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Abstract: Hepatocellular carcinoma (HCC) is one of the most common cancers and is associated with high mortality 
worldwide. The current gold standards for HCC surveillance are detection of serum α-fetoprotein (AFP) and ultraso-
nography; however, non-specificity of AFP and ultrasonography has frequently been reported. Therefore, alternative 
tools, especially novel specific tumor markers, are required. In this study, cytoplasmic membrane proteins were iso-
lated from phorbol 12-myristate 13-acetate (PMA)-induced invasive HepG2 cells and identified using nano-scale liq-
uid chromatographic tandem mass spectrometry (NLC-MS/MS) with comparison to non-treated controls. The results 
showed that two proteins, magnesium transporter protein 1 (MAGT1) and A-kinase anchor protein 13 (AKAP13), 
were highly expressed in PMA-treated HepG2 cells. This up-regulation was confirmed by real-time RT-PCR, western 
blot analysis, and immunofluorescent staining studies. Furthermore, evaluation of MAGT1 and AKAP13 expression 
in clinical HCC tissues by immunohistochemistry suggested that both proteins were strongly expressed in tumor 
tissues with significantly higher average immunoreactive scores of Remmele and Stegner (IRS) than in non-tumor 
tissues (P ≤ 0.005). In conclusion, the expression levels of MAGT1 and AKAP13 in HCC may be potential biomarkers 
for the diagnosis and prognosis of this cancer.

Keywords: Hepatocellular carcinoma, cytoplasmic membrane proteins, proteomics, MAGT1, AKAP13, immunohis-
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Introduction

Hepatocellular carcinoma (HCC) is a primary 
liver malignancy [1] that is the second most 
common cause of cancer deaths in men, and 
the sixth most common in women, worldwide 
[2]. Moreover, 80% of the burden is borne by 
countries in Asia and sub-Saharan Africa [3]. 
The incidence of HCC is reported to be highest 
in developing countries where infection with 
hepatitis B virus (HBV) is endemic.

At the present time, serum alpha-fetoprotein 
(AFP) levels greater than 400 ng/ml and ultra-
sonography performed every 6 to 12 months 
are the gold-standard techniques most com-
monly used for HCC detection. However, diag-
nosis of small HCC (≤ 3 cm in diameter) by 

detection of serum AFP levels and ultrasound is 
far from perfect [4, 5]. Therefore, identification 
and characterization of novel biomarkers is 
urgently needed for reliable diagnosis and prog-
nosis of HCC.

Cytoplasmic membrane proteins are involved in 
central cellular processes such as cell signal-
ing, cell-cell interactions, and ion and solute 
transport. Moreover, they seem to play an 
important role in several processes of cancer 
migration, invasion, and metastasis [6, 7]. 
Previous studies have used cytoplasmic mem-
brane proteins for the diagnosis and prognosis 
of cancers. Human epidermal growth factor 
receptor 2 (Her2/neu) is a member of the epi-
dermal growth factor family that plays an impor-
tant role in the tumorigenesis of certain types 
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of breast cancer. Its over expression correlates 
with distinct diagnostic and therapeutic deci-
sions [8]. In colorectal cancer (CRC), four cyto-
plasmic membrane proteins-tumor-associated 
calcium signal transducer 2 (TROP2, TACSTD2), 
transmembrane 9 superfamily member 2 
(TM9SF2), tetraspanin-6 (TSPAN6), and tumor 
necrosis factor receptor superfamily member 
16 (NGFR)-were evaluated with respect to 
improved diagnosis and treatment manage-
ment. The results revealed that expression of 
all four proteins was markedly increased in the 
tumor compartment and associated with poor 
prognosis [9]. Caveolin-1 (Cav-1), an integral 
membrane protein, was shown to be over 
expressed in prostate cancer cells and related 
to progression of the disease [10]. In HCC, sev-
eral cytoplasmic membrane proteins have been 
identified and characterized. MUC-1, a trans-
membrane mucin that is overexpressed in most 
cancers, showed increased expression during 
hepatocarcinogenesis and correlated with dif-
ferentiation status [11]. Glypican-3 (GPC-3), an 
oncofetal protein and heparan sulfate proteo-
glycan, is anchored to the plasma membrane 
through glycosylphosphatidylinositol [12] and 
has been reported to be up-regulated in HCC 
[13]. However, an ideal cytoplasmic membrane 
protein for use as a tumor marker of HCC has 
not been identified.

