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Hepatocellular carcinoma (HCC) is one of the most lethal cancers worldwide because of metastasis. Epithelial-mesenchymal

transition (EMT) is widely considered to be crucial to the invasion-metastasis cascade during cancer progression. Actin-like

6A (ACTL6A) is important for cell proliferation, differentiation, and migration. In this study, we find that ACTL6A plays

an essential role in metastasis and EMT of HCC. ACTL6A expression is up-regulated in HCC cells and tissues. A high

level of ACTL6A in HCCs is correlated with aggressive clinicopathological features and is an independent poor prognostic

factor for overall and disease-free survival of HCC patients. Ectopic expression of ACTL6A markedly promotes HCC cells

migration, invasion, as well as EMT in vitro and promotes tumor growth and metastasis in the mouse xenograft model.

Opposite results are observed when ACTL6A is knocked down. Mechanistically, ACTL6A promotes metastasis and EMT

through activating Notch signaling. ACTL6A knockdown has the equal blockage effect as the Notch signaling inhibitor, N-

[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butylester, in HCC cells. Further studies indicate that ACTL6A

might manipulate SRY (sex determining region Y)-box 2 (SOX2) expression and then activate Notch1 signaling. Conclusions:

ACTL6A promotes metastasis and EMT by SOX2/Notch1 signaling, indicating a prognostic biomarker candidate and a

potential therapeutic target for HCC. (HEPATOLOGY 2016;63:1256-1271)

H
epatocellular carcinoma (HCC) in males is
the fifth-most common and second leading
cause of cancer death in global. Approxi-

mately 782,500 new cases and 745,500 deaths occurred

worldwide in 2012, with China accounting for more
than half of the total number of cases and deaths.(1)

Although the treatments for HCC have been greatly
improved, the outcome of HCC is still unfavorable,
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with an approximately 30% overall 5-year survival rate
after liver resection.(2) Metastasis, the main reason for
poor survival of HCC patients, is formed by a compli-
cate succession of invasion-metastasis cascades. In spite
of the controversies, many recent studies proposed that
epithelial-mesenchymal transition (EMT) was one of the
critical programs for invasion-metastasis cascades.(3)

EMT is a biological process that enable an epithelial cell
changes to a mesenchymal cell phenotype, which was ini-
tially described in embryonic development by Elizabeth
Hay.(4) Subsequently, a number of studies have found that
EMT also endows epithelial cells with migratory and
invasive capacity and also is involved in many cancer
metastases, including HCC.(5,6) Notably, our previous
studies have found and defined a specific HCC subtype
with favorable prognosis, the solitary large HCC
(SLHCC), in which gene expression profiles were differ-
ent to nodular HCC (NHCC) with a poor progno-
sis.(7,8) Interestingly, some EMT promotion genes and
microRNAs (e.g., miR-331-3p and SIN1) are highly
expressed in NHCC, but poorly expressed in
SLHCC.(9,10) Therefore, it is necessary to further under-
stand the regulatory mechanisms of EMT in invasion
and metastasis of HCC.
Actin-like 6A (ACTL6A), also known as BAF53A,

is a member of adenosine triphosphate-dependent
SWI/SNF-like BRG1/brm-associated factor (BAF)
chromatin remodeling complexes and encodes a 53-
kDa subunit of the BAF complex in mammals.(11)

Previous studies indicated that ACTL6A was involved
in diverse cellular processes, including transcriptional
regulation, chromatin remodeling, and nuclear migra-
tion.(12) Recently, some researches found that
ACTL6A participated in neural progenitor prolifera-
tion, differentiation, and migration during gastrula-
tion.(13,14) Another study found that ACTL6A could
sustain epidermal self-renewal and arrest cells at an
undifferentiated progenitor state, as well as suppress
epithelial properties.(15) The role of ACTL6A involve-
ment in proliferation, migration, and EMT gives rise

to a hypothesis that ACTL6A plays an important role
in HCC invasion and metastasis.
In this study, we found that a high ACTL6A expres-

sion level is closely correlated with poor prognosis of
HCC patients and that ACTL6A promotes HCC pro-
gression and EMT. Mechanism studies show that
ACTL6A enhances SRY (sex determining region Y)-
box 2 (SOX2) expression in HCC, which up-regulates
Notch1 expression and triggers Notch signaling in
HCC.

