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Abstract: Understanding mechanisms of cancer metastasis is crucial for reduction of cancer mortality. Acyl-CoA
medium-chain synthetase 3 (ACSM3) is an acyl-CoA synthetase which takes part in the first step of fatty acid me-
tabolism. However, the expression, clinical significance and biological function of ACSM3 remain unknown in hepa-
tocellular carcinoma (HCC). In this study, the expression and prognostic relevance of ACSM3 were investigated by
tissue microarray and HCC clinical samples. Migration and invasion assays were carried out for functional analysis
in vitro and a xenograft model was used to analyze the effects of ACSM3 on cancer metastasis in vivo. Furthermore,
human phospho-kinase array assays were performed to explore molecular mechanisms of ACSM3 in HCC. The
results showed ACSM3 was downregulated in HCC tissues. HCC patients with low expression of ACSM3 exhibited
poor prognosis. Overexpression of ACSM3 attenuated migration and invasion of HCC cells in vitro and in vivo and
downregulated the phosphorylation of WNK1 and AKT. Our findings indicate ACSM3 is a novel prognostic marker
and a potential therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is one of the
most common worldwide visceral neoplasms
[1]. Although liver surgical resection, chemo-
therapy, radiotherapy and transplantation have
become curative therapies in the early stages
of the disease, the prognosis of HCC patients
still remains poor due to the high rate of recur-
rence and metastasis [2]. Therefore, it is criti-
cal to identify novel genes related to
metastasis.

ACSM3 is one member of acyl-CoA medium-
chain (C4-C14) synthetase (ACSM) family,
which at least comprise 5 proteins; O-ACSM,
SAH and ACSM1~3. O-ACSM is specifically
expressed in the olfactory epithelium and may
play a role in processing odorants in a zone-
specific manner [3]. The other four members
have a putative mitochondrial targeting signal
at the N terminus of their primary amino acid

sequence, and are localized in the mitochon-
drial matrix [4]. The linkage disequilibrium with
genetic polymorphism of them may contribute
to multiple risk factors [4]. Especially, SAH and
ACSM1, which are mainly detected in the liver
and kidney, are associated with plasma high-
density lipoprotein cholesterol levels [5].
ACSM2 Leu513Ser polymorphism is also
reported to have an association with risk fac-
tors of the metabolic syndrome [6]. However,
biological functions of ACSM3 remain unclear
in human cancer.

In this study, we investigated the expression,
explored clinicopathologic significance, and
addressed biological functions of ACSM3 in
HCC. Our data indicated ACSM3 was downregu-
lated in HCC, and could be served as a promis-
ing biomarker for HCC prognosis. ACSM3 inhib-
ited metastasis of HCC in vitro and in vivo, and
we speculated the inhibitory effects may be
induced by downregulating phosphorylation of
WNK1 and AKT.


http://www.ajcr.us

Roles of ACSM3 in HCC

Materials and methods
Clinical samples and tissue microarray

Primary HCC tissues and their adjacent histo-
logic normal liver tissues were obtained bet-
ween 2004 and 2005, 8 pairs of which were
chosen to perform western blot to detect
ACSM3 protein level, and 70 pairs of which
were chosen to perform quantitative real-time
PCR to detect mRNA level of ACSM3. All sam-
ples were frozen at -80°C until RNAs and pro-
teins were extracted.

Tissue microarrays (TMAs) were purchased
from Eastern Hepatobiliary Surgery Hospital
(Shanghai, PR China), the HCC specimens
included in the TAMs were obtained from
patients who underwent hepatic resection
between 1996 and 2001, and followed until
October 2010. No patients in this study
received either radiotherapy or chemotherapy
before the surgery, and exhibited any other can-
cers co-occurrence. Written informed consent
was obtained from all patients, and this study
was performed on the basis of the protocol
approved by the Declaration of Helsinki. The
Edmondson grading system was used to clas-
sify tumor stage [7] and the AJCC/UICC classifi-
cation system was applied to grade clinical
staging. The overall survival (OS) was defined
as the interval between the dates of surgery
and death. The time to recurrence (TTR) was
calculated from the date of tumor resection
until the detection of tumor recurrence, death
or the last observation.