In this regard, we identified cytoplasmic mem-
brane proteins of invasive HCC for further 
development as effective diagnostic and prog-
nostic tools. The HCC cell line HepG2 was treat-
ed with phorbol-12-myristate-13-acetate (PMA) 
to stimulate cancer cell invasion. PMA is a well-
known selective activator of protein kinase C 
[14] and can act as a tumor promoter by induc-
ing matrix metalloproteinase-9 (MMP-9) expres-
sion in certain cancer cells [15]. Weng and  
colleagues found that PMA induced MMP-9 
expression in HepG2 cells together with strong-
ly stimulated phosphorylation of ERK1/2 and 
slightly stimulated phosphorylation of Akt, and 
contributed to the cell invasion ability of HepG2 
cells [16]. After treatment with PMA, cytoplas-
mic membrane proteins were isolated and  
verified by nano-scale liquid chromatographic 
tandem mass spectrometry (NLC-MS/MS). 
Candidate proteins were selected and validat-
ed with real-time PCR, western blotting, and 
immunofluorescent staining. Finally, expres-
sion of selected candidate proteins in clinical 

HCC tissues was determined and graded com-
pared with normal surrounding tissue. The 
results of these studies may lead to more reli-
able diagnosis and prognosis of HCC in the 
future.

Materials and methods

Culture of hepatocellular carcinoma cell line

Human hepatoma cells (HepG2 cell line, kindly 
gifted by Dr. Jetsumon Prachumsri, Mahidol 
Vivax Research Center, Faculty of Tropical 
Medicine, Mahidol University, Thailand) were 
grown in HyClone™ Dulbecco’s modified Eagle’s 
medium (DMEM; GE Healthcare, Logan, UT, 
USA), supplemented with 10% (vol/vol) fetal 
bovine serum (Biowest, Nuaillé, France), 1 × 
penicillin/streptomycin (Biowest), and 0.37% 
(wt/vol) NaHCO3 at 37°C in a humidified atmo-
sphere of 95% air and 5% CO2.

MTT assay

The cytotoxic effects of phorbol 12-myristate 
13-acetate (PMA; Sigma-Aldrich, St Louis, MO, 
USA) on HepG2 cells were determined by mea-
surement of cell proliferation using the MTT 
(3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetra-
zolium bromide, a yellow tetrazole) assay as 
previously described with some modifications 
[17]. Briefly, 100 ml of HepG2 cells (7.5 × 104 
cells/ml) were seeded into 96-well culture 
plates (Corning Inc., Corning, NY, USA) and incu-
bated at 37°C for 16-18 h under 5% CO2 before 
addition of PMA (Sigma-Aldrich) at different con-
centrations (0, 1, 10, 100, 1,000, and 2,000 
nM). After incubation for a further 16-18 h, 40 µl 
of 5 mg/ml MTT was added to each well, includ-
ing one set of wells containing MTT but no cells 
as a control. The cells were incubated under 
dark conditions for 3.5 h at 37°C, and then 150 
µl of DMSO (Amresco, Solon, OH, USA) was 
added and the plate was gently shaken for 15 
min. Optical density was measured at a wave-
length of 595 nm with an ELISA reader (Tecan, 
Switzerland). This study was performed in tripli-
cate in three independent experiments.

Cell invasion assay

A transwell invasion assay was performed to 
determine the effect of PMA on invasion of 
HepG2 cells as described previously [18]. In 
brief, membranes of 24-well transwell plates 
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(Corning Inc.) were coated with 100 μl of a 1 
mg/ml solution of matrigel (Becton-Dickinson, 
NJ, USA) and incubated at 37°C for 4-5 h for 
gelling. Next, 100 μl of HepG2 cells (1 × 106 
cells/ml) was applied to the upper chamber 
and PMA was added at a final concentration of 
100, 200, and 500 nM. The lower chamber was 
filled with 650 μl of DMEM supplemented with 
1% fetal bovine serum. The plates were incu-
bated at 37°C for 24 h. For time-dependence 
studies, the PMA concentration that induced 
the greatest level of HepG2 invasion was  
chosen and the number of invading cells was 
determined at 24, 36, and 48 h. To determine 
cell invasion, the membranes were stained  
with Giemsa (Sigma, St. Louis, MO, USA) and 
invading cells on the lower side of the mem-
brane were counted under a light micros 
cope (Olympus BX41; USA). The results were 
expressed as mean ± standard deviation (S.D.) 
of duplicate assays performed in identical 
conditions.