Materials and Methods

HCC SAMPLES AND PATIENTS

A total of 30 pairs of randomly selected snap-frozen
and 100 pairs of paraffin-embedded HCCs and adja-
cent nontumor liver tissues (ANLTs) from consecutive
patients who have received hepatectomy for HCC at
Department of Surgery, Xiangya Hospital of Central
South University (Changsha, China) from January
2006 to December 2009 were enrolled into the train-
ing cohort. Also, 63 pairs of randomly selected
paraffin-embedded HCCs and ANLTs from consecu-
tive HCC patients who received a hepatectomy at
Department of Abdominal Surgical Oncology, Affili-
ated Cancer Hospital of Xiangya School of Medicine,
Central South University from January 2005 to
December 2010 were enrolled into the validation
cohort (Supporting Fig. 1). Diagnosis of HCC was
confirmed by two independent histopathologists. The
surgical indication was an HCC patient with liver
tumor of enough residual liver volume, and lack of dis-
tant metastasis, decompensated cirrhosis, and organic
dysfunction. All researches on human materials were
approved by the ethics committee of Xiangya Hospital
of Central South University and Affiliated Cancer
Hospital of Xiangya School of Medicine, respectively.
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FOLLOW-UP AND PROGNOSTIC
STUDY

Surveillance for tumor recurrence and metastasis
was done using serum alpha-fetoprotein (AFP), ultra-
sonography, and chest X-ray every 3 months in the
first 2 years, and twice a year in the next 5 years.
Computed tomography scan or magnetic resonance
imaging was performed if recurrence or metastasis was
suspected clinically. Study endpoints were defined as:
overall survival (OS); time from liver resection to death
of HCC or to the date of the last follow-up; or
disease-free survival (DFS): time from the date of
hepatic resection to the date when recurrence or metas-
tasis was detected.(7) The complete clinical and patho-
logical features of these patients were collected and
stored in our database by a researcher fellow. Research
protocols followed the Reporting Recommendations
for Tumor Marker Prognostic Studies (REMARK)
recommendations for reporting prognostic biomarkers
in cancer.(16)

Further details of materials and methods are
described in the Supporting Materials and Methods.

Results

ACTL6A IS SIGNIFICANTLY UP-
REGULATED IN HCC CELL LINES
AND TISSUES

To study expression of ACTL6A in HCC cells and
tissues, real-time polymerase chain reaction (PCR),
reverse-transcription PCR (RT-PCR), and western
blotting were performed. Compared with L02 cells,
which are immortalized human normal liver cells,
ACTL6A messenger RNA (mRNA) and protein were
highly expressed in HCC cells (Fig. 1A). Then, expres-
sion of ACTL6A in HCCs and their corresponding
ANLTs were also detected. Thirty pairs of HCCs
(SHCC [single nodule <5 cm] 5 10; SLHCC 5 10;
NHCC 5 10) and corresponding ANLTs were used
here and compared with normal liver tissue from a
hepatic hemangioma patient (L495). Consistent with
the increased ACTL6A expression in HCC cell lines,
ACTL6A expression in HCC tissues was markedly
higher than ANLTs and normal liver tissue (Fig. 1B).
ACTL6A expression in HCC was analyzed by immu-
nohistochemistry (IHC), which suggested that
ACTL6A protein was highly expressed in HCC (Fig.
1C). Comparing samples with metastasis to nonmeta-

stasis samples and ANLTs, metastasis samples have the
highest intensities of ACTL6A staining, whereas
ANLTs have the lowest intensities (Supporting Fig.
2A). Notably, ACTL6A expression in high-metastasis
potential cell lines, such as HCCLM3, MHCC97-H,
and Hep3B was higher than in low-metastasis potential
cell lines PLC/PRF5, SMMC7721, and HepG2 (Fig.
1A,B). ACTL6A expression in SHCC, SLHCC, and
NHCC was also step-increased (Supporting Fig. 2B).
These data indicated that ACTL6A was up-regulated
in HCCs and it might be correlated with HCC invasion
and metastasis.

HIGH ACTL6A EXPRESSION
CORRELATES WITH POOR
CLINICOPATHOLOGICAL
FEATURES AND SURVIVAL OF
HCC PATIENTS

We then estimated the association of ACTL6A
expression with clinicopathological features and sur-
vival of HCC patients using the training cohort and
validation cohort (Supporting Table 1). In the training
cohort, it showed that a high expression level of
ACTL6A was significantly associated with serum
AFP level, tumor nodule number, Edmondson-Steiner
grade, microvascular invasion, Barcelona Clinic Liver
Cancer (BCLC) stage, and tumor node metastasis
(TNM) stage (all P < 0.05; Table 1). HCC patients in
the high ACTL6A expression group had shorter OS
(1-, 3-, and 5-year OS: 96.3%, 73.5%, and 51.0% vs.
80.8%, 38.1%, and 21.9%; P 5 0.003) and DFS rates
(1-, 3-, and 5-year DFS: 96.3%, 64.6%, and 18.5% vs.
75.6%, 28.2%, and 9.1%; P 5 0.019) than patients in
the low-expression group (Fig. 1D). Furthermore, uni-
and multivariate analysis revealed that high ACTL6A
expression was an independent risk factor for both OS
and DFS of HCC patients after liver resection (Table
2). ACTL6A was an independent prognosis marker,
and its high expression associated with poor survival of
HCC patients was further verified in the validation
cohort (Fig. 1E; Supporting Tables 2 and 3). Then,
survival analysis for the overall cohort and different
HCC subtypes also demonstrated that high ACTL6A
expression level of patients had shorter OS and DFS
(Supporting Fig. 3A-D). These results fully demon-
strated that ACTL6A was closely correlated with poor
survival and could be used as a novel independent
prognosis biomarker for HCC patients after hepatic
resection.
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ACTL6A PROMOTES HCC CELL
PROLIFERATION, MIGRATION,
AND INVASION IN VITRO

