer of EMT [5, 
6]. 

Interestingly, a recent study noted that super- 
enhancers (SEs) are implicated in specific tumor 
biology, including EMT [7]. SEs, a large cluster of 
cis-regulatory DNA elements, can regulate cell-type 
specific genes by recruiting master transcription 
factors [8-10]. SEs are often identified by histone 
markers, RNA polymerase 2 (Pol 2) and the 
transcription cofactor p300 [11-13]. During 
tumorigenesis, SEs frequently promote the 
transcription of prominent oncogenic genes in tumor 
cells. Importantly, SE-associated genes often have 
higher expression levels than those under the 
regulation of typical enhancers (TEs), which has been 
observed in a variety of cancers [13-15]. The 
development of multiple cancers depends on SEs and 
SE-associated genes, making them promising 
therapeutic targets for human cancers. However, the 
roles of SEs and SE-associated genes in the 
development of HCC remain to be elucidated. 

Here, we performed epigenomic analysis to 
characterize SE-associated genes in HCC cells. 
Integrative analysis identified ajuba LIM protein 
(AJUBA) as a novel HCC oncogene regulated by 
transcription factor 4 (TCF4), which is co-localized 
with the AJUBA promoter and AJUBA-SE. AJUBA 
functions as scaffolds and has been shown to 
modulate various biological events including cell 
proliferation, DNA damage response and 
differentiation [16-18]. However, the role of AJUBA in 
cancers remains to be elucidated. In the present study, 
we further demonstrated that SE-driven AJUBA 
induces HCC cell EMT through the 

Akt/GSK-3β/Snail signaling pathway, ultimately 
leading to enhanced invasion and metastasis of HCC 
cells. 

Materials and Methods 
Human samples, tissue microarrays (TMAs), 
and cell lines 

Paraffin-embedded pathological specimens from 
168 patients with HCC were obtained from the 
archives of the Department of Pathology, Sun Yat-sen 
University Cancer Center in Guangzhou, China, 
between March 2008 and July 2015. The cases selected 
for this study had a distinctive pathological diagnosis 
of HCC, underwent primary and curative resection, 
had complete follow-up data, and were not receiving 
preoperative anti-cancer treatment. The median 
follow-up time was 48 months and the 
clinicopathological parameters are listed in Table 1. 
The TMAs were constructed according to a previously 
described protocol [19]. We selected three cores of the 
sample from each tumor or adjacent liver tissue. 
Additionally, 32 pairs of fresh HCC and adjacent liver 
specimens were collected from the Biological 
Specimen Bank of Sun Yat-sen University Cancer 
Center. Samples used in this study were approved by 
the Medical Ethics Committee of Sun Yat-sen 
University Cancer Center. 

HCC cell line SNU-449 was kindly provided by 
Dr. X.F. Steven Zheng (State Key Laboratory of 
Oncology in South China). The other HCC cell lines 
(SK-Hep1, Huh7, HepG2, Hep3B, MHCC97H and 
PLC/PRF/5) and human liver immortalized cells 
(MIHA and LO2) were kindly provided by Dr. Yun- 
Fei Yuan (Sun Yat-sen University Cancer Center). The 
cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM, Invitrogen, Carlsbad, CA, USA) or 
RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) 
supplemented with 10% fetal bovine serum (FBS, 
PAN-biotech, Germany) and 1% penicillin- 
streptomycin at 37 °C in an incubator containing 5% 
CO2. The Wnt3a-conditional medium (Wnt3a C.M.) 
was generated from the Wnt3a-expressing L cell line 
following the ATCC protocol. 
Immunohistochemistry (IHC) and cut-off 
value selection 

TMA slides were incubated with anti-AJUBA 
antibody (1:60 dilution; Sigma-Aldrich, St. Louis, MO, 
USA). Immunostaining was performed using the 
Envision System with diaminobenzidine (Dako, 
Glostrup, Denmark), as previously described [20]. 
Replacing the primary antibody with a normal IgG 
served as a negative control. The known positive cases 
were used as positive controls. 
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Nuclear immunoreactivity for AJUBA protein 
was scored in a semiquantitative way by evaluating 
the number of positive tumor cells over the total 
number of tumor cells. Scores were assigned in 5% 
increments (0%, 5%, 10% … 100%). The scores were 
assessed by two independent pathologists (MY Cai 
and D Xie) who were blinded to the 
clinicopathological data. 

An X-tile plot was employed to assess AJUBA 
expression and optimize the cut-off value. The X-tile 
plots allowed us to determine an optimal cutoff value 
while correcting for the use of minimum P statistics 
by Miller-Siegmund P-value correction [21]. 
Migration and invasion assays 

Cell migration assay was performed using 8 μm 
transwell chambers (Falcon, USA). Cell invasion assay 
was performed with BD BioCoat Matrigel Invasion 
Chambers (Becton Dickinson Labware, Franklin 
Lakes, NJ) following the manufacturer’s instructions. 
After 24 h incubation at 37 °C, the membranes were 
stained with 0.1% crystal violet for 15 min, the cells on 
the upper surface of the membrane were removed, 
and the cells on the lower side were then counted 
under a microscope. Both experiments were repeated 
in triplicate. 
Immunofluorescence (IF) analysis 

Cells were fixed with 4% paraformaldehyde for 
15 min at room temperature and then permeabilized 
with 0.2% Triton X-100 in phosphate buffered solution 
(PBS), blocked with 5% FBS in PBS for 1 h, and 
incubated with primary antibodies against vimentin 
(1:200 dilution, BD Transduction Laboratories, 
Franklin Lakes, New Jersey, USA) or β-catenin (1:200 
dilution, BD Transduction Laboratories, Franklin 
Lakes, New Jersey, USA) overnight at 4 °C. After three 
washes, cells were incubated with an Alexa 
fluorescent-dye conjugated secondary antibody for 2 
h. Finally, the nuclei were stained with DAPI 
(Beyotime, Shanghai, China) for 8 min, and the cells 
were imaged using fluorescence microscopy (LSM880 
with fast Airyscan, ZEISS, Germany). 
Bimolecular fluorescence complementation 
(BiFC) assay 

Tumor necrosis factor associated factor 6 
(TRAF6) was cloned into the N-terminal half of YFP 
(YN-TRAF6) and AJUBA was fused to the C-terminal 
half of YFP (YC-AJUBA). YN-TRAF6 and YC-AJUBA 
were transfected individually or together into SNU- 
449 cells. YFP fluorescence was imaged 48 h after 
transfection with a laser scanning confocal microscope 
(LSM880 with fast Airyscan, ZEISS, Germany). 
 