Cell membrane preparation

Cytoplasmic membrane proteins of PMA-
induced and non-induced HepG2 cells were 
isolated using a cell surface protein isolation 
kit (Thermo Scientific, Waltham, MA, USA) 
according to the manufacturer’s instructions. 
Briefly, HepG2 cells were incubated with or 
without 200 nM PMA at 37°C for 24 h and then 
cytoplasmic membrane proteins were labeled 
with EZ-LinkSulfo-NHS-SS-Biotin, a thiol-cleav-
able amine-reactive biotinylation reagent (GE 
Healthcare, UK). After lysing cells with a mild 
detergent, the labeled proteins were isolated 
with immobilized neutravidin gel (agarose 
beads; GE Healthcare) and bound proteins 
were subsequently released by incubation with 
SDS-PAGE sample buffer containing 50 mM 
DTT (GE Healthcare).

Proteomic analysis

Cytoplasmic membrane proteins from PMA-
induced and non-induced HepG2 cells were 
separated by 12% SDS-PAGE (80 mm × 680 
mm × 60.75 mm; Hoefer® Systems; MA, USA). 
The gels were stained with Coomassie Brilliant 
Blue G250 solution (Bio-Rad, Hercules, CA, 
USA) and each protein lane was excised in 20 
rectangles (Figure 1). The gels were destained 
with destaining solution [50 mM NH4HCO3, 50% 
(V/V) acetonitrile (ACN)], reduced with 5 mM 

dithiothreitol (DTT) (GE Healthcare, UK), and 
alkylated with 250 mM iodoacetamide (IAM; GE 
Healthcare, UK). The gel pieces were incubated 
in the dark for 30 min and then dehydrated with 
200 ml ACN. Proteins in gels were digested  
to peptides by incubation with trypsin (100 ng/
ml; Sigma) at 37°C overnight. Peptides were 
extracted from the gels with 50% (V/V) ACN, 
dried by vacuum evaporator (Labconco, Kansas 
City, MO, USA) and resuspended with 0.1% for-
mic acid. Each peptide suspension was sub-
jected to an Ultimate 3000 nano-LC system 
(Dionex; Surrey, UK) coupled with tandem mass 
spectrometry (NLC-MS/MS; micrOTOF-Q II, 
Bruker; Bremen, Germany) and the mass spec-
tra were processed using analysis software 
(DataAnalysisTM 4.0, Bruker) according to a 
previous publication [19]. Mascot version 2.4.1 
(Matrix Science, London, UK) was used to 
search the .mgf file against the SwissProt data-
base Homo sapiens was set as the taxonomy 
filter. Missed cleavage was set to 1. Variable 
modification was set to cysteine carbamido-
methylation and methionine oxidation. Protein 
expression profiles from PMA-treated and non-
treated experiments were compared by the 
exponentially modified protein abundance 
index (emPAI) ratio [20]. All reported emPAI val-
ues in this research were the mean of three MS 
analysis replications. Only protein hits from the 
MASCOT search with 95% confidence were 
demonstrated. Cytoplasmic membrane pro-
teins that showed greater than 2-fold up-regu-
lation in PMA-treated HepG2 cells were select-
ed for further validation.

SYBR real-time RT-PCR for analysis of gene 
expression

Total RNA of PMA-treated and non-treated 
HepG2 cells was extracted using Ribozol™ 
reagent (Amresco) according to the manufac-
turer’s instructions and 5 μg aliquots of RNA 
were treated with DNase I (Thermo) to elimi-
nate contaminating genomic DNA. First-strand 
cDNA was prepared from 1 μg of DNA-free RNA 
using a first strand construction kit (Thermo) 
according to the manufacturer’s instructions. 
The level of gene expression was determined 
by SYBR real-time polymerase chain reaction 
(SYBR real-time RT-PCR) in a total volume of 20 
μl containing 3.2 μl cDNA, 100 nM forward 
primer, 100 nM reverse primer, and 1 × 
SsoAdvanced™ SYBR® Green Supermix (Bio-
Rad). The reaction was performed at 95°C for 3 
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min followed by 45 cycles of 95°C for 30 s and 
60°C for 10 s using a LightCycler® 480 II Real-
Time PCR System (Roche Diagnostics, Roche 
Applied Science, Germany). Specific primers for 
amplification of gene targets were designed 
using the Primer3 program (http://frodo.wi.mit.
edu/primer3/). The primers used for specific 
gene targets and the housekeeping gene,  
glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), are shown in Table 1.