Protein extraction and western blot

Cell lysates were harvested by T-PER tissue
protein extraction reagent (Thermo Scientific)
with a cocktail of protease inhibitors, phospha-
tase inhibitors, and PMSF. Similar amounts of
proteins were separated by 10% SDS-PAGE and
transferred to NC membranes. After blocking
with 5% skimmed milk dissolved in PBST (1%
Tween in PBS), the membranes were incubated
with primary antibodies at 4°C overnight.
Subsequently, the membranes were washed
three times in PBST, and probed with HRP-
conjugated secondary antibodies for 1 h at
room temperature. After washing three times in
PBST again, target protein bands were visual-
ized by a Bio-rad ChemiDoc XRS system (USA).
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RNA isolation and quantitative real-time poly-
merase chain reaction

Total RNA was extracted using TRIzol reagent
(Invitrogen) and reversely transcribed using
PrimeScript™ RT Reagent Kit (TaKaRa Biotech-
nology). Quantitative real-time PCR was subse-
quently performed by an ABI 7500 instrument
(Applied Biosystems Inc). The PCR conditions
were as follows: 95°C for 10 min, 40 cycles of
95°C for 15 s and 60°C for 1 min. The relative
expression levels were determined by 224Ct
method. One set of primers used for ACSM3
was as follows: Forward: 5-GGACAGACTGAAA-
CGGTGCT-3’;Reverse: 5’-GCCAAATGGTCGGTTG-
GGTA-3..

Cell culture and transfection

Human normal liver cell lines LO2 and
SMMC7721 were obtained from Shanghai
Institute of Cell Biology, Chinese Academy of
Sciences. SK-Hepl, HepG2, and Hep3B were
purchased from the American Type Culture
Collection (ATCC, VA, USA). MHCC97H, MHC-
C97L, and HCCLM3 cell lines were provided by
the Liver Cancer Institute of Zhongshan
Hospital of Fudan University (Shanghai, China).
Huh7 cells were established from Riken Cell
Bank (Tsukuba, Japan). All the cell lines were
maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, CA, USA) supplement-
ed with 10% FBS (Gibco) at 37°C in an atmo-
sphere of 5% CO,,.

The ACSM3 ORF sequence (NM_005622.3)
was amplified by PCR using specific primers
and cloned into the lentiviral expression vector
pWPXL (Addgene) to develop a pWPXL-ACSM3
recombinant plasmid. Virus packaging was per-
formed by the co-transfection of pWPXL-
ACSM3, packaging plasmid psPAX2 (Addgene)
and envelope plasmid pMD2.G (Addgene) using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
in HEK 293T cells. Viruses were harvested 48 h
after transfection, and viral titers were deter-
mined. HepG2 and SMMC7721 were infected
with either recombinant lentivirus constitutively
expressing ACSM3, or control empty vector.

Immunohistochemistry

Immunohistochemistry analysis was performed
as described previously [8, 9]. The sections
were incubated with primary rabbit anti-ACSM3
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Figure 1. Downregulation of ACSM3 in HCC tissues. A: Downregulation of ACSM3 was shown in Oncomine database.
B-D: mRNA levels of ACSM3 were detected in 70 paired samples of tumorous (T) tissues and corresponding adja-
cent nontumorous (N) liver tissues from HCC patients by quantitative real-time PCR. E: Protein levels of ACSM3 were
detected in 8 paired samples of tumorous (T) tissues and corresponding adjacent nontumorous (N) liver tissues
from HCC patients by western blot. F, G: IHC staining of ACSM3 in a microarray includes 77 paired samples of tumor-
ous (T) tissues and matched adjacent nontumorous (N) liver tissues. Integrated optical density (I0D) for ACSM3 was

obtained for analysis. ***; P<0.001.

monoclonal antibody (1:100, Santa Cruz
Biotechnology) at 4°C overnight, and then car-
ried out according to the protocol of GTVision™
Il Detection System/Mo & Rb IHC Kit (Gene
Tech Company limited). Average sum of inte-
grated optical density (I0OD) of each sample was
calculated using Image J software.

Cell migration and invasion assays

Cell migration and invasion assays were per-
formed using Transwell filter chambers (8um
pore size, BD Falcon, CA, USA) and 24-well tran-
swell plates (BD Biosciences, CA, USA). For
migration, 5x10* SMMC7721 or HepG2 cells in
200 ul serum-free DMEM were seeded in the
upper chamber of a transwell and 800 ul medi-
um supplemented with 15% FBS was added to
the lower chamber. For invasion, transwell filter
chambers were coated with Matrigel (BD
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Biosciences) according to manufacturer’s ins-
tructions, and followed the same protocol as
for migration. After incubated at 37°C for 24 h
(migration), or 48 h (invasion), cells were fixed
and stained with Crystal violet (1% in methanol)
for 15 min. The stained cells were imaged
through an inverted microscope (Olympus), and
five random microscopic fields were counted
per well for each group. The experiment was
performed in triplicates and repeated three
times independently.

