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Abstract: Dysregulation of N-acetyltransferase 10 (NAT10) is associated with the development of many types of tu-
mors; however, its role in hepatocellular carcinoma (HCC) has not been fully elucidated. Here, we examined the role 
of NAT10 during epithelial-to-mesenchymal transition (EMT) in HCC and established its role in metastasis. We evalu-
ated expression of NAT10 expression in four HCC cell lines and determined the effects of knockdown by siRNA or 
treatment with the NAT10 inhibitor, Remodelin. NAT10 was highly expressed in HCC cell lines with a mesenchymal-
like phenotype (SNU387 and SNU449). Knockdown or inhibition of NAT10 resulted in diminished cell invasion and 
migration. Moreover, decreased levels of NAT10 were correlated with increased E-cadherin expression and down 
regulation of vimentin, both of which are canonical markers of EMT signaling, suggesting that NAT10-promoted 
metastasis may be mediated by EMT in HCC. Our data suggests that up regulation of NAT10-promoted metastasis 
of HCC cells may be mediated by EMT.

Keywords: N-acetyltransferase 10, vimentin, E-cadherin, epithelial-to-mesenchymal transition, hepatocellular 
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Introduction

Hepatocellular carcinoma (HCC) is one of the 
most common primary malignant tumors and is 
the second leading cause of deaths due to can-
cer globally [1]. Despite significant advance-
ments in HCC treatment in recent years, an 
effective therapy remains elusive due to a lack 
of effective clinical strategies to prevent metas-
tasis and relapse [2, 3]. Studies have shown 
that over 50% of patients experience metasta-
sis following resection of HCC, which drastically 
worsens the prognosis [4]. Intrahepatic and 
extrahepatic metastases are the main forms of 
HCC metastasis. The most frequent sites of 
extrahepatic metastasis are the lungs, lymph 
nodes, peritoneum, and bone. Intrahepatic 
recurrence and metastasis of HCC, however, 
occurs more frequently than dissemination to 
distal sites [5]. 

In recent years, the relationship between can-
cer metastasis and signaling pathways mediat-
ing epithelial-to-mesenchymal transition (EMT) 
has been the subject of several studies. EMT is 
characterized by the loss of cell-cell interac-
tions and epithelial apico-basal polarity with the 
concomitant acquisition of mesenchymal mark-
ers, which occurs both in physiological and 
pathological processes [6]. Interestingly, previ-
ous studies have reported that EMT can accel-
erate tumor development and progression by 
enhancing metastasis [7]. EMT has been exten-
sively studied and validated in HCC [8]. A variety 
of signaling pathways have been shown to play 
an important role in EMT. In addition to trans-
forming growth factor-beta (TGFβ) signaling 
pathways, Wnt pathways are also commonly 
reported to be involved in EMT. Wnt pathways 
play a major role in the adhesion and migration 
of cancer cells [9-11]. 
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A recent study reported redistributed subcellu-
lar localization and dysregulation of NAT10 in 
colorectal cancer tissues. Furthermore, dysreg-
ulation was closely connected with Wnt path-
way activity [12]. NAT10 is a nucleolar protein 
consisting of 872 aa with an acetyltransferase 
domain and a lysine-rich C-terminus, primarily 
found as a regulator of telomerase activity [13]. 
NAT10 is also involved in the DNA damage 
response, cytokinesis, histone and microtubule 
modification [14-16]. Although dysregulation of 
NAT10 plays a critical role in carcinogenesis in 
many different tumors, little information is 
available regarding the essential role of NAT10 
in HCC. Our previous research demonstrated 
that the elevation of NAT10 expression might 
contribute to the tumorigenesis and develop-
ment of HCC [17].

In this study, we further demonstrated that high 
expression of NAT10 is associated with a mes-
enchymal phenotype in HCC cell lines. Reduced 
expression of NAT10 results in diminished cell 
invasion and migration. Moreover, a decrease 
in NAT10 is correlated with impaired activation 
of EMT signaling, suggesting that NAT10-
promoted metastasis may be mediated by EMT 
in HCC. 