SYBR real-time RT-PCR was performed in tripli-
cate in two independent experiments. The level 
of target gene expression was calculated with 
normalization to GAPDH using the formula of 

2-∆Cp. The fold change in transcription was cal-
culated by comparison of PMA-treated and 
non-treated HepG2 cells using the formula of 
2-∆∆Cp [21].

Western blot analysis

Based on data from mass spectrometry and 
SYBR real-time RT-PCR, two interesting pro-
teins, AKAP13 and MAGT1, were selected for 
further validation. For western blot analysis, 
PMA-treated and non-treated HepG2 cells  
were lysed with RIPA buffer and protein concen-
tration was measured using the Pierce™ 
Coomassie (Bradford) Protein Assay Kit 

Figure 1. Separation of enriched cytoplasmic membrane proteins by 12% SDS-PAGE.
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(Thermo Fisher Scientific Inc.) according  
to the manufacturer’s instructions. The cell 
lysates were separated by 12% SDS-PAGE and 
transferred to a polyvinylidene fluoride (PVDF) 
membrane (Pall Corporation, Port Washington, 
NY, USA). The blotting procedure was per-
formed as described previously [19] with some 
modifications. In brief, membranes were block- 
ed with 5% skimmed milk and then incubated 
with mouse-monoclonal anti-human AKAP13 
(N-terminal) antibody (Sigma-Aldrich), rabbit 
anti-human MAGT1 antibody (Sigma-Aldrich),  
or mouse anti-human β-actin antibody (Cell 
Signaling Technology, Beverly, MA, USA). After 
washing, the membrane was incubated with 
goat anti-mouse IgG (H + L) (Southern Biotech, 
Birmingham, AL, USA) or goat anti-rabbit IgG (H 
+ L) conjugated with horseradish peroxidase 
(Southern Biotech) secondary antibodies. The 
signal was developed using Super Signal™ 
West Dura Extended Duration chemilumines-
cence substrate (Thermo Fisher Scientific Inc.) 
and detected by Image Quant™ LAS 4000 (GE 
Healthcare). Protein band intensity was ana-
lyzed using the ImageJ program (http://imagej.
nih.gov/ij/) and normalized to that of β-actin. 
The normalized intensity of the target proteins 
in PMA-treated and non-treated HepG2 was 
compared and fold change was calculated. The 
experiment was performed in triplicate.

Immunofluorescence

Five hundred microliters of HepG2 cells in com-
plete medium (2 × 106 cells/ml) was seeded 

into 24-well culture plates (Nunc™, Thermo) 
containing a 1.5-cm diameter sterile glass 
cover slip (Thermo) and incubated at 37°C  
and 5% CO2 for 24 h prior to treatment with  
200 nM PMA and incubation for a further 24 h. 
Non-treated HepG2 cells were processed in 
parallel as a control. After incubation, the  
coverslips were removed, washed thoroughly 
with 1 × PBS and blocked with blocking solu-
tion (3% FBS in 1 × PBS) at room temperature 
for 1 h. The coverslips were rinsed with 1 × PBS 
three times for 5 min each and incubated with 
mouse anti-human AKAP13 antibody (1:200; 
Sigma-Aldrich) or rabbit anti-human MAGT1 
(N-terminal) antibody (1:500; Sigma-Aldrich) in 
blocking solution at room temperature for 2 h. 
After washing 3 times with 1 × PBS, the cover-
slips were incubated with Cy3-donkey anti-rab-
bit IgG minimal X-reactivity antibody (1:500; 
Biolegend, San Diego, CA, USA) and FITC-goat 
anti-mouse IgG minimal X-reactivity antibody 
(1:500; Biolegend) at room temperature for 1 h. 
The coverslips were washed with 1 × PBS three 
times for 5 min each and mounted with 50% 
glycerol. Digital images were acquired using a 
fluorescence microscope (Olympus BX41 and 
Olympus DP20; Olympus, Tokyo, Japan) and 
DP2-B2W-E-V2.2 software (Germany).