Cell proliferation

Proliferation ability of HCC cells was measured
by Cell Counting Kit-8 reagent (CCK8, Dojin
Laboratories, Kumamoto, Japan). Approxi-
mately, 1x10° cells were seeded per well in
96-well flat-bottom plates, after a respective
period of time (0, 12, 24, 48, 72 h), 10 yl CCK-8
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Figure 2. Downregulation of ACSM3 is correlated with poor prognosis in HCC patients. A: Representative photomi-
crographs showed strong (+++), moderate (++), weak (+), or negative (-) staining of ACSM3 in HCC specimens (mag-
nification, x100, x400). B: Kaplan-Meier analysis of overall survival and time to recurrence in 235 HCC patients

based on ACSM3 expression.

reagent was added to each well and plate was
incubated for 2 h at 37°C. Absorbance was
read at 450 nm, using a microplate reader (BIO-
TEK, USA).

Statistical analysis

Kaplan-Meier analysis was used to assess sur-
vival analysis and log-rank test was chosen to
compare patients’ survival between subgroups.
Experiments were performed in triplicates and
data were presented as mean = SEM. Two-
tailed student’s tests were used to analyze dif-
ferences (P<0.05 was considered significant).
Statistical analysis was performed using
GraphPad Prism 5.01 (GraphPad Software,
Inc., La Jolla, CA, USA).

Results
ACSM3 is downregulated in HCC tissues

Oncomine data-mining analysis showed ACSM3
expression was mainly downregulated in HCC
(Figure 1A). Therefore, we detected ACSM3
expression in both mRNA (Figure 1B-D) and

546

protein (Figure 1E) levels. As the results shown
in Figure 1B-D, ACSM3 expression in tumorous
(T) tissue was obviously downregulated com-
pared to adjacent non-tumorous (N) liver tissue
of the same HCC patient. To validate these
results, we next performed IHC analysis for
ACSM3 using a tissue microarray containing 77
paired samples of HCC tumorous (T) tissue and
adjacent non-tumorous (N) liver tissue. The IHC
results showed the staining density of ACSM3
in non-tumorous (N) tissue group was obviously
stronger than that in HCC tumorous (T) tissue
group (Figure 1F, 1G).

Clinical significance of ACSM3 in HCC patients

In order to determine the value of ACSM3 for
the prognosis of postsurgical HCC patients, tis-
sue microarray analysis of HCC tissues from
235 patients underwent liver resection was
performed. According to the density of staining
(Figure 2A), levels of ACSM3 protein in tumor
tissues were classified as high expression
(score ++, moderate; score +++, strong) in 55
cases (55/235, 23.4%), and low expression
(score +, weak) or not stained (score -, negative)

Am J Cancer Res 2017;7(3):543-553
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Table 1. Correlation between ACSM3 expression and
clinicopathological features in 235 HCC patients

ACSM3

Variable Low (n=180) High (n=55) p-value

Sex 0.486
Male 162 49
Female 18 6

Age 0.397
<50 87 23
>50 93 32

HBsAg 0.307
Negative 30 6
Positive 148 48

Serum AFP 0.042*
<20 ng/ml 53 24
>20 ng/mi 126 30

Liver cirrhosis 0.459
No 59 21
Yes 121 34

TNM 0.799
| 57 18
Il o7 31
-1v 26 6

Child-pugh class 0.328
A 165 48
B 15 7

Tumor size 0.323
<3cm 78 28
>3 cm 102 27

Tumor number 0.239
Single 137 46
Multiple 43 9

Tumor differentiation 0.307
Well 12 7
Moderate 167 48
Poor 1 0

Vascular invasion 0.400
no 64 23
yes 116 32

Abbreviations: HCC, hepatocellular carcinoma; HBsAg, hepatitis
B surface antigen; AFP, a-fetoprotein; TNM, tumor-nodes-metas-

tases.

in 180 cases (180/235, 76.6%). Clinical and
pathological characteristics of these patients
were listed in Table 1. We found ACSM3 had a
correlation with serum AFP (P=0.042), but no
association with other clinicopathological
parameters.

Furthermore, Kaplan-Meier analysis and Cox’s
proportional hazards model were used to calcu-
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late the effects of ACSM3 expression on 0OS
and TTR time. HKaplan-Meier analysis
showed patients with low expression of
ACSM3 exhibited worse overall survival (OS,
P=0.0042) and shorter time to recurrence
(TTR, P=0.0022) than patients with high
expression of ACSM3 (Figure 2B). In addi-
tion, ACSM3 expression was an indepen-
dent prognostic factor for OS (P=0.024) and
TTR time (P=0.034) in HCC (Table 2) accord-
ing to Cox’s multivariate proportional haz-
ards model.