In vivo mouse experiments 
Experimental protocols and procedures 

involving mice were approved by the Institutional 
Animal Care and Use Committee of Sun Yat-sen 
University. Four-week-old Balb/c nude mice were 
purchased from Charles River Laboratories (Beijing, 
China). For the intravenous metastasis model, each 
mouse was injected with 2 × 106 HCC cells via the tail 
vein. For the orthotopic implantation mouse model, 
mice were anesthetized with isoflurane and 2 × 106 

HCC cells suspended in 20 μL PBS containing 25% 
Matrigel (Corning, USA) were surgically implanted. 
Mice were sacrificed and examined for tumor nodules 
8 weeks after implantation or vein injection. 
Co-Immunoprecipitation (co-IP) 

For exogenous co-IP, whole-cell lysate was 
incubated with antibodies against Flag (1:200 
dilution, Abmart, Shanghai, China) or Myc (1:200 
dilution, MBL, Japan) on a rotary shaker overnight at 
4 °C. The immunoprecipitate was then incubated with 
Sepharose-conjugated protein G magnetic beads 
(Thermo-Fisher Scientific, Waltham, MA, USA) at 4 °C 
for 5 h. The beads were then washed five times with 
TNE lysis buffer (10 mM Tris-HCl, 150 mM NaCl, 2 
mM EDTA, and 0.5% Nonidet P-40, pH 7.5), 
resuspended in SDS sample buffer and boiled for 10 
min. 

For endogenous co-IP, cell lysate was incubated 
with anti-AJUBA (1:50 dilution, Santa Cruz Biotech-
nology, Santa Cruz, California, USA) antibody on a 
rotary shaker overnight at 4 °C. 30 μL of protein G 
magnetic beads were then added to the mixture and 
incubated at 4 °C for 5 h. The beads were washed five 
times and boiled to isolate the protein. 
Chromatin immunoprecipitation sequencing 
(ChIP-seq) and high throughput chromosome 
conformation capture (Hi-C) data analysis 

ChIP-seq data of TCF4, Pol 2, H3K4me1, 
H3K4me3, and H3K27ac for HepG2 cells, and 
H3K27ac for Huh7 cells were obtained from the 
ENCODE database (https://www.encodeproject. 
org/) and re-analyzed using Romics. The Rank 
Ordering of Super Enhancers (ROSE) algorithm was 
used to compute and identify SEs from H3K27ac 
ChIP-seq data [9]. Basically, enhancers within 12.5 kb 
were stitched together to define a single entity 
spanning a genomic region. The stitched and 
individual enhancers without neighboring enhancers 
within 12.5 kb were ranked by the level of H3K27ac 
signal in the genomic region. The stitched or 
individual enhancers with an H3K27ac signal above a 
cutoff where the slope of the distribution plot of 
H3K27ac ChIP-seq intensity is 1 were defined as SEs, 
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and the remaining enhancers were considered TEs. 
The TCF4, H3K27ac, Pol 2, H3K4me1, and H3K4me3 
bigwig files were visualized using the Integrative 
Genomics Viewer (IGV). 

For Hi-C data analysis, raw Hi-C data 
(ENCBS061GMD and ENCBS232MEB) from the 
HepG2 cell line were downloaded from the ENCODE 
database. First, the raw data were filtered and 
trimmed to remove sequencing adaptors and low- 
quality reads. After quality control, clean reads were 
processed according to the Hi-Pro pipeline (Version 
2.7.8) as previously described [22]. The clean reads 
were mapped to the human genome (GRCh37, hg19) 
using Bowtie2 (http://bowtie-bio.sourceforge.net/ 
bowtie2/index.shtml). After mapping, we generated 
raw contact matrices at a binning resolution of 40 kb, 
100 kb, and 250 kb. The raw matrices were normalized 
using Iterative Correction and Eigenvector 
decomposition (ICE) to remove bias. Finally, the 
identified chromatin loops were visualized using the 
WASHU EPIGENOME BROWSER (http:// 
epigenomegateway.wustl.edu/browser/). 
Dual-luciferase reporter assay 

The AJUBA-SE was divided into five segments 
(E1-E5) and each segment was cloned into the 
pGL3-Basic plasmid (Additional file 2). SK-Hep1, 
HepG2, Huh7, SNU-449, and HEK293T cells were 
transfected with 1.2 μg of plasmids (pGL3-Basic, E1, 
E2, E3, E4, or E5) and 250 ng of pRL-TK (a 
normalization control) in 24-well dishes. Forty-eight 
hours after transfection, luciferase reporter activity 
was measured using the Dual-Luciferase Reporter 
Assay System (Vazyme Biotech, Nanjing, China). The 
ratio of firefly to renilla luciferase activity was 
normalized to the pGL3-Basic transfected cells. All 
assays were conducted independently in triplicate. 
ChIP-qPCR 

The ChIP assay for TCF4 was performed using 
the EZ-Magna ChIP kit (EMD Millipore, Germany) 
according to the manufacturer’s instructions. Briefly, 
HCC cell lysates were sheared via sonication to 
generate 200-500 bp fragments. Antibodies against 
TCF4 (1:50 dilution, Cell Signaling Technology, CA, 
USA) and rabbit-IgG (R&D Systems) were used for 
immunoprecipitation. Anti-rabbit IgG was used as a 
negative control. The ChIP products were quantified 
by qRT-PCR using specific primers to measure TCF4 
enrichment. 
Statistical analysis 

Statistical analysis was performed using SPSS 
20.0 software (IBM, USA) and GraphPad Prism 
software (Version 7.0 for windows; GraphPad Prism 
Inc., San Diego, CA). Experimental data are presented 

as mean ± standard deviation (SD). Survival curves 
were obtained using Kaplan–Meier analysis and 
compared with log-rank tests. Univariate and 
multivariate survival analyses were performed using 
the Cox proportional hazards regression model. 
Pearson’s correlation coefficients were determined in 
order to calculate the bivariate correlation between 
the studied variables. Student’s t test was performed 
to analyze the difference between different groups. P 
< 0.05 was considered statistically significant (*P < 
0.05, **P < 0.01, and ***P < 0.001). 