Immunohistochemical staining and semi-quan-
titative analysis

Clinical samples from 10 patients (7 male, 3 
female) with histopathologic diagnosis of HCC 
were kindly provided by the Pathology Unit of 

Table 1. Primers used for real-time RT-PCR analysis of gene expression profile in HepG2 cells
No. Gene Accession no. Product size (bp) Primers (5’-3’) Primer length (nt)
1 hSTOM NM004099 199 5’ CGTTCTCATTCTTATTCACCGTTAT 3’ 25

5’ TCAAATGAAATAGTTCTCATGTCCA 3’ 25
2 hGTR1 P11166 249 5’ GGGATCAATGCTGTGTTCTATTACT 3’ 25

5’ ACAGACAAAGCTCATCCCATTATAG 3’ 25
3 hACTN1 NM001102 249 5’ CAACATCCAGAACTTCCACATAAG 3’ 24

5’ TGGTAGAAGCTAGACACGTAAGTCA 3’ 25
4 hMAGT1 Q9H0U3 121 5’ TGAAACACACATTGTTCTTCTGTTT 3’ 25

5’ AATACCAGCCACACACATTATCTTT 3’ 25
5 hSTML3 Q8TAV4 202 5’ CTCCGTAACTACTCAGGTAGATGGA 3’ 25

5’ ATCAAGTAAAGTCTGGATGCTATGG 3’ 25
6 hAKAP13 Q12802 222 5’ GAGAGTGTACCTCAAAACAAGGTGT 3’ 25

5’ TTAAAATCTGGGAGAGAGACACATC 3’ 25
7 hCAMP3 Q9P1Y5 183 5’ CATTCTGGAGGAAATTGAGAAAAG 3’ 24

5’ GAGTTGTACTTGTAGATGCCTTCCA 3’ 25
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Chulabhorn Hospital, Thailand. All samples 
were categorized as leftover specimens with 
ethical approval of both the Faculty of Tropical 
Medicine (TMEC 13-031) and Chulabhorn 
Hospital (14/2557). The case records of the 
patients are shown in Table 2.

Expression of AKAP13 and MAGT1 in HCC 
patient tissues was determined to confirm  
our findings in the HepG2 cell line. Paraffin-
embedded sections (4-μm thickness) were pro-
cessed as described elsewhere [22] before 
incubation with antibodies. After blocking 
(Protein block, Mouse and Rabbit Specific HRP/
DAB [ABC] Detection IHC kit, Abcam), 200 μl of 
1:25 dilution of mouse anti-human AKAP13 
(N-terminal) antibody (Sigma-Aldrich) or 1:25 
dilution of rabbit anti-human MAGT1 antibody 
(Sigma-Aldrich) was applied and the sections 
were incubated at room temperature for 16-18 h. 
After washing to remove the primary antibody, 
the sections were incubated sequentially with 
biotinylated goat anti-polyvalent antibody and 
streptavidin peroxidase (Mouse and Rabbit 
Specific HRP/DAB [ABC] Detection IHC kit, 
Abcam) at room temperature for 10 min each. 
The secondary antibodies were removed by 
washing with 1 × PBS and color was developed 
using the HRP/DAB (ABC) Detection IHC kit 
(Abcam) according to the manufacturer’s 
instructions. Ready-to-use Mayer’s Hematoxylin 
solution (Biomol GmbH, Germany) was used for 
counterstaining. The sections were dehydrated 
by sequential incubation with 95% ethanol (two 

analyzed by non-parametric t-test with a p value 
≤ 0.05 considered significant. Significant differ-
ences in western blot data among cell lines 
were determined by one-way ANOVA at P ≤ 0.05. 
The IRS scoring of immunohistochemistry for the 
HCC tissues and corresponding non-tumor tis-
sues were statistically analyzed by multiple t 
test with a p value of ≤ 0.005, with multiple 
comparisons performed using the Holm-Sidak 
method for positivity (negative, weak, mild,  
and strong). All results represent the mean ± 
SD of triplicate determinations. Correlation 
analysis of all experiments was performed with 
Graphpad Prism6 software (La Jolla, CA, USA).