To understand the function of ACTL6A in HCC
cells, we manipulated ACTL6A expression in cells by

ectopic expression and short hairpin RNA (shRNA)
knockdown. Ectopic ACTL6A was constituently
expressed in PLC/PRF5 cells named as PLC/PRF5-
ACTL6A subsequently. Meanwhile, three shRNAs
(shRNA1, shRNA2, and shRNA3) were designed to
silence ACTL6A expression in Hep3B cells named as

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 1. ACTL6A expression is up-regulated in HCC and indicates poor prognosis. (A) ACTL6A expression is up-regulated in human
HCC cell lines and tumor tissues (B) analyzed by real-time PCR, RT-PCR, and western blotting. (C) Representative IHC images of
ACTL6A expression in HCC and ANLT. (D) OS and DFS of HCC patients with high or low ACTL6A expression in the training
cohort and validation cohort (E). Survival curve was calculated with the log-rank test. Abbreviations: bp, base pairs; T, HCC tissue.
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Hep3B-shACTL6A subsequently. Expression level of
ACTL6A was identified by real-time PCR and west-
ern blotting; shRNA3 was the most effective one and
was chosen for further study (Supporting Fig. 4A,B).
Compared to PLC/PRF5, PLC/PRF5-ACTL6A had
a higher absorbance in methyl thiazol tetrazolium
assay, which indicated a higher proliferation rate (Fig.
2A). Consistently, PLC/PRF5-ACTL6A cells also
formed more colonies in colony formation assay (Fig.
2B and Supporting Fig. 4C). In contrast, Hep3B-

shACTL6A cells had decreased absorbance, cell pro-
liferation rate, and clonogenicity capacity (Fig. 2A,B
and Supporting Fig. 4C). The wound-healing and
transwell assays were used to investigate migration and
invasion capacity. Results showed that PLC/PRF5-
ACTL6A cells had a faster wound closure rate and
more invasion cells than PLC/PRF5 cells, whereas
Hep3B-shACTL6A cells had markedly reduced
migratory and invasive capacity (Fig. 2C,D and Sup-
porting Fig. 4D,E). It suggests that ACTL6A

TABLE 1. Correlation Between ACTL6A Expression With Clinicopathological Characteristics
of HCC in Training and Validation Cohort

Training Cohort Validation Cohort

Clinicopathological Variables

ACTL6A Expression ACTL6A Expression

n High (73) Low (27) P Value n High (43) Low (20) P Value

Sex
Female 31 22 9 22 16 6
Male 69 51 18 0.759 41 27 14 0.576

Age, years
<50 62 43 19 37 24 13
�50 38 30 8 0.294 26 19 7 0.491

AFP, ng/mL
<20 43 26 17 25 15 10
�20 57 47 10 0.014 38 28 10 0.254

HBsAg
Negative 7 6 1 6 4 2
Positive 93 67 26 0.731 57 39 18 0.583

Liver cirrhosis
Absence 35 24 11 21 13 8
Presence 65 49 16 0.464 42 30 12 0.444

Liver function
Child-Pugh A 91 66 25 56 38 18
Child-Pugh B 9 7 2 0.464 7 5 2 0.534

Tumor size, cm
�5 38 25 13 19 12 7
>5 62 48 14 0.204 44 31 13 0.568

Tumor nodule number
Solitary 57 36 21 30 16 14
Multiple (�2) 43 37 6 0.011 33 27 6 0.015

Capsulation formation
Presence 42 29 13 26 15 11
Absence 58 44 14 0.449 37 28 9 0.131

Edmondson-Steiner grade
I & II 64 42 22 39 24 15
III & IV 36 31 5 0.014 24 19 5 0.082

Microvascular invasion
Absence 34 19 15 25 13 12
Presence 66 54 12 0.006 38 30 8 0.025

BCLC stage
0 & A 28 16 12 18 7 11
B & C 72 57 15 0.026 45 36 9 0.002

TNM stage
Early (I & II) 67 44 23 35 21 14
Late (III & IV) 33 29 4 0.010 28 22 6 0.116

No patients with Child-Pugh C were included. ACTL6A low expression: IHC score 0-1; ACTL6A high expression: IHC score 2-4.
* Significant results (P < 0.05) are given in bold.
Abbreviation: HBsAg, hepatitis B surface antigen.
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promotes HCC cell proliferation, migration, and inva-
sion capacity in vitro.