Materials and methods 

Cells lines, culturing conditions and NAT10 
inhibitor

The human HCC cell lines Hep3B, SNU387, 
SNU449 and Huh7 used in this study were 
obtained from the American Type Culture 
Collection (Manassas, VA). Cells were cultured 
at 37°C in 5% CO2 in Dulbecco’s Modified Eagle 
Medium (DMEM; Invitrogen, Carlsbad, CA), con-
taining 10% fetal bovine serum (FBS; Sigma, St. 
Louis, MO), 100 U/mL penicillin and 100 μg/mL 
streptomycin (Sigma). Remodelin was used as 
inhibitor of NAT10 (Selleckchem, USA). To ana-
lyze the effects of NAT10 on hypoxia-induced 
metastasis, cell populations were divided into 
two groups and cultured in normoxia (21% O2) 
and hypoxia (1% O2) at 37°C in an incubator 
with a constant humidity.

siRNAs and transfection

The siRNA sequences targeting NAT10 were 
purchased from Santa Cruz Biotechnology 
(sc62660, Santa Cruz Biotechnology Inc. USA). 

Lyophilized oligonucleotides were reconstituted 
with RNase-free water to obtain a stock solu-
tion of 20 μM. The siRNAs were transfected 
into cells using Lipofectamine 2000 (Invitrogen) 
and were incubated for 48 h according to the 
manufacturer’s instructions.

Wound healing assay 

For wound healing migration assays, 5 × 104 
cells were seeded in a 24 well plate and incu-
bated for two days. A wound (0.5 mm) was pro-
duced by a pipette tip. Floating cells were 
removed by three washes with medium, and 
fresh medium with 1% FBS added. Images were 
acquired at designated time points. The dis-
tance from two different scratched regions was 
measured with Image J software. The length of 
the healed scratch and the length of the initial 
scratch were compared. Three independent 
assays were performed followed by statistical 
analysis.

Transwell assay 

For transwell invasion assays, transwell cham-
bers (Millipore, MA, USA) with Matrigel-coated 
membranes (BD Bioscience, CA, USA) were 
used. Fifty thousand cells were seeded in the 
upper chamber. The cells on the upper side of 
the membrane were removed after three days. 
Cells migrating to the other side of the mem-
brane were fixed and stained using crystal vio-
let. Stained cells were counted in five random 
fields at a magnification of 100×. Each assay 
was performed in triplicate.

Real-time reverse transcription polymerase 
chain reaction (qRT-PCR)

Total RNA from HCC cell lines was extracted 
using TRIzol Reagent (Invitrogen) according to 
the manufacturer’s instructions. The RNA was 
reverse transcribed to cDNA using a kit from 
TAKARA and the following thermocycling con- 
ditions: 15 min at 37°C and 5 s at 85°C 
(PrimeScript™ RT Master Mix, TAKARA, Japan). 
Expression of NAT10 was evaluated by qPCR 
with β-actin serving as a reference gene. The 
primers were as follows: NAT10 forward primer, 
5’-GGGATTGGCCTGCAGCATA-3’, Reverse prim-
er, 5’-GGCTCCATGACCACATCCTT-3’; β-actin for-
ward primer, 5’-ATCAAGGAGAAGCTCTGCTACA- 
TC-3’, Reverse primer, 5’-TCAGACTCGGCTGGA- 
AGAGA-3’.
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The qRT-PCR reaction performed using the ABI 
7500 system with the following cycling param-
eters: 95°C for 30 s, followed by 40 cycles of 
95°C for 5 s and 60°C for 30 s. These experi-
ments were carried out in triplicate.

Western blot

Expression levels of NAT10, the mesenchymal 
marker vimentin, the epithelial marker E-cad- 
herin and an internal control (GAPDH) were 
examined by Western blot. Cells treated as indi-
cated were lysed in lysis buffer with 50 mM Tris 
(pH 7.4), 150 mM NaCl, 0.5% Nonidet P-40 
(NP40), 1 mM EDTA, and 200 mM Na3VO4 sup-
plemented with protease inhibitor cocktail. 
Protein concentrations were quantified by a 
BCA protein assay (Applygen Technologies Inc. 
Beijing, China). Approximately 20 μg of protein 
was resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and 
then transferred to a polyvinylidene fluoride 
(PVDF) membrane (Millipore, MA, USA). The 
PVDF membrane was blocked with 5% nonfat 
milk then incubated with the designated prima-
ry antibodies against NAT10 (Santa Cruz, USA), 
vimentin (CST, USA), E-cadherin (CST) and 
GAPDH (CST). The blots were then incubated 
with an HRP-conjugated secondary antibody 
(CST) and the chemiluminescence signal inten-
sity analyzed by Image J.