Results

Effect of PMA on proliferation and invasion of 
HepG2 cell line

A previous study reported that PMA could acti-
vate the proliferation and invasion of HepG2 
cells [16]. We repeated this experiment to opti-
mize the concentration of PMA for further 
experiments. An increasing concentration of 
PMA (0.1, 1, 10, and 100 nM) progressively 
induced HepG2 cell proliferation compared 
with non-treated controls (data not shown). 
However, a very high concentration of PMA 
(1,000 and 2,000 nM) inhibited HepG2 cell pro-
liferation (data not shown).

From the results reported above, a PMA con-
centration range of 100-500 nM was selected 
and its effect on invasion of HepG2 cells was 

Table 2. Clinicopathologic data of patients with hepato-
cellular carcinoma

No. Age 
(years) Sex Tumor 

grade
TNM staging of tumor/

tumor stage
Hepatitis 
infection

1 65 M 3 T2N0M0/Stage II HBV

2 51 M 3 T2N0M0/Stage II HBV

3 45 M 3 T2N0M0/Stage II HBV

4 66 M 3 T1NxM0/Stage I HBV

5 67 M 1 and 2 T2NxM0/Stage II HBV

6 60 M 2 T2NxM0/Stage II HBV, HCV

7 78 M 3 T2NxM0/Stage II HBV

8 72 F 3 T3aN0M0/Stage IIIA Others

9 57 F 3 T2NxM0/Stage II HBV

10 62 F 3 T1N0M0/Stage I HCV

changes), 100% ethanol (two changes), 
and xylene (three changes) and then 
mounted with a coverslip in mounting 
medium (Thermo Fisher Scientific Inc.).

Semi-quantitative analysis was per-
formed by comparing the number of 
AKAP13-positive and MAGT1-positive 
cells in tumor tissue with that in non-
tumorous surrounding tissue. The proce-
dure and scoring were performed accord-
ing to a previous publication [23]. All tis-
sues were examined under at least 10 
high-power fields in a standardized man-
ner by three professional examiners.

Statistical analysis

Invasion assay data and gene expres-
sion profiles between PMA-treated and 
non-treated HepG2 were statistically 
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monitored using a matrigel invasion assay. The 
number of invaded cells in the presence of 200 
nM PMA was significantly higher compared with 
other concentrations of PMA as well as the non-
treated control (Figure 2A). The optimal time 
was determined by treatment of HepG2 cells 
with 200 nM PMA and monitoring cell invasion 
at 0, 24, 36, and 48 h. The results suggested 
that the highest number of invaded HepG2 
cells was achieved at 24 h (P = 0.0495); addi-
tional incubation for 36 and 48 h progressively 
decreased cell invasion compared with 24 h 
(Figure 2B).

Up-regulation of cytoplasmic membrane pro-
teins on invading HepG2 cells

Based on the above data, HepG2 cells were 
treated with 200 mM PMA for 24 h before prep-
aration of cytoplasmic membrane proteins. 
Non-treated HepG2 cells were processed in 
parallel as a control. Cytoplasmic membrane 
proteins isolated from PMA-treated and non-
treated cells were separated by 12% SDS-PAGE 

and each lane was excised as small rectangles 
prior to mass spectrometry analysis (Figure 2). 
The results from NLC-MS/MS of membrane 
fraction incorporating the Mascot search iden-
tified up to 300 proteins, of which seven cyto-
plasmic membrane proteins were detected 
only in PMA-treated cells. The list of proteins 
with relevant information is summarized in 
Table 3. The criteria used to select the candi-
date proteins were as follows: (1) up-regulation 
greater than 2 fold compared with non-treated 
control, (2) present in PMA-treated HepG2 but 
not in control, (3) no or little available informa-
tion regarding role in HCC development.

Expression level of novel candidate cytoplas-
mic membrane proteins in PMA-treated HepG2 
cells

SYBR real-time RT-PCR was performed to  
determine gene expression of all 7 candidate 
proteins in PMA-treated and non-treated 
HepG2 cells. MAGT1 and AKAP13 were highly 
expressed in PMA-treated cells compared with 

Figure 2. PMA stimulated invasiveness of HepG2 cells in a dose-dependent (A) and time-dependent (B) manner. 
Time-dependent analysis was performed by treating HepG2 cells with 200 nM PMA for different durations.