ACTL6A PROMOTES HCC
GROWTH AND METASTASIS IN
VIVO

To verify the above findings in vivo, we established
subcutaneous (SC) xenograft tumor and orthotopic
xenograft tumor models, as previously described.(9)

After 6 weeks, PLC/PRF5-ACTL6A cell-derived
tumors at the SC implantation sites were larger and
grew more rapidly than PLC/PRF5-derived tumors,
whereas Hep3B-shACTL6A-derived tumors were
smaller and grew more slowly than Hep3B-derived
tumors (Fig. 2E and Supporting Fig. 5A). Consis-
tently, liver orthotopic xenograft tumor also showed
that ACTL6A promoted tumor growth, whereas
ACTL6A knockdown inhibited tumor growth in vivo
(Fig. 2E). ACTL6A expression in xenograft tumors

TABLE 2. Uni- and Multivariate Analyses of Risk Factors Associated
With OS and DFS of HCC Patients in Training Cohort

OS DFS

Variables

Univariate Analysis Multivariate Analysis Univariate Analysis Multivariate Analysis

HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value

Sex
Female 1 1
Male 1.138 (0.671-1.929) 0.632 NA 1.021 (0.629-1.657) 0.934 NA

Age, years
<50 1 1
�50 1.011 (0.587-1.741) 0.968 NA 1.196 (0.717-1.992) 0.493 NA

AFP, ng/mL
<20 1 1 1
�20 2.282 (1.353-3.847) 0.002 1.832 (1.064-3.157) 0.029 1.826 (1.137-2.774) 0.013 NS

HBsAg
Negative 1 1
Positive 2.029 (0.634-6.490) 0.233 NA 2.294 (0.828-6.359) 0.110 NA

Liver cirrhosis
Absence 1 1 1
Presence 1.415 (0.839-2.385) 0.193 NA 2.023 (1.221-3.350) 0.004 1.992 (1.139-3.484) 0.016

Liver function
Child-Pugh A 1 1
Child-Pugh B 1.952 (0.930-4.096) 0.077 NS 1.298 (0.561-3.000) 0.542 NA

Tumor size(cm)
�5 1 1
>5 1.669 (0.997-2.795) 0.051 NS 1.223 (0.768-1.948) 0.397 NA

Tumor nodule number
Solitary 1 1 1 1
Multiple (�2) 4.133 (2.457-6.950) <0.001 2.399 (1.300-4.426) 0.005 1.795 (1.130-2.850) 0.013 2.024 (1.204-3.402) 0.008

Capsulation formation
Presence 1 1
Absence 1.576 (1.041-3.193) 0.028 NS 1.413 (0.863-2.126) 0.092 NS

Edmondson-Steiner grade
I & II 1 1
III & IV 1.866 (1.137-3.063) 0.014 NS 1.823 (1.133-2.931) 0.013 NS

Microvascular invasion
Absence 1 1 1 1
Presence 5.866 (2.209-8.674) <0.001 2.707 (1.209-6.604) 0.015 3.786 (2.207-6.495) <0.001 3.304 (1.844-5.920) <0.001

BCLC stage
0 & A 1 1 1
B & C 2.703 (1.266-5.101) <0.001 2.434 (1.016-5.831) 0.046 2.753 (1.602-4.731) <0.001 NS

TNM stage
Early (I & II) 1 1 1 1
Late (III & IV) 3.978 (2.408-6.572) <0.001 1.965 (1.133-3.409) 0.016 2.215 (1.331-3.685) 0.002 1.732 (1.013-2.962) 0.045

ACTL6A expression
Negative 1 1 1 1
Positive 3.476 (1.340-5.974) 0.002 2.775 (1.301-5.918) 0.008 3.312 (1.942-5.647) <0.001 2.332 (1.285-4.233) 0.005

Abbreviations: HR, hazard risk ratio; CI, confidence interval; NA, not applicable; NS, not significant.

HEPATOLOGY, Vol. 63, No. 4, 2016 XIAO ET AL.

1261

http://onlinelibrary.wiley.com/doi/10.1002/hep.28417/suppinfo


was verified by IHC (Supporting Fig. 5B). We further
detected the metastatic foci in livers and lungs. The
intrahepatic and pulmonary metastasis rates in mice
with tumors derived from PLC/PRF5-ACTL6A cells
were significantly higher than in mice with tumors
derived from PLC/PRF5 cells. In contrast, metastasis
rates were markedly decreased for tumors generated
from Hep3B-shACTL6A cells compared to Hep3B
cells (Fig. 2F). Taking these results together, our stud-
ies demonstrated that ACTL6A could promote HCC
growth and metastasis in vivo.