Immunofluorescence staining

Immunofluorescence staining was performed 
using previously described protocols [18]. Brie- 

fly, cells were seeded on a coverslip and fixed 
with 4% formaldehyde for 30 min. Blocking with 
3% BSA was performed for an additional 30 
min followed by permeabilization with 0.1% 
Triton-X 100. Cells were then stained with a pri-
mary antibody against E-cadherin or vimentin 
at a concentration of 1:100. Finally, a second-
ary antibody (1:200) and DAPI (1:1000) were 
added. The secondary antibody was removed 
and the Hep3B, Huh7, SNU387 and SNU449 
cells were observed by confocal immunofluo-
rescence microscopy (Zeiss, Oberkochen, 
Germany).

Statistical analysis

Data are presented as the mean ± SD and sta-
tistical analyses were performed with the SPSS 
software package (Version 18.0, Chicago). 
Statistical differences between two groups 
were examined with the Student’s t test and 
multiple groups were compared using one-way 
analysis of variance (ANOVA). The significance 
level was set at P<0.05.

Results

NAT10 expression in human HCC cell lines

To determine whether expression levels of 
NAT10 were associated with HCC, we analyzed 
the expression of NAT10 in a panel of HCC cell 
lines by qRT-PCR and Western blot. As shown in 
Figure 1A and 1B, differential expression of 
NAT10 in all HCC cell lines was observed. 

Figure 1. Differential expression of NAT10 in human epithelial (Hep3B and Huh7) and mesenchymal (SNU449 
and SNU387) HCC cell lines. A. Quantification by qRT-PCR of NAT10 levels in HCC cell lines. Expression of NAT10 
mRNA is clearly lower in the epithelial cell lines. β-actin served as a reference gene. B. Western blot showing NAT10 
expression levels in HCC cell lines. GAPDH served as a loading control. Values represent the mean ± SD of three 
independent experiments. 
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Furthermore, epithelial HCC cell lines, such as 
Hep3B and Huh7, had high expression of 
NAT10, whereas mesenchymal cell lines, such 
as SNU449 and SNU387, demonstrated low 
expression of NAT10 (Figure 1A, 1B). These 
data suggest that NAT10 levels may be associ-
ated with EMT in HCC.

Down regulation of NAT10 inhibits invasion 
and migration of HCC cell lines

Metastasis is a main factor predicting poor 
prognosis in HCC. We, therefore, studied the 
function of NAT10 in HCC metastasis. The 
effect of NAT10 silencing on metastasis was 
examined by transwell invasion and wound-
healing migration assays. Transwell invasion 
assays demonstrated that, following the 48 h 
incubation, fewer NAT10-siRNA or Remodelin-
treated HCC cells passed through the transwell 
membranes as compared to controls (Figure 
2A). NAT10-siRNA and Remodelin treatment 
reduced the levels of protein expression com-
pared with the mock treated HCC cells (Figure 
2B). Similarly, the wound-healing migration 
assay showed that the wound was much wider 
in NAT10-siRNA HCC cells and Remodelin-
treated cells than in the control HCC cells 
(Figure 3A). The siRNA knockdown efficiency 

was confirmed by qRT-PCR and Western blot. 
NAT10-siRNA reduced the level of mRNA 
expression compared with the mock-transfect-
ed HCC cells (Figure 3B). 

NAT10 is associated with an EMT phenotype in 
human HCC cell lines

We investigated the expression of EMT-
associated proteins in a panel of HCC cell lines 
by Western blot. We observed high expression 
of E-cadherin and low expression of vimentin in 
both Hep3B and Huh7 cell lines, while SNU449 
and SNU387 cells showed low expression of 
E-cadherin and high expression of vimentin 
(Figure 4A, 4D). This data suggests that Hep3B 
and Huh7 display an epithelial phenotype, while 
SNU449 and SNU387 display mesenchymal 
phenotypes.

Next, all four HCC cell lines were transfected 
with NAT10-siRNA or treated with Remodelin. 
Following silencing of NAT10, significant chang-
es consistent with the phenomenon of mesen-
chymal-to-epithelial transition (MET) were 
apparent (Figure 4B, 4D). The epithelial bio-
marker E-cadherin was up regulated, while the 
mesenchymal biomarker vimentin was down 
regulated. Furthermore, the MET phenomenon 

Figure 2. Down regulation of NAT10 inhibits invasion of HCC cells. A. Images and quantification of transwell migra-
tion assays of HCC cell lines following transfection with NAT10-siRNA, treatment with Remodelin, or controls. *P < 
0.05 vs. Control. Images are at 200× magnification. B. Western blot confirming knockdown of NAT10 following trans-
fection with NAT10-siRNA or treatment with Remodelin. GAPDH was used as a loading control. Values represent the 
mean ± SD of thee independent experiments. *P < 0.05 vs. 0 h; #P < 0.05 vs. 24 h.
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was particularly apparent in SNU449 and 
SNU387, the HCC cell lines with a mesenchy-
mal phenotype.