Results 
AJUBA is frequently upregulated in HCC and 
its expression correlates with prognosis 

To explore the potential roles of SEs in HCC, we 
first re-analyzed publicly available ChIP-seq data for 
H3K27 acetylation (H3K27ac) in HepG2 and Huh7 
cell lines from the ENCODE database. A total of 217 
SE-associated genes in both cell lines were annotated 
(Figure S1A). Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis revealed that 
these 217 overlapping genes were significantly 
enriched in gene sets involved in cell adhesion and 
the TGF-β signaling pathway, suggesting that SEs 
may have important roles in EMT (Figure S1B). We 
then identified 23 (among the 217 candidates) up- 
regulated genes (Log2FC ≥ 0.5) that were correlated 
with poor overall survival (OS, P < 0.05) in TCGA 
HCC samples using the GEPIA web tool (Figure S1A 
and S1C-D). We first analyzed the Cancer Cell Line 
Encyclopedia (CCLE) project data and found that 
AJUBA is expressed at a relatively high level in HCC 
cells among various types of human cancer cells 
(Figure 1A). Thus, we chose AJUBA as a candidate 
target for further investigation. We also assessed 
AJUBA expression in a panel of immortalized 
hepatocyte and HCC cell lines. AJUBA expression 
was significantly higher in HCC cell lines compared 
to the immortalized LO2 and MIHA hepatocyte lines 
(Figure 1B). Moreover, AJUBA mRNA and protein 
levels in HCC tissue samples were higher than in 
adjacent nonmalignant liver tissues derived from 
SYSUCC patients (Figure 1C -D). 

To investigate the expression dynamics of 
AJUBA in HCC, we performed AJUBA 
immunostaining on an HCC TMA containing 168 
pairs of HCC specimens and the corresponding 
normal liver tissues from SYSUCC cohort. The 
representative images of AJUBA staining in HCC and 
normal liver tissue samples are shown in Figure 1E. 
We divided the HCC cohort into low and high 
populations based on a cutoff value (determined 
using the X-tile program) of more than 60% AJUBA 
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positive cells (Figure 1F). Correlation analysis showed 
that high AJUBA expression was positively associated 
with tumor multiplicity, poor differentiation, 
advanced TNM stage, the presence of vascular 
invasion, and tumor relapse (Table 1). Kaplan-Meier 
analysis demonstrated that AJUBA expression was 
significantly correlated with poor patient survival 
(Figure 1F). Further, multivariate Cox regression 
analysis showed that AJUBA expression was an 
independent prognostic factor for poor survival of 
HCC patients (relative risk: 2.189, confidence interval: 
1.058 - 4.529, p = 0.035) (Table 2). These findings 
suggest that a potential function of AJUBA is closely 
related to HCC tumorigenesis and progression. 

AJUBA is a SE-associated gene in HCC 
To gain mechanistic insight into the possible 

transcriptional mechanism of AJUBA in HCC tissues, 
we re-analyzed publicly available H3K27ac ChIP-seq 
data and identified a 17 kb SE overlap with AJUBA, 
which was also confirmed by markers such as 
monomethylation of the 4th lysine of histone 3 
(H3K4me1) and Pol 2 (Figure 2A). SE-associated 
AJUBA was annotated in HepG2 and Huh7 cells 
(Figure 2B). We then used JQ1, a BRD4 inhibitor, to 
disrupt the activity of SEs, which has been proven 
effective in a variety of cancers [23-26]. Notably, 
AJUBA expression was significantly downregulated 
in HCC cells treated with JQ1 (Figure S2A-B). Next, by 
re-analyzing the publicly available Hi-C data of 

 

 
Figure 1. AJUBA is upregulated in HCC. (A) AUBA expression levels across various types of human cancer cell lines derived from the CCLE project from the Broad 
Institute. Each point represents one cell line. (B) Western blot analysis of AJUBA protein expression in 6 human HCC cell lines (SNU-449, HepG2, Huh7, SK-Hep1, PLC/PRF/5, 
and MHCC-97H) and 2 immortalized hepatocyte lines (LO2 and MIHA). GAPDH was used as a loading control. (C) Relative mRNA expression levels of AJUBA detected by 
qRT-PCR in 32 pairs of HCC and corresponding adjacent liver tissues. GAPDH was used to normalize the fold change. Dara are presented as the mean ± SD, n = 3. **P < 0.01. 
(D) Western blot analysis of AJUBA protein in 10 paired HCC and corresponding adjacent liver tissues. GAPDH served as a loading control. (E) Representative images showing 
negative AJUBA expression by IHC in a normal liver sample (upper panels) and high AJUBA expression in an HCC case (lower panels). (F) X-tile plots of the prognostic marker 
AJUBA. The cut-off point highlighted by the black/white circle in the left panel is shown on a histogram of the entire cohort (middle panel) and a Kaplan–Meier plot (right panel). 
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HepG2 cells, we determined the extensive interactions 
between putative SE and the AJUBA promoter region 
(≈2 kb). Meanwhile re-analysis result of CTCF 
ChIP-seq data showed a DNA-loop between them 
(marked with red connecting lines above the ChIP-seq 
profiles) in Figure 2A [27, 28]. Since the Wnt signaling 
pathway members are mutated in 44% of HCC cases 
[29], we next explored whether TCF4 regulated the 
expression of AJUBA. We first analyzed the 
correlation between AJUBA protein expression and 
TCF4 mRNA, and we found that mRNA level of TCF4 
was positively correlated with AJUBA expression 
(Figure 2C). We then transfected siRNAs targeting 
TCF4 in HCC cells, and we found knockdown of TCF4 
resulted in significant inhibition of AJUBA (Figure 
S2C-D and Figure 2D). Additionally, we found that 
AJUBA mRNA expression was induced by Wnt3a, 
which was significantly inhibited after depletion of 
TCF4 (Figure 2D). The expression levels of Wnt 
pathway targets, including cyclin D1, c-myc, and 
MET, were also enhanced by Wnt3a (Figure 2E and 
Figure S2E). Finally, we observed the effects of three 
Wnt inhibitors on AJUBA, including Dvl-PDZ domain 
inhibitor II (which blocks Dvl2 binding to LRP6), 
lithium (which suppresses GSK3β), and iCRT3 (which 
disrupts the interactions between β-catenin and TCF4) 
(Figure 2F and Figure S2E). These results demonstrate 
that in HCC cells, Wnt signaling induces expression of 
AJUBA as well as some other Wnt targets. Taken 
together, these results indicate that SE-associated 
AJUBA is a downstream of TCF4. 
TCF4 activates AJUBA transcription by 
binding to its SE 