Inhibitory effects of ACSM3 in cell migration
and invasion

To further understand the functions of
ACSM3 in HCC progression, we detected the
expression of ACSM3 in one normal liver cell
line and a panel of HCC cell lines by quanti-
tative real-time PCR. We found the expres-
sion of ACSM3 was very low in HCC cell lines
(Figure 3A). Then, ACSM3 was overex-
pressed in HepG2 and SMMC7721 cells
through lentiviral infection, and the protein
levels of ACSM3 were effectively upregulat-
ed (Figure 3B). The transwell migration and
invasion assay were utilized to determine
the effects of ACSM3 on cell metastasis.
The results showed ACSM3 overexpression
significantly inhibited migration and inva-
sion ability of HepG2 and SMMC7721 cells
(Figure 3C). The effect of ACSM3 on cell pro-
liferation was determined by CCK8 assay.
Results showed that ACSM3 overexpression
had no significant effect on proliferation of
HCC cells (Figure 3D), and excluded the pos-
sibility that the suppression in migratory and
invasive ability was caused by different
growth rates. Next, we established tail vein
injected models to further verify the roles of
ACSM3 in HCC metastasis. The mice were
handled and housed according to protocols
approved by the Shanghai Medical
Experimental Animal Care Commission.
Compared to the mice injected with control
cells, the mice bearing HepG2-ACSM3 cells
exhibited decreased numbers of lung metastat-
ic nodules (Figure 3E).

WNK1-AKT signaling may be responsible for
ACSM3-inhibited cell metastasis

In order to explore the molecular mechanisms
of ACSM3 in inhibition of HCC metastasis,
human phospho-kinase array assays (Proteome

Am J Cancer Res 2017;7(3):543-553
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Table 2. Univariate and multivariate analysis of factors associated with survival and recurrence in

235 HCC patients

Variable TTR
Multivariate Multivariate
Univariate p HR p-value Univariatep HR 95% Cl p-value

Sex: male vs female 0.782 NA 0.775 NA
Age: <50 vs >50 0.318 NA 0.162 NA
HBsAg: negative vs positive 0.450 NA 0.269 NA
Serum AFP: <20 ng/ml vs >20 ng/ml 0.000 2.074 1.279-3.365 0.003 0.000 1.567 1.048-2.344 0.029
Liver cirrhosis: no vs yes 0.097 NA 0.001 1.809 1.209-2.708 0.004
TNM: Tvs Il vs IV 0.000 NS 0.000 NS
Child-pugh class: Avs B 0.346 NA 0.511 NA
Tumor size: <3 cm vs >3 cm 0.000 2678  1.726-4153  0.000 0.000 2.097 1.463-3.005 0.000
Tumor number: single vs multiple 0.000 2160  1.435-3.250  0.000 0.000 2.043 1.406-2.969 0.000
Tumor differentiation: I-l vs IlI-IV 0.186 NA 0.055 NA
Vascular invasion: no vs yes 0.043 NS 0.035 NS
ACSM3: low vs high 0.004 0.539 0.315-0.923 0.024 0.002 0.606 0.381-0.964 0.034

Abbreviations: HCC, hepatocellular carcinoma; HBsAg, hepatitis B surface antigen; AFP, a-fetoprotein; TNM, tumor-nodes-metastases; HR, hazard ratio; 95% Cl, 95%

confidential interval; NA, not applicable; NS, not significant.

Profiler; R&D Systems, Minneapolis, MN, USA)
were performed in HepG2 cells stably trans-
fected with ACSM3 or control. As shown in
Figure 4A, 4B, the phosphorylation levels of
WNK1 (Thré0) and AKT (Thr308) were
decreased in HepG2-ACSM3 group compared
with HepG2-Vector group. The results were also
confirmed in SMMC7721-ACSM3 cell lines by
western blot (Figure 4C). In order to confirm
ACSM3 inhibition of HCC metastasis is mediat-
ed by suppressing WNK1-AKT signaling, we
transfected vectors expressing constitutively
activated AKT (HA-AKT) into HepG2-ACSM3
and 7721-ACSM3 cells, the HA-AKT plasmid
was provided by Zhongzhou Yang (Model Animal
Research Center of Nanjing University). We
found the cancer cell migration and invasion
ability, and WNK1 phosphorylation level were
restored by HA-AKT (Figure 4D, 4E). These
results suggest the possibility that ACSM3
inhibits metastasis of HCC by suppressing
WNK1-AKT signaling.