Remodelin, an inhibitor of NAT10, blocks 
invasion and migration of HCC cells in hypoxic 
conditions

To analyze the effects of NAT10 on hypoxia-
induced metastasis, HCC cells were cultured 
for 48 h with or without Remodelin in hypoxic 

conditions and then assessed for metastasis 
capacity by transwell invasion assays and 
wound-healing migration assays. As depicted in 
Figure 5A, transwell invasion assays showed 
that Remodelin could reverse hypoxia-induced 
invasion. There was no difference between 
hypoxic cells treated with Remodelin and the 
control group. In addition, wound-healing migra-
tion assays also revealed that Remodelin could 
reverse hypoxia-induced cell migration ability 
(Figure 5B). These results suggest that NAT10 

Figure 3. Down regulation of NAT10 inhibits migration of HCC cells. A. Wound healing assay showing the effects of 
NAT10-siRNA, mock or Remodelin treatment on the migration ability of HCC cells. B. Quantification of knockdown of 
NAT10 following NAT10-siRNA transfection as determined by qRT-PCR. β-actin was used as the internal reference.

Figure 4. NAT10 is associated with an EMT phenotype in human HCC cell lines. A. Expression of E-cadherin and 
vimentin in HCC cell lines as determined by Western blot. GAPDH served as a loading control. Decreased levels of 
NAT10 were associated with an epithelial phenotype in HCC cells, while increased NAT10 levels were associated 
with a mesenchymal phenotype. B. Western blot of the EMT markers E-cadherin and vimentin expression follow-
ing knockdown of NAT10 with NAT10-siRNA. C. Expression of E-cadherin and vimentin following treatment with the 
NAT10 inhibitor Remodelin as determined by Western blot. GAPDH was used as an internal reference. D. Immu-
nofluorescence staining of HCC cell lines for E-cadherin or vimentin. Magnification is 200×. Data represent three 
independent experiments. 
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may play an important role in the process of 
hypoxia-induced metastasis of HCC cells.

Down regulation of NAT10 reduces the expres-
sion of EMT markers in hypoxic HCC cells

In recent years, multiple studies have focused 
on signaling pathways associated with hypoxia-

induced EMT. In a previous study from our 
group, we demonstrated that hypoxia promotes 
cell metastasis in epithelial HCC cell lines such 
as Hep3B and Huh7. To further investigate 
whether EMT plays a crucial role in the process 
of hypoxia-induced metastasis, we tested the 
EMT markers E-cadherin and vimentin under 
different conditions in HCC cell lines by Western 

Figure 5. Remodelin blocks invasion and migration of HCC cells in hypoxic conditions (A) Images and quantification 
of migration of HCC cells in hypoxic conditions with or without Remodelin treatment, or controls. Migrated cells 
stained with crystal violet and counted. (B) Wound-healing assay of HCC cells in hypoxic conditions with or without 
Remodelin treatment, or controls. The data represent the mean ± SD of three independent experiments. Student’s 
t-test was used for statistical analysis. *P < 0.05 vs. Control; #P < 0.05 vs. hypoxia.
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blot. As shown in Figure 6, the HCC cell lines 
Hep3B and Huh7 displayed higher expression 
of the epithelial marker E-cadherin in normoxic 
conditions, while higher expression of the mes-
enchymal marker vimentin was observed under 
hypoxic conditions. This study demonstrated 
that down regulation of NAT10 by siRNA or 
Remodelin could effectively inhibit hypoxia-
induced metastasis of HCC cells in vitro. 
Interestingly, down regulation of NAT10 in HCC 
cells by siRNA or Remodelin induced the rever-
sal of hypoxia-induced EMT characteristics, 
which was confirmed by the expression chang-
es of the EMT-associated markers E-cadherin 
and vimentin. These data demonstrate that 
down regulation of NAT10 may be a potential 
strategy for the suppression of metastasis via 
the reversal of EMT in HCC cells.