ACTL6A PROMOTES EMT IN HCC

In this study, PLC/PRF5-ACTL6A cells exhibited
spindle-like mesenchymal morphology, whereas PLC/
RPF5 cells mostly looked like epithelial cobblestones
in appearance. On the contrary, Hep3B-shACTL6A
cells changed to an epithelial phenotype as compared
with mesenchymal-like Hep3B cells (Fig. 3A). Con-
sidering the morphological change and the function of
ACTL6A in HCC, we speculated that an abnormal
high level of ACTL6A would trigger EMT.(15,17)
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FIG. 2. ACTL6A promotes proliferation and metastasis of HCC in vitro and in vivo. (A) Proliferation of PLC/PRF5-ACTL6A,
Hep3B-shACTL6A-3 cells and control cells was examined by MTT and colony formation assays (B). (C) Wound-healing assay and
(D) transwell invasion assay were subjected to detect the migration and invasion capacity of ACTL6A-interfered cells. (E) SC tumors
from PLC/PRF5-ACTL6A and Hep3B-shACTL6A cells and their control cells are shown in the upper two panels. Orthotopic
tumors from each indicated groups are shown in the lower two panels (black arrows indicate tumors). Tumor volumes of tumors are
shown in the right panels. (F) Representative pictures of intrahepatic and lung metastasis; metastatic nodules proportion of livers or
lungs was calculated and compared.*P < 0.05; **P < 0.01 based on the Student t test. Error bars, standard deviation.
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FIG. 3. ACTL6A induces EMT in HCC. (A) Representative phase-contrast images of PLC/PRF5-ACTL6A, Hep3B-shACTL6A,
and their control cells. (B) Representative images of cytoskeleton, (C) anchor-independent growth, and (D) IF for EMT markers
showed that ACTL6A affected cellular morphology, anchor-independent growth, and expressions of EMT markers. (E) Expressions
of EMT markers mediated by ACTL6A were detected by western blotting. (F) Representative IHC images of ACTL6A, E-
cadherin, and vimentin expressions in consecutive tissue sections of HCC and ANLT, and their correlation in HCC samples, were
analyzed by Spearman’s rank correlation test in the training and validation cohorts.
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This speculation was confirmed by cytological and his-
tology experiments. Immunofluorescence (IF) analysis
showed that PLC/PRF5-ACTL6A cells presented an
elongated cellular morphology and the appearance of
F-actin fibers compared with PLC/PRF5 cells. Inver-
sely, Hep3B-shACTL6A cells exhibited a cobblestone
shape and shrinkable F-actin fiber changes to Hep3B
cells (Fig. 3B). The anchorage-independent growth
assay indicated that colonies that grew from PLC/
PRF5-ACTL6A cells were larger and more in soft
agar than PLC/PRF5 cells, whereas colonies that grew
from Hep3B-shACTL6A cells were smaller and less
than Hep3B cells (Fig. 3C). IF analysis further showed
that ectopic expression of ACTL6A reduced expres-
sion of the epithelial marker, E-cadherin, and
increased the mesenchymal marker, vimentin, in PLC/
PRF5-ACTL6A cells, whereas knockdown ACTL6A
in Hep3B cells increased E-cadherin expression and
decreased vimentin expression (Fig. 3D). Consistent
with this, ACTL6A highly expressed cells showed
decreased E-cadherin and increased vimentin and snail
(EMT transcriptional factor) expressions at both pro-
tein and mRNA levels, whereas ACTL6A knockdown
induced the opposite results (Fig. 3E and Supporting
Fig. 6). Moreover, IHC for HCC consecutive sections
revealed that high ACTL6A expression was colocation
with low E-cadherin and high vimentin expression,
and vice versa in ANLT (Fig. 3F). The correlation
analysis revealed that ACTL6A expression was posi-
tively correlative with vimentin and negatively correla-
tive with E-cadherin expression in HCC samples in
both the training and validation cohorts (Fig. 3F).
These results indicated that ACTL6A played an
important role in promoting EMT in HCC.

ACTL6A ACTIVATES NOTCH
SIGNALING IN HCC

To systemically screen the potential signaling
manipulated by ACTL6A, a Cignal Finder Cancer
10-Pathway Reporter Array was used. ACTL6A sig-
nificantly enhanced the activity of Notch signaling in
PLC/PRF5 cells, and ACTL6A knockdown attenu-
ated Notch signaling activity in Hep3B cells (Fig. 4A).
Notch signaling is crucial for development and pro-
gression of HCC, and Notch receptor is the key role of
Notch signaling activation.(18,19) However, which
member of the four known Notch receptors (Notch1-
4) is regulated by ACTL6A in HCC was
unknown.(20-22) We detected Notch 1-4 expression in
PLC/PRF5, PLC/PRF5-ACTL6A, Hep3B, and

Hep3B-shACTL6A cells. Ectopic expression of
ACTL6A in PLC/PRF5 increased Notch1 expres-
sion, whereas knockdown of ACTL6 in Hep3B
decreased Notch1 expression. No considerable change
was observed for the other three Notch genes (Fig.
4B). Then, we focused on Notch1 signaling members
in HCC cells. It showed that a high level of ACTL6A
in PLC/PRF5 cells increased Notch intracellular
domain (NICD)1, RBP-Jj, and Hes1 (Hes family
BHLH transcription factor 1) expression. Consis-
tently, knockdown of ACTL6A in Hep3B cells inhib-
ited these gene expressions. Manipulation of
ACTL6A expression in cells did not affect Jagged1
expression, which indicated that ACTL6A specifically
regulated NICD1, RBP-Jj, and Hes1 in Notch1 sig-
naling (Fig. 4C).
To confirm activation of Notch signaling in HCC