Since SEs often recruit a high density of 
transcription factors and coactivators to drive 
oncogene expression in tumor cells [9, 30, 31], we 
hypothesized that TCF4 might be responsible for 
maintaining AJUBA-SE activity. To this end, we first 
re-analyzed the publicly available TCF4 ChIP-seq 
data and revealed several prominent peaks in the 
putative SE region of AJUBA (Figure 2A and Figure 
3A). We determined the enriched region of TCF4 in 
AJUBA-SE as the TCF4-specific elements. To obtain 
clues to that TCF4 contributes to the activity of 
AJUBA-SE, we cloned five TCF4-specific elements 
(E1-E5) into the pGL3-Basic plasmid and measured 
their activities using luciferase reporter assay. E1, E2, 
and E4 had significantly higher enhancer activities in 
all HCC cells compared with the empty control 
vector, but not in HEK293T cells (Figure 3B and 
Figure S3B). Importantly, silencing TCF4 in HCC cells 
reduced the enhancer activity of E1, E2, and E4 
(Figure 3C and Figure S3C). Furthermore, the 
enrichment of TCF4 in these elements was confirmed 

by ChIP-qPCR (Figure 3D, Figure S3A and S3D-E). 
Finally, we used CRISPR/Cas9 editing to delete the 
genomic region containing E2 (Figure S4A-B). The 
deletion suppressed AJUBA protein level relative to a 
non-edited control (Figure S4C). Taken together, these 
results suggest that AJUBA is tightly regulated by the 
interaction between TCF4 and AJUBA-SE. 

 

Table 1. Correlation of AJUBA expression with patients’ 
clinicopathological features in primary hepatocellular carcinomas 

Variable AJUBA protein 
All cases Low expression High expression P value* 

Age (years)    0.342 
≤ 50 84 64 (76.2%) 20 (23.8%)  
> 50 84 69 (82.1%) 15 (17.9%)  
Sex    0.519 
Female 25 21 (84.0%) 4 (16.0%)  
Male 143 112 (78.3%) 31 (21.7%)  
HbsAg    0.321 
Negative 11 10 (90.9%) 1 (9.1%)  
Positive  157 123 (78.3%) 34 (21.7%)  
AFP (ng/mL)    0.192 
≤20 69 58 (84.1%) 11 (15.9%)  
>20 99 75 (75.8%) 24 (24.2%)  
Liver cirrhosis    0.885 
No 99 78 (78.8%) 21 (21.2%)  
Yes  69 55 (79.7%) 14 (20.3%)  
Tumor size (cm)    0.443 
≤5 72 59 (81.9%) 13 (18.1%)  
>5 96 74 (77.1%) 22 (22.9%)  
Tumor multiplicity    0.001 
Single 131 111 (84.7%) 20 (15.3%)  
Multiple 37 22 (59.5%) 15 (40.5%)  
Differentiation    0.025 
Well-moderate 86 74 (86.0%) 12 (14.0%)  
Poor-undifferentiated 82 59 (72.0%) 23 (28.0%)  
Stagea    < 0.001 
I-II 117 102 (87.2%) 15 (12.8%)  
III-IV 51 31 (60.8%) 20 (39.2%)  
Vascular invasion    0.027 
Absent 104 88 (84.6%) 16 (15.4%)  
Present 64 45 (70.3%) 19 (29.7%)  
Relapse    0.003 
Absent 135 113 (83.7%) 22 (16.3%)  
Present 33 20 (60.6%) 13 (39.4%)  

Notes: a: The 8th edition of the AJCC cancer staging manual; *Chi-square test; 
Boldface indicates P < 0.05; 
Abbreviations: HbsAg, hepatitis B surface antigen; AFP, alpha-fetoprotein. 

 

AJUBA promotes HCC cell migration and 
invasion ability both in vitro and in vivo 

To identify the functional role of AJUBA in HCC 
cells, we used SK-Hep1 cells with high AJUBA 
expression for loss-of-function and HepG2 cells with 
low AJUBA expression for gain-of-function assays. 
Meanwhile, SNU-449 cells displaying moderate 
expression level of AJUBA were used for both 
loss-of-function and gain-of-function assays. Using 
migration and invasion assays, we found that cell 
migration and invasion were attenuated after AJUBA 
knockdown in SNU-449 and SK-Hep1 cells (Figure 
4A), which was also confirmed by AJUBA- 
knockdown Huh7 cells (Figure S5B). In contrast, 
AJUBA overexpression enhanced migration and 
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invasion in HepG2 and SNU-449 cells compared to 
the negative control (Figure 4B). These results were 
further confirmed in a wound healing assay (Figure 
S5A). 