Discussion

The poor prognosis of HCC patients is due to 
not only to drug resistance of cancer cells, but 
also their metastatic behavior, which leads to 
frequent recurrence [19]. Morphological chang-
es to metastatic cancer cells enhance the 
migration and invasion behaviors of these cells. 
Previous studies demonstrated a crucial role 
for EMT in promoting cancer metastasis thro- 
ugh phenotypic changes of metastasis cells 
[20]. In recent years, a large body of research 
has demonstrated that activation of Wnt/β-
catenin signaling can promote the EMT process 
[21]. Zhang and colleagues reported that nucle-
ar accumulation of β-catenin correlates with 
high expression of NAT10, a recently reported 
factor identified as a coordinator of telomerase 
activity [12, 22]. Importantly, deregulation of 
NAT10 is especially prominent at the invasive 

front of colorectal carcinomas, and is correlat-
ed with cancer cell migration and invasion [12]. 
Our previous data showed that NAT10 expres-
sion was significantly higher in HCC tissues 
than peritumoral tissues, which also implied 
that NAT10 might be a promising prognostic 
marker and potential therapeutic target in HCC 
[17]. The relationship between NAT10 and EMT, 
however, has not been previously examined. 
Our study demonstrates that NAT10 is involved 
in the EMT process and plays a vital role in the 
recurrence and metastasis of HCC.

NAT10 deregulation has been reported in 
human cancers, and, based on work from our 
group, elevated expression of NAT10 protein is 
associated with a poor prognosis in patients 
(unpublished results). Those findings are con-
sistent with the findings obtained in the present 
study, which showed that increased expression 
of NAT10 is associated with a more aggressive 
phenotype in HCC cell lines. We observed dif-
ferential expression of NAT10 in all HCC cell 
lines studied. Since metastasis is a main factor 
indicating poor prognosis for HCC patients, we 
studied the function of NAT10 in HCC metasta-
sis. Knockdown of NAT10 clearly decreased cel-
lular migration and invasion of HCC cells. 
Furthermore, we identified a regulatory role for 
NAT10 in inducing EMT through expression of 
EMT markers. As one of the most important cell 
adhesion proteins, E-cadherin plays a key role 
in regulation of EMT by maintaining the intercel-
lular junction of epithelial cancer cells [23]. 
Vimentin is also an important effector for EMT 
and is considered as a marker for EMT [24]. In 
our work, we showed up regulation of E-cadherin 
and down regulation of vimentin upon inhibition 
of NAT10 by siRNA or Remodelin treatment.

Figure 6. Hypoxia potentiates EMT while inhibition of NAT10 reverses these effects. Western blot showing expres-
sion of the EMT associated genes E-cadherin and vimentin in HCC cell lines under hypoxic and normoxic conditions. 
GAPDH served as an internal control. Expression levels of the mesenchymal marker, vimentin, increased under 
hypoxic conditions as compared to normoxia. E-cadherin showed an opposite trend. Decreased expression of NAT10 
as induced by siRNA or Remodelin treatment reversed these effects. The data represent mean ± SD of three inde-
pendent experiments. Student’s t-test was used for statistical analysis. *P < 0.05 vs. Control.
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Previous studies have shown that EMT-
promoted cancer metastasis is potentiated by 
hypoxia in the cancer microenvironment [25]. In 
the current study, we used two epithelial HCC 
cell lines, Hep3B and Huh7 to analyze the 
effects of Remodelin, a NAT10 inhibitor, on 
hypoxia-induced EMT. Our data indicated that 
hypoxia can induce invasion and migration of 
HCC cells. When hypoxia-induced HCC cells 
were treated with Remodelin, an antagonistic 
activity on cellular invasion and migration was 
observed. Surprisingly, hypoxia-induced HCC 
cell lysates showed higher levels of vimentin 
and lower levels of E-cadherin compared to 
HCC cells incubated under normoxic condi-
tions, suggesting that hypoxia-induced metas-
tasis is involved in the EMT process. We hypoth-
esized that certain hypoxia-activated factors 
were associated with the EMT process. Indeed, 
our studies identified NAT10 as one such fac-
tor. According to our results, down regulation of 
NAT10 could inhibit the hypoxia-related expres-
sion of the EMT marker vimentin. Furthermore, 
NAT10-siRNA transfection or Remodelin treat-
ment rescued E-cadherin expression, and the 
EMT properties of HCC cells in hypoxic 
conditions.

A limitation of the current research is the 
absence of a precise mechanism underlying 
the regulation of EMT by NAT10 in HCC cells. 
Therefore, further studies are necessary to 
establish how NAT10 regulates the EMT pro-
cess and promotes metastasis of HCC. Even 
so, our findings contribute to the understanding 
of the function and regulation of NAT10, espe-
cially during EMT in HCC.
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