cells, cells were treated by the gamma-secretase inhibi-
tor, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phe-
nylglycine t-butylester (DAPT), for 72 hours, which
prevented release of activated NICD. The appropriate
dosage (5 lM) was selected based on cell viability
(MTS assay) and NICD inhibition efficiency (Sup-
porting Fig. 7A,B). Results showed that DAPT treat-
ment did not affect ACTL6A expression in PLC/
PRF5 cells, but it inhibited ACTL6A-induced
NICD1 release and Notch1 effector Hes1 expression.
It confirms that ACTL6A activates Notch1, not its
downstream molecules. In Hep3B cells, as DAPT
treatment inhibited NICD1 release, ACTL6A knock-
down also caused reduced NICD1 release. It proves
that ACTL6A up-regulates Notch1 signaling in HCC
cells (Fig. 4D). IHC analysis also showed that both
ACTL6A and NICD1 were high expression in HCC
tissues (Fig. 4E). Spearman’s rank correlation test indi-
cated the significant, but moderate, positive correlation
of NICD1 expression and ACTL6A expression (Fig.
4F). These results concluded that ACTL6A could
activate Notch signaling as an upstream regulator in
HCC.

ACTL6A PROMOTES INVASION,
METASTASIS, AND EMT
THROUGH NOTCH SIGNALING

To further study the role of ACTL6A and
Notch signaling in invasion, metastasis, and EMT
of HCC, we first measured the invasive capacity of
ACTL6A-interfered HCC cells with or without
DAPT treatment. Wound-healing and transwell
assays showed that DAPT treatment obviously
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FIG. 4. ACTL6A activates Notch signaling in HCC. (A) The 10-Pathway Reporter Array showed the signaling change in ACTL6A-
interfered cells. (B) The four known Notch receptors’ mRNA expression were detected by real-time PCR. (C) Key members of Notch1
signaling expressions were detected by western blotting. (D) NICD1 and Hes1 expression in HCC cells after being treated by ACTL6A,
shACTL6A, and/or DAPT for 72 hours were detected. (E) Representative IHC images of ACTL6A and NICD1 expression in HCC
tissues; magnification: 1003, inset magnification: 4003. (F) Correlation of ACTL6A and NICD1 expression levels was analyzed by
Spearman’s rank correlation test. Abbreviations: ERK, extracelullar signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK,
mitogen-activated protein kinase; NF-jB, nuclear factor kappa B; TGF-b, transforming growth factor beta.
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FIG. 5. ACTL6A promotes invasion, metastasis, and EMT through Notch signaling. (A) Migration and invasion assays for PLC/
PRF5-ACTL6A, Hep3B-shACTL6A and their control cells with/without DAPT treatment. (B) IF assay of E-cadherin and vimentin
expressions in PLC/PRF5-ACTL6A, Hep3B-shACTL6A, and their control cells with/without DAPT treatment. (C) EMT-related
protein expression in PLC/PRF5-ACTL6A, Hep3B-shACTL6A, and their control cells with/without DAPT treatment. (D) Represen-
tative IHC images of ACTL6A, NICD1, vimentin, E-cadherin, and snail expression in liver orthotopic transplantation tumor generated
from PLC/PRF5-ACTL6A, Hep3B-shACTL6A and their control cells; magnification: 4003.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

XIAO ET AL. HEPATOLOGY, April 2016

1266



decreased the migration and invasion capacity of
ACTL6A high-expression cells, but had none or
less effect for PLC/PRF5 and Hep3B-shACTL6A
cells in which ACTL6A expression and Notch1
activity was low (Fig. 5A and Supporting Fig. 8A,
B). IF analysis revealed that DAPT treatment
increased E-cadherin expression, and decreased
vimentin expression in PLC/PRF5-ACTL6A and
Hep3B cells, but they were not significantly altered
for PLC/PRF5 and Hep3B-shACTL6A cells (Fig.
5B). Anchorage-independent growth assay also
indicated that DAPT treatment decreased the
clonogenic capacity of cells with a high ACTL6A
level (Supporting Fig. 8C). Western blotting analy-
sis indicated that DAPT treatment increased epi-
thelial marker (E-cadherin) expression and
decreased mesenchymal marker (vimentin and
snail) expression in cells with a high level of
ACTL6A, and ACTL6A expression had no con-
siderable change (Fig. 5C). Moreover, IHC analy-
sis of liver orthotopic transplantation tumor
showed that NICD1, vimentin, and snail expres-
sion levels were high in tumors with a high level of
ACTL6A and were low in tumors with poor
expression of ACTL6A. Correspondingly, E-
cadherin expression was the opposite (Fig. 5D).
Taken together, we concluded that ACTL6A pro-
moted invasion, metastasis, and EMT through
Notch signaling in HCC.