In order to assess the effect of AJUBA in vivo, 
stably transfected cell lines (HepG2-vector, HepG2- 
AJUBA, SK-Hep1-shNC, and SK-Hep1-sh36) were 
injected into the lateral tail vein of nude mice. Eight 
weeks after injection we found a significant increase 
in the number and size of lung metastasis nodules in 
mice injected with HepG2-AJUBA cells compared to 
controls. The group injected with SK-Hep1 cells 

lacking AJUBA had remarkably decreased metastatic 
nodules in the lung compared to controls. This was 
further confirmed by haematoxylin and eosin (H&E) 
staining of dissected lungs (Figure 4C). Furthermore, 
we transplanted tumor cells into mouse liver to 
establish a liver orthotopic model. Eight weeks after 
transplantation, we evaluated intrahepatic metastases 
tumor nodules and found more tumor nodules in the 
HepG2-AJUBA group compared to controls (Figure 
4D). Taken together, these results suggest that AJUBA 
may be involved in the aggressive phenotype of HCC 
cells both in vitro and in vivo. 

 

 
Figure 2. AJUBA is a super-enhancer driven gene in HCC. (A) ChIP-seq profiles for Pol 2, H3K27ac, H3K4me1, H3K4me3, and TCF4 at the AJUBA locus in HepG2 cells, 
as well as H3K27ac in Huh7 cells. Predicted SE and promoter are depicted as red bars. Above the ChIP-seq profiles are interactions between SE and promoter regions in HepG2 
cells predicted by Hi-C from ENCODE database, and visualized using WashU Epigenome Browser. (B) Hockey stick plots on the basis of their input-normalized H3K27ac signals 
in HepG2 and Huh7 cells. SE-associated AJUBA is highlighted. (C) The correlation of TCF4 and AJUBA mRNA levels in HCC tissues. TCGA data were analyzed using the GEPIA 
web tool. Correlation between TCF4 and AJUBA was determined by Pearson’s rank correlation coefficient. r, Pearson correlation coefficient; P, Pearson p value. (D) The relative 
expression levels of AJUBA mRNA after silencing TCF4 in three HCC cell lines with or without Wnt3a C.M. stimulation overnight. Quantitative data are presented as the mean 
± SD. **P < 0.01, ***P < 0.001. (E) The expression of AJUBA and Wnt pathway components in HepG2 cells treated with either L C.M. or Wnt3a C.M. for 24 h. (F) The protein 
levels of AJUBA and Wnt pathway components in HepG2 cells treated with different Wnt signaling inhibitors. 
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Figure 3. TCF4 activates AJUBA transcription by binding to the AJUBA super-enhancer. (A) H3K27ac and TCF4 ChIP-seq signals at the AJUBA locus in HepG2 
cells. Five TCF4-specific elements (E1-E5) within the SE were separately cloned into the luciferase reporter vector pGL3-Basic. (B) Enhancer activity measured by dual-luciferase 
reporter assay in HepG2 and Huh7 cells. (C) The luciferase activities of each of the five enhancer elements measured in HepG2 and Huh7 cells after silencing TCF4. For (B and 
C), luciferase signal was normalized to a renilla transfection control. (D) ChIP-qPCR analysis of the interaction between TCF4 and segments of E1, E2, and E4 (E1A, E1B, E2A, E2B, 
E4A, and E4B) in HepG2 and Huh7 cells. Rabbit normal IgG antibody was used as a negative control. Data in B-D are representative of 2-3 separate experiments. *P < 0.05, **P 
< 0.01, ***P < 0.001.  
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Table 2. Univariate and multivariate analysis of different 
prognostic features in 168 patients with hepatocellular carcinoma 
Variable Univariate analysis* Multivariate analysis 

All 
cases 

 HR (95% CI) P 
value 

HR (95% CI) P 
value 

Age (years)   0.462   
≤ 50 84 1.0    
> 50 84 0.779 

(0.401-1.516) 
   

Sex   0.124   
Female 25 0.538 

(0.244-1.185) 
   

Male 143 1.0    
HbsAg   0.385   
Positive 11 1.0    
Negative 157 2.416 

(0.330-17.671) 
   

AFP (ng/mL)   0.286   
≤20 69 1.0    
>20 99 1.448 

(0.733-2.862) 
   

Liver cirrhosis   0.698   
Yes 99 1.0    
No 69 1.139 

(0.590-2.200) 
   

Tumor size (cm)   0.051   
≤5 72 1.0    
>5 96 2.040 

(0.997-4.174) 
   

Tumor multiplicity   0.001  0.719 
Single 131 1.0  1.0  
Multiple 37 3.095 

(1.591-6.022) 
 1.164 

(0.509-2.659) 
 

Differentiation   0.005  0.141 
Well-moderate 86 1.0  1.0  
Poor-undifferentiated 82 2.749 

(1.350-5.598) 
 1.749 

(0.831-3.680) 
 

Stagea   < 
0.001 

 0.032 

I-II 117 1.0  1.0  
III-IV 51 4.357 

(2.227-8.527) 
 2.580 

(1.084-6.140) 
 

Vascular invasion   0.096   
Absent 104 1.0    
Present 64 1.745 

(0.906-3.361) 
   

Relapse   0.886   
Absent 135 1.0    
Present 33 1.060 

(0.481-2.336) 
   

AJUBA expression   < 
0.001 

 0.035 

Low 133 1.0  1.0  
High 35 3.950 

(2.052-7.602) 
 2.189 

(1.058-4.529) 
 

Notes: a: The 8th edition of the AJCC cancer staging manual; *Cox regression 
model; Boldface indicates P < 0.05; 
Abbreviations: HbsAg, hepatitis B surface antigen; AFP, alpha-fetoprotein; HR 
indicates hazards ratio; CI indicates confidence interval. 

 

AJUBA promotes EMT in HCC 
EMT is a crucial cellular process associated with 

tumor initiation, invasion, and metastasis in which 
cells lose epithelial features and acquire mesenchymal 
characteristics [32]. We next sought to evaluate the 
effect of AJUBA on EMT. We found that 
AJUBA-overexpressed HCC cells exhibited a 
scattering and elongating phenomenon; however, 
AJUBA knockdown cells turned to relative round 
morphology (Figure S5D). Real-time PCR and western 

blotting assays demonstrated that ectopic AJUBA 
expression decreased the levels of epithelial markers 
(E-cadherin and β-catenin), but increased the levels of 
mesenchymal features (N-cadherin and vimentin). 
The opposite effect was observed in AJUBA-depleted 
cells (Figure 5A-C and Figure S5C). Similar results 
were also observed in IF staining assays. Knockdown 
of AJUBA increased β-catenin expression while 
decreased vimentin expression in SNU-449 and 
SK-Hep1 cells (Figure 5E). In contrast, overexpression 
of AJUBA decreased the epithelial marker β-catenin 
and increased the mesenchymal marker vimentin 
(Figure 5F). These findings indicate that AJUBA 
promotes EMT in HCC cells. 