ACSM3 has no effect on fatty acid metabolism

ACSM3 and its family have acyl-CoA synthetase
activity. They can produce acyl-CoA by interact-
ing with medium-chain fatty acids which is the
first step of fatty acid metabolism [13]. We
used Oil Red O staining to determine whether
ACSM3 could affect the fatty acid metabolism
in HCC. Representative images of Oil Red O
staining were shown and quantitative analysis
was performed (Figure 5A, 5B). Results showed
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there was no difference between SMMC7721-
ACSM3 and SMMC7721-Vector groups, or
between HepG2-ACSM3 and HepG2-Vector
groups. We further performed expression anal-
ysis of targeted genes by quantitative real-time
PCR for key lipogenic enzymes including fatty
acid synthase (FASN) and stearoyl-CoA desatu-
rase (SCD). We also analyzed the expression of
key molecules (carnitine palmitoyltransferase
1A, CPT1A and acyl-CoA oxidase 1, ACOX1) in
fatty acid oxidation (Figure 5C). None of them
showed any difference between ACSM3 overex-
pression cells and control cells. Our results
indicate ACSM3 may have no importantimpacts
on fatty acid metabolism in HCC

Discussion

Recurrence and metastasis are the most pri-
mary causes contributing to the high mortality
of HCC. In the past years, great efforts have
been made to clarify molecular mechanisms of
HCC recurrence and metastasis, but the prog-
nosis of HCC patients still remains dismal.
Therefore, identifying biomarkers of HCC diag-
nosis and understanding molecular mecha-
nisms responsible for metastasis and postsur-
gical recurrence will help extend survival rate of
HCC patients.

In this study, we first uncovered ACSM3 was
downregulated in HCC tissues compared with
their corresponding adjacent non-tumorous tis-
sues (Figure 1) and downregulation of ACSM3

Am J Cancer Res 2017;7(3):543-553
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had influences on HCC prognosis (Figure 2). In shown). ACSM3 and its family have acyl-CoA
addition, our data indicated that ACSM3 might synthetase activity, they can produce acyl-CoA
act as a suppressor against HCC metastasis, by interacting with medium-chain fatty acids on
but had no effects on proliferation (Figure 3), the outer membrane of mitochondria [10]. And
as well as cell cycle and apoptosis (data not then, Acyl-CoA is transported into the matrix for
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B-oxidation of acyl-group. However, our results
showed ACSM3 as a metabolic enzyme had no
effect on the fatty acid metabolism in HCC
(Figure 5).

AKT and WNK1 were identified by human phos-
pho-kinase array assays in this study. AKT, also

550

referred to as PKB or Rac, plays a critical role in
controlling survival, apoptosis [11-13], cell cycle
[14] and glycogen synthesis [15, 16]. PI3K-AKT-
mTOR signaling is one of the most frequently
studied pathways in HCC development and
metastasis [17-19]. Previous studies have dem-
onstrated many acyl-CoA synthetase enzymes
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(ACSs) such as ACSL4 [20, 21] and ACSVL3
[22] exert biological functions via multiple
downstream signaling pathways among which
AKT activation (i.e. phosphorylation) plays a
prominent role.

WNK1 (with-no-lysine) is serine-threonine pro-
tein kinases with an unusual position of the
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catalytic lysine in subdomain | instead of sub-
domain Il [23]. WNK1 mutations in humans
cause pseudohypoaldosteronism type 2 (PH-
A2), an autosomal-dominant disease which is
characterized by hypertension and hyperkale-
mia [24]. WNK1 has also been reported to regu-
late renal Na+ and K+ transporters, whose dys-
regulation contributes to hypertension and

Am J Cancer Res 2017;7(3):543-553
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hyperkalemia in PHA2 [25]. Loss of expression
or inactivating WNK1 mutations could promote
epithelial-mesenchymal transition (EMT) of epi-
thelial tumour cells [26], and EMT is a typical
biological behavior associated with cancer
metastasis. Moreover, a recent report links
WNK1 to Rho GTPases, which control the
dynamics of the actin cytoskeleton, and are
important for cell migration and invasion [27,
28]. Besides, it has also been reported that Akt
kinase phosphorylates WNK1 [29, 30], and
downregulation of WNK1 phosphorylation
reduces cell proliferation, migration and differ-
entiation in the C17.2 mouse neural progenitor
cell line [31]. Therefore, it is possible that
ACSM3 suppresses HCC metastasis by inhibi-
tion of WNK1 and AKT phosphorylation.
However, detailed molecular mechanisms
underlying tumor suppressive effects of ACSM3
need further investigation.
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