ACTL6A ACTIVATES NOTCH
SIGNALING BY SOX2

It has proved that ACTL6A promotes Notch
signaling in HCCs; however, how ACTL6A regu-
lates Notch1 signaling in HCC is unknown. We
have reviewed literature and searched the BioGrid
3.4 database, and found that ACTL6A could inter-
act with the SOX2 promoter.(17) SOX2 is an
important transcription factor that could positively
transcriptional regulate Notch1, and it also could
be transcriptionally regulated by Jagged1(23); these
findings led us to hypothesize that ACTL6A could
activate Notch signaling by regulating SOX2
expression. To test this, we first determined the
expression levels of SOX2, Jagged1, Notch1, and
Hes1 in ACTL6A-interfered HCC cells. It
showed that ectopic expression of ACTL6A could
enhance SOX2, Notch1, and Hes1 expression,
whereas ACTL6A knockdown markedly decreased
their expression both at mRNA and protein levels.

However, Jagged1 expression was not affected by
ectopic expression or knockdown of ACTL6A
(Fig. 6A).
To further test whether SOX2 was regulated by

ACTL6A, SOX2-shRNA was transfected into PLC/
PRF5-ACTL6A cells, and SOX2 ectopic expression
plasmid was transfected into Hep3B-shACTL6A
cells. Ectopic expression and silence efficacy was
identified by real-time PCR and western blotting
(Supporting Fig. 9A,B). Knockdown of SOX2
decreased Notch1 and Hes1 expression and had no
significant effect on ACTL6A expression. Ectopic
expression of SOX2 in Hep3B-shACTL6A cells
restored the poor Notch1 and Hes1 expression, which
was caused by ACTL6A knockdown as shown earlier
(Fig. 6B). The cytoskeleton, wound-healing, trans-
well, and EMT marker assays indicated
that knockdown of SOX2 in PLC/PRF5-ACTL6A
cells presented a cobblestone-like morphology with
shrinkable F-actin fibers, decreased migration and
invasion capacity, and induced E-cadherin expression
(Fig. 6C and Supporting Fig. 10A). In contrast,
ectopic expression of SOX2 in Hep3B-shCTL6A
cells had the inverse effect (Fig. 6C and Supporting
Fig. 10B). Triple IF and IHC analysis also revealed
the colocalization of ACTL6A, SOX2, and NICD1
in HCC tissues (Fig. 6D and Supporting Fig. 11A).
Correlation analysis showed a significant, but moder-
ate, positive correlation between ACTL6A and
SOX2 and NICD1 expression of HCC samples in
the training and validation cohorts (Supporting Fig.
11B). We also performed chromatin immunoprecipi-
tation/quantitative PCR (ChIP-qPCR) using anti-
bodies against endogenous ACTL6A or SOX2 in
PLC/PRF5 and PLC/PRF-ACTL6A cells. It indi-
cated that enrichment of ACTL6A on SOX2 pro-
moter regions was apparent, as well as SOX2 on
Notch1 promoter regions (Supporting Fig. 12A).
These results concluded that ACTL6A activated
Notch1 signaling by SOX2 and promoted metastasis
and EMT of HCC (Fig. 6E).

Discussion
Invasion and metastasis are responsible for the vast

majority of cancer associated deaths, including HCC,
and EMT may play an important role for them. In this
study, we provided the first evidence that ACTL6A
was highly expressed in HCC and associated with
poor prognosis of HCC patients. Moreover, the
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in vitro and in vivo biological experiments also first
demonstrated that ACTL6A promoted invasion,
metastasis, and EMT through activating Notch1 sig-
naling by SOX2. Thus, ACTL6A has a great clinical
value for prediction of prognosis and targeted therapy.
Previous studies verified the important role of

ACTL6A for transcriptional regulation, cell prolifera-
tion, and migration, indicating the potential role of
prompting tumor progression.(12-14,24) Consistent with

previous researches, our study confirmed the clinical
significance of ACTL6A as an independent prognostic
marker for HCC patients after liver resection. More
interesting, ACTL6A had a different expression pat-
tern in SLHCC, SHCC, and NHCC; this might be
used to distinguish the clinical subtypes of HCCs. The
results were also consistent with our previous studies
that different clinical HCC subtypes always had dis-
tinct molecular characteristics.(7,8,25-28) The functional
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FIG. 6. ACTL6A activates Notch signaling by SOX2. (A) mRNA and protein expressions of ACTL6A, SOX2, and key members
of Notch1 signaling were detected in PLC/PRF5-ACTL6A, Hep3B-shACTL6A, and their control cells. (B) mRNA and protein
expressions of ACTL6A, SOX2, Notch1, and Hes1 in ACTL6A-interfered HCC cells with SOX2 knockdown or ectopic expression.
(C) The cytoskeleton, migration, invasion, and EMT marker expression assays of ACTL6A-interfered HCC cells with SOX2 knock-
down or ectopic expression. (D) Representative triple IF images showed that ACTL6A, SOX2, and NICD1 were colocalized in
HCC tissue detected by confocal laser scanning microscope (yellow arrows indicate colocalization cells). (E) The schematic diagram of
ACTL6A activating Notch1 signaling by SOX2, and promoting metastasis and EMT of HCC. Abbreviation: DAPI, 40,6-diamidino-
2-phenylindole.
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experiments revealed that ACTL6A overexpression
could strongly promote invasion and metastasis of
HCC, and HCC invasion and metastasis were effec-
tively inhibited by ACTL6A knockdown. These
results uncovered the role of ACTL6A in promoting
HCC progression. There are also a few researches that
referred the potential role of ACTL6A involvement
with tumors; for instance, ACTL6A expression is crit-
ical for c-Myc oncogenic activity and could suppress
p53-mediated gene transcription.(29,30) Furthermore, a
recent study found that ACTL6A expression was
essential for differentiation block in rhabdomyosar-
coma.(31) These studies further confirmed that
ACTL6A played an important role in tumor progres-
sion, but the role of ACTL6A in tumors had not been
validated in clinical samples.
Though controversial, EMT is now considered as a