AJUBA induces EMT by activating the 
Akt/GSK-3β/Snail pathway in HCC 

We next sought to obtain mechanistic insight 
into how AJUBA promotes EMT in HCC cells. Of 
note, a multitude of signaling pathways such as 
TGF-β/Smad [33], PI3K-Akt [34], Wnt/β-catenin [35], 
and p53 [36], as well as many transcription factors 
[37], have been identified to be related to the EMT 
process. Snail is a predominant transcription factor 
frequently upregulated by diverse inducers in various 
cancers [38]. Inhibition of GSK-3β by activating the 
PI3K-Akt signaling pathway improves the stability 
and nuclear localization of Snail, which induces EMT 
[39]. Thus, we examined the Akt/GSK-3β/Snail 
signaling pathway after AJUBA overexpression, and 
we found that the levels of phosphorylated Akt 
(p-Akt), phosphorylated GSK-3β (p-GSK-3β), and 
Snail increased in SNU-449 and HepG2 cells. 
Consistently, opposite changes were detected after 
silencing AJUBA in SNU-449 and SK-Hep1 cells 
(Figure 5D). To further confirm these results, we used 
the PI3K inhibitor LY294002 to further explore the 
relationship between decreased p-Akt and increased 
cell migration induced by AJUBA in SNU-449-AJUBA 
and HepG2-AJUBA cells, and we found PI3K 
inhibition effectively decreased the levels of p-Akt, 
p-GSK-3β and Snail, which could be reversed by 
overexpression of AJUBA (Figure 6A). Transwell 
assay also demonstrated that LY294002 could impair 
the increased cell migration induced by ectopic 
AJUBA expression (Figure 6B). Western blotting 
analysis showed that PI3K inhibition disrupted 
mesenchymal features (N-cadherin and vimentin) and 
increased the levels of epithelial markers (E-cadherin 
and β-catenin) in SNU-449-AJUBA and HepG2- 
AJUBA cells (Figure 6C). Similar results were also 
observed using IF assay (Figure 6D). We next 
transfected AJUBA-silenced cells with constitutively 
active Akt gene (CA-AKT) to further investigate the 
effect of AJUBA on the Akt/GSK-3β/Snail pathway. 



Theranostics 2020, Vol. 10, Issue 20 
 

 
http://www.thno.org 

9075 

As expected, the decreased expression of p-Akt, 
p-GSK-3β, and Snail observed after silencing AJUBA 
was significantly rescued by CA-AKT (Figure 6E, 
Figure S7A and S7C). Further, the attenuated 
migration capacity could also be rescued by 

overexpression of CA-AKT as indicated in transwell 
assay (Figure 6F). Collectively, these findings 
demonstrate that the Akt/GSK-3β/Snail signaling 
pathway is at least partially responsible for 
AJUBA-induced EMT and invasiveness in HCC cells. 

 

 
Figure 4. AJUBA increases HCC cell migration and invasion both in vitro and in vivo. (A-B) Transwell migration and matrigel invasion assays were performed in cells 
with AJUBA knockdown or overexpression. The bottom panel shows bar charts quantifying cell migration and invasion. (C) A murine tail vein injection lung metastasis model. 
Representative images of gross lung metastatic foci and H&E histology (original magnification: 200×) are shown in the left panel. The right panel shows graphs of the number of 
metastatic nodules formed in the lungs of mice 8 weeks after injection of HepG2-vector, HepG2-AJUBA (n = 7/group), SK-Hep1-shNC, and SK-hep1-sh36 transfected cells (n = 
8/group), respectively. (D) An orthotopic implanted intrahepatic metastasis model. Representative images of gross intrahepatic metastasis foci and H&E histology (original 
magnification: 200×) of hepatic metastases are shown in the left panel. The scatter grams (right panel) show the number of metastatic nodules formed in the livers of mice 8 weeks 
after orthotopic implantation with HepG2-vector, HepG2-AJUBA (n = 6/group), SK-Hep1-shNC, and SK-hep1-sh36 transfected cells (n = 7/group), respectively. Statistical 
results are presented as the mean ± SD. *P < 0.05, **P < 0.01. 
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Figure 5. AJUBA promotes EMT in HCC. The relative mRNA (A, B) and protein (C) expression levels of EMT markers (E-cadherin, β-catenin, N-cadherin, and vimentin) 
in AJUBA-overexpressed and AJUBA-silenced cells. The results shown in (A) and (B) are representative of three independent experiments. All error bars show standard error 
of the mean. *P < 0.05 and **P < 0.01. (D) The expression levels of Akt, p-Akt, p-GSK-3β, Snail, and GAPDH (loading control) measured by western blotting. (E-F) IF staining 
of β-catenin and vimentin in the indicated cell lines. Nuclei were counterstained with DAPI (magnification: 600×). 

 

TRAF6 is responsible for AJUBA-activation of 
the Akt/GSK-3β/Snail pathway 

Previous studies showed that TRAF6 could 
promote the K63-linked ubiquitination of Akt, thus 
suppressing GSK-3β and stabilizing Snail [40, 41]. 
Since AJUBA could modulate IL-1-induced NF-κB 
activation by interacting with TRAF6 [42], we 

hypothesized that TRAF6 might be involved in 
AJUBA-induced aggressive HCC phenotype. To 
address this, we performed a co-IP assay with an 
anti-AJUBA antibody in HepG2-AJUBA cells and 
found that AJUBA and TRAF6 form a complex in vivo 
(Figure 7A). Consistent with this, we performed 
exogenous co-IP assay by overexpressing epitope- 
tagged AJUBA and TRAF6 in HEK293T cells, further 
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demonstrating a physical interaction between them 
(Figure S6A). Moreover, the expression level of 
TRAF6 was positively correlated with AJUBA mRNA 
level (Figure S6B). Cell fractionation and confocal 
microscopy assays showed that AJUBA and TRAF6 
were mainly located in the nucleus and cytoplasm 
(Figure 7B and Figure S6C). Thus, we speculated that 
the AJUBA-TRAF6 interaction had the same cellular 

distribution. To confirm these, we performed a BiFC 
assay in SNU-449 cells. The reconstituted fluorescent 
YFP from YC-AJUBA (fusion of AJUBA to the 
C-terminal half of YFP) and YN-TRAF6 (fusion of the 
N-terminal half of YFP to TRAF6) was observed in 
both the nuclei and cytosol (Figure 7C). These 
observations strongly support the idea that AJUBA is 
associated with TRAF6 in HCC.  

 

 
Figure 6. The Akt/GSK-3β/Snail pathway is responsible for AJUBA-induced EMT and invasiveness. (A) Western blotting demonstrated that the Akt inhibitor 
LY294002 could effectively decrease p-Akt, p-GSK-3β, and Snail expression induced by AJUBA. (B) A transwell migration assay showed that LY294002 could effectively inhibit 
AJUBA induced cell migration. The right panels show bar charts of cell migration quantification. Three independent experiments were performed. Western blots (C) and IF 
images (D) showed that AJUBA-induced increase in mesenchymal marker expression and decrease in epithelial marker expression could be rescued by LY294002 treatment. (E) 
Western blotting demonstrated that CA-AKT transfection effectively increased p-Akt, p-GSK-3β, and Snail expression after AJUBA silencing. (F) A transwell migration assay 
showed that CA-AKT could effectively promote cell migration ability after AJUBA silencing. The right panel shows bar charts of cell migration quantification. Three independent 
experiments were performed. All error bars show standard error of the mean. **P < 0.01. 
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Figure 7. TRAF6 is involved in the aggressive AJUBA-induced phenotype. (A) Overexpressed AJUBA interacts with endogenous TRAF6 demonstrated by co-IP in 
HepG2-AJUBA cells. (B-C) Detection of the AJUBA-TRAF6 interaction in living cells with BiFC assay. YC-AJUBA and YN-TRAF6 were transfected alone or together into 
SNU-449 cells. The expression of YC-AJUBA and YN-TRAF6 was detected with an anti-GFP antibody. The reconstituted YFP fluorescence was detected at 488 nm. (D) A 
transwell migration assay showed that AJUBA overexpression promoted cell migration, which could be reversed by TRAF6 silencing. The right panels show bar charts of cell 
migration quantification. Three independent experiments were performed. (E) Western blotting demonstrated that silencing TRAF6 effectively decreased AJUBA-induced p-Akt, 
p-GSK-3β, and Snail expression. (F) The decreased expression of epithelial markers (E-cadherin and β-catenin) and increased expression of mesenchymal markers (N-cadherin 
and vimentin) were reversed after silencing TRAF6. (G) p-Akt, p-GSK-3β, and Snail expression, which were decreased AJUBA knockdown, were effectively rescued by TRAF6 
upregulation. (H) A transwell migration assay showed that silencing AJUBA inhibited cell migration, which could be reversed by TRAF6 upregulation. The right panels show bar 
charts of cell migration quantification. Three independent experiments were performed. All error bars show standard error of the mean. ***P < 0.001. 
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Figure 8. A proposed working model of transcriptional regulation in HCC biology. The transcription factor TCF4 binds to the AJUBA promoter and SE regions, 
drives its expression, and leads to the upregulation of AJUBA in HCC, thus promoting EMT through the activation of the Akt/GSK-3β/Snail pathway. 

 
Next we performed ubiquitination assay by 

co-transfecting SNU-449 stable cell lines with 
HA-ubiquitin (K63 only), S-tag-AKT and Flag-TRAF6 
in the overexpression or knockdown of AJUBA. Our 
results showed that ectopic expression of AJUBA 
increased the K63 ubiquitination of Akt (Figure S6D). 
In contrast, the K63 ubiquitination of Akt significantly 
decreased in SNU-449 cells with downregulated 
AJUBA (Figure S6E). As a result, we sought to confirm 
the oncogenic function of AJUBA via interacting with 
TRAF6 to activate the Akt/GSK-3β/Snail pathway. 
We disrupted TRAF6 in SNU-449-AJUBA and 
HepG2-AJUBA cells by introducing a siRNA. The 
efficiency of siTRAF6 was validated in SNU-449 cells 
(Figure S6F-G). The increased cell migration induced 
by overexpression of AJUBA was rescued after 
TRAF6 knockdown as indicated in transwell assay 
(Figure 7D). We next examined the expression levels 
of several members involved in the 
Akt/GSK-3β/Snail pathway using western blotting. 
We observed that the increased expression of p-Akt, 
p-GSK-3β, and Snail induced by AJUBA was 
effectively decreased by siTRAF6 (Figure 7E). 
Furthermore, we measured the expression of 
EMT-related markers following siTRAF6, and we 
found their changes were consistent with an alteration 
in the Akt/GSK-3β/Snail pathway (Figure 7F). While 
TRAF6 overexpression generated the opposite effects 

(Figure 7G-H, Figure S6H-I, S7B and S7D). These 
results suggest that TRAF6 is responsible for 
AJUBA-induced aggressive HCC phenotype via the 
Akt/GSK-3β/Snail pathway. 

Discussion 
In the current study, we provide evidence 

showing that AJUBA is upregulated in HCC tissues 
and its high expression is related to a more aggressive 
malignancy and adverse clinical outcome. Moreover, 
our data support a crucial role for AJUBA in 
promoting EMT of HCC cells via the 
Akt/GSK-3β/Snail signaling pathway. Interestingly, 
AJUBA up-regulation in HCC was found to be 
mediated by the direct binding of TCF4 to its SE and 
promoter region. Our findings provide functional and 
mechanistic links between AJUBA and HCC EMT 
(Figure 8).  