hallmark of cancer and plays a crucial part in facilitat-
ing cancer cell invasion and metastasis.(5,32,33)

ACTL6A expression is high in fibroblast and progeni-
tor cells, and ectopic expression could suppress the epi-
thelial characteristic of epidermal tissue.(15,17) The
functional role of ACTL6A suppressing cell differen-
tiation, sustaining self-renewal and pluripotency is
associated with stem cell-like features.(15,17,34) These
characteristics are similar with the biological function
of EMT. In this study, we found that ACTL6A
ectopic expression changed the epithelial morphology
cell to mesenchymal phenotype, decreased epithelial
marker expression, and increased mesenchymal marker
expression, as well as increased anchorage-independent
growth. ACTL6A knockdown showed opposite
impacts. These findings can be confirmed by expres-
sions of ACTL6A, E-cadherin, and vimentin in HCC
samples and xenografted tumors. Therefore, our results
first illustrate that ACTL6A can induce EMT.
In this study, we also revealed the mechanism

of ACTL6A promoting HCC progression. Our results
demonstrated that ACTL6A facilitated HCC inva-
sion, metastasis, and EMT through Notch1 signaling
activation. Notch signaling is critical for tissue and
organ development; recent advances have also con-
firmed that Notch played a very important role in pro-
gression of HCC.(18,35) However, which member of
Notch1-4 plays the predominant role in HCC is still
controversial.(20-22,36) Our study indicated that Notch1
was highly expressed in HCC cells and samples
(58.0% and 65.1% in the training and validation
cohorts), which was consistent with former studies,
and further confirmed the important role of Notch1 in
HCC.(22,37) More significantly, DAPT is one of the

most widely used and powerful Notch signaling inhibi-
tors for tumors, but its inhibitory effect is nonselective
for all Notch receptor paralogs and some other pro-
teins.(35,38) However, it was revealed in the present
study that ACTL6A knockdown had the equal block-
age effect as DAPT, but only for Notch1 in vitro.
Therefore, blocking ACTL6A may provide the similar
inhibition for tumor metastasis activated by Notch1
signaling, but more specific than DAPT. Further
intervention assessment is needed according to the
Response Evaluation Criteria in Solid Tumors
guideline.(39)

In this study, it was also demonstrated that SOX2
was the potential target of ACTL6A in HCC.
ACTL6A ectopic expression up-regulated SOX2
expression; on the other hand, ACTL6A knockdown
decreased SOX2 expression. Meanwhile, SOX2
ectopic expression could recover Notch1 signaling
activity, invasiveness, and mesenchymal phenotype in
ACTL6A knockdown cells. Conversely, silencing
SOX2 exhibited inverse effects in ACTL6A overex-
pression cells. Moreover, ACTL6A, SOX2, and
NICD1 expressions in HCC samples were colocaliza-
tion, and positive correlation further confirmed the
relationship. SOX2 plays an essential role in the main-
tenance stemness of embryonic and adult stem cells, as
well as implication in cancer stem cells and metasta-
sis.(23,40) Previous studies found that SOX2 was
involved in Notch signaling by interacting with
Jagged1 and Notch1.(23,41) There are also some reports
that link SOX2 expression to HCC progression and
poor survival.(42,43) A recent study that used ChIP-
qPCR showed that ACTL6A could bind to the pro-
moter of SOX2.(17) Based on these researches, our
study confirmed that ACTL6A not only activated
Notch1 signaling by SOX2, but also affected the bio-
logical behavior of HCC cells by SOX2. Recently,
there were studies that proposed some partners (e.g.,
SOX9 and insulin-like growth factor 2) played a piv-
otal role in supporting the pro-oncogenic functions of
Notch1 in HCC.(19,44,45) Further studies are needed to
explore whether SOX2 acts in a similar role in HCC
development and progression.
In conclusion, our study first demonstrated that

ACTL6A was an independent prognosis indicator for
HCC patients. In addition, the in vitro and in vivo
assays verified the essential role of ACTL6A in pro-
moting invasion, metastasis, and EMT through acti-
vating Notch1 signaling by SOX2. Meanwhile,
ACTL6A knockdown had the similar effect as DAPT
inhibiting Notch signaling. Therefore, our study
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suggests that ACTL6A can be used as a valuable prog-
nostic biomarker and a potential therapeutic target in
HCC.
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