HCC outcomes remain dismal because of its high 
recurrence and/or metastasis rates. Therefore, 
understanding the genetic and epigenetic alterations 
driving the pathogenesis of tumor recurrence and/or 
metastasis is of great importance. EMT plays a key 
role in tumor invasion and metastasis, and it has been 
shown to contribute to HCC progression [43]. 
Recently, multiple transcription factors and genes 
have been reported to be involved in EMT [44-47]. 
However, the functions of SEs and SE-associated 
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genes in EMT remain poorly understood. In this 
study, we performed an integrative analysis of both 
ChIP-seq and Hi-C data and identified a 17 kb SE 
interacting with AJUBA. We then demonstrated that 
high AJUBA expression in HCC was important in the 
acquisition of an aggressive and/or poor prognostic 
phenotype. In addition, AJUBA expression was found 
to decrease the RNA and protein levels of epithelial 
markers and increase mesenchymal features in HCC 
cells. Furthermore, key EMT transcription factor Snail, 
AJUBA, and PRMT5 ternary complex can be found at 
the proximal promoter region of E-cadherin, 
repressing E-cadherin expression and regulating EMT 
signaling [48]. Collectively, these results suggest that 
super-enhancer associated AJUBA is highly relevant 
to HCC cell EMT and aggressiveness. 

A series of studies have indicated that master 
transcription factors, frequently localized at SEs, 
mediate transcriptional dysregulation and promote 
tumorigenesis in squamous cell carcinoma [49], as 
well as the progression of esophageal squamous cell 
carcinoma [50] and Ewing sarcoma [27]. However, 
whether SE can regulate the expression of oncogenes 
in HCC through its interaction with key transcription 
factors remains to be elucidated. Recent studies have 
found abnormal activation of the Wnt/β-catenin 
signaling axis in HCC carcinogenicity and that 44% of 
HCCs display gene alterations in the Wnt pathway, of 
which CTNNB1 mutation is increased up to 35% [29, 
51]. Moreover, as a co-transcription factor of TCF4, 
β-catenin gene mutation and protein accumulation 
lead to the aberrant activation of multiple TCF4 target 
genes in HCC [52, 53]. These findings suggest that 
TCF4 may serve as a key transcription factor in HCC 
cells. What’s more, TP53 mutation also plays 
important role in HCC, so we detected the correlation 
of mutant TP53 and AJUBA [29]. But there was no 
difference in the expression of AJUBA under different 
TP53 stated in the patients from TCGA (data not 
shown). 

Remarkably, SEs usually bind large numbers of 
master transcription factors that define cell identity, 
and thus participate in a variety of pathophysiological 
processes [9, 23, 30]. Recent studies have 
demonstrated several transcription factors that 
directly bind to SEs to activate the transcription of 
EMT-related genes in HCC [7, 54]. A functional 
association between the Wnt signaling pathway and 
EMT has also been well established. Nevertheless, 
how SEs regulate EMT through transcriptional 
regulation of the Wnt pathway remains unclear. In 
our study, we found that AJUBA overexpression in 
HCC is regulated by TCF4 directly binding to its 
promoter and SE region, activating AJUBA 
transcription and promoting EMT in HCC cells. These 

findings imply that the interaction of AJUBA-SE and 
TCF4 is very important in the activation of EMT 
signaling and HCC progression. 

The PI3K/Akt pathway is a key signaling 
pathway driving survival of cancer, including HCC. 
Our data provide evidence that AJUBA functionally 
promotes EMT in HCC cells through activating the 
Akt/GSK-3β/Snail pathway. It is well known that 
p-Akt can suppress GSK-3β activity (through 
phosphorylation of Ser 9) and stabilize Snail, thus 
Snail and GSK-3β together act as a molecular switch 
for the PI3K/Akt pathway, regulating EMT [55]. 
Consistent with this, we found that AJUBA 
overexpression increased p-Akt, p-GSK-3β, and Snail 
expression levels, which could be rescued by silencing 
AJUBA. Collectively, these data suggest that AJUBA 
plays an important role in EMT by activating the 
Akt/GSK-3β/Snail pathway. But how does AJUBA 
activate Akt in HCC cells? Previous reports showed 
that AJUBA could stabilize and enhance the 
association of TRAF6 with p62 by forming a protein 
complex [42]. Moreover, TRAF6 has been found to be 
a direct E3 ligase for Akt and is essential for the 
activation of Akt through K63 ubiquitination, which is 
crucial for Akt membrane location and 
phosphorylation [40]. Based on these findings, we 
hypothesized that the activation of Akt might be 
mediated by a protein complex formed by the 
interaction of TRAF6 and AJUBA. This was supported 
by the following lines of evidence: first, co-IP data 
provide evidence of a direct interaction between 
TRAF6 and AJUBA; second, there was a significant 
correlation between the AJUBA protein level and the 
TRAF6 mRNA level in HCC tissues from the TCGA 
database; third, AJUBA was capable of promoting the 
activation of Akt through enhancing TRAF6-mediated 
K63 ubiquitination; fourth, loss-of-function assay 
revealed that silencing TRAF6 could suppress cell 
migration and decrease the expression of 
mesenchymal markers (markers of EMT) induced by 
overexpression of AJUBA, and conversely, gain-of- 
function assay demonstrated that increased TRAF6 
could promote cell migration and the expression of 
epithelial markers; finally, decreased TRAF6 reduced 
Akt phosphorylation, while increased TRAF6 
promoted Akt phosphorylation. Our results have 
demonstrated an important role of AJUBA in 
promoting EMT via the Akt/GSK-3β/Snail pathway 
through its interaction with TRAF6. Further work is 
needed to elucidate how these components interact 
with each other in detail. 

In summary, our study provides evidence 
showing that up-regulated AJUBA, mediated by TCF4 
binding to AJUBA-SE in HCC, is very important in 
acquisition of an aggressive/poor prognostic 
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phenotype. Furthermore, our data provide functional 
and mechanistic links between the SE-associated 
AJUBA and tumor EMT in HCC. 
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