Table 3. Up-regulated cytoplasmic membrane proteins in PMA-induced and non-induced HepG2 cells

Accession Protein Sub cellular 
location Mass pI

emPAI value
Non PMA 
induction

PMA 
induction

STOM-HUMAN Erythrocyte band 7 integral membrane protein Cell membrane 12651 5.92 ND 1.45 ± 0.14

GTR1-HUMAN Solute carrier family 2, facilitated glucose transporter member 1 Cell membrane 56157 7.79 ND 0.07 ± 0.02

ACTN1-HUMAN Alpha-actinin-1 Cell membrane 97980 9.75 ND 0.07 ± 0.01

MAGT1-HUMAN Magnesium transporter protein 1 Cell membrane 41689 4.76 ND 0.10 ± 0.03

STML3-HUMAN Stomatin-like protein 3 Cell membrane 30291 5.75 ND 0.12 ± 0.02

AKAP13-HUMAN A-kinase anchoring protein 13 Cell membrane 25740 7.82 ND 0.01 ± 0.00

CAMP3-HUMAN Calmodulin-regulated spectrin-associated protein 3 Cell membrane 37464 5.98 ND 0.03 ± 0.01
N = 3, “ND” represents “Not detected”.
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non-treated controls with a fold change unit  
of 4.64 (P = 0.0009) and 2.74 (P = 0.0008), 
respectively (Figure 3). These results support-
ed the protein expression levels determined by 
mass spectrometry. However, the other candi-
dates, erythrocyte band 7 integral membrane 
protein (STOM), solute carrier family 2, facili-
tated glucose transporter member 1 (GTR1), 
alpha-actinin-1 (ACTN1), stomatin-like protein 3 
(STML3), and calmodulin-regulated spectrin-
associated protein 3 (CAMP3), yielded contro-
versial results for mRNA expression compared 
with mass spectrometry results. Therefore, 
only MAGT1 and AKAP13 were selected for fur-
ther analysis by Western blotting.

Expression of MAGT1 and AKAP13 protein in 
PMA-treated HepG2 cells at 0, 6, 12, 24, and 
48 h were determined by western blot analysis. 
Expression of both proteins increased in a 
time-dependent manner, with the highest 
expression level (approximately 4-fold higher 
than in the non-treated control) observed at 24 
h. Prolonged incubation for 48 h did not further 
increase the protein level but rather decreased 
it, as shown in Figure 4.

Clinical HCC samples were stained with anti-
bodies against human MAGT1 or AKAP13 and 
signal was developed using a colorimetric sub-
strate. The pattern and intensity of protein 
expression were observed and graded accord-
ing to the IRS scoring system. MAGT1 was 
detected in the cytoplasm of all cases of HCC 
but not in the non-tumoral surrounding tissue 
(P ≤ 0.005) (Figure 6). Similarly, AKAP13 was 
highly expressed in the cytoplasm of HCC cells 
but was undetectable in normal tissue (P ≤ 
0.005) (Figure 7).

Comparison of average IRS score and intensity 
of MAGT1 and AKAP13 expression in tumor tis-
sues with that in non-tumoral surrounding tis-
sue showed that both values were significantly 
higher in HCC tissue than in non-tumor tissue 
(Figure 8A and 8B).

Discussion

The annual prevalence and incidence of HCC 
remains high worldwide, and especially in 
developing countries. Although standard diag-

Figure 3. Analysis of gene expression by SYBR green real-time PCR. Among 
seven candidate mRNAs, MAGT1 and AKAP13 were significantly up regulated 
at 24 h in PMA-treated HepG2 cells compared with non-treated cells (0 h) as 
determined by t-test (P ≤ 0.05). The relative expression levels of STOM, GTR1, 
ACTN1, MAGT1, AKAP13, CAMP3, and STML3 mRNA were 0.29, 0.15, 1.03, 
4.64, 2.74, 0.66 and 0.07, respectively.

High-intensity localization 
of MAGT1 and AKAP13 at 
the cytoplasmic membrane 
of PMA-induced HepG2 
cells

Expression intensity and 
location of MAGT1 and 
AKAP13 were investigated 
using an immunofluores-
cent staining technique. 
The results showed that 
MAGT1 and AKAP13 were 
expressed at the mem-
brane and in perimembra-
nous areas of PMA-treated 
HepG2 cells and at higher 
levels than in non-treated 
controls (Figure 5). This 
localization may indicate 
roles of both MAGT1 and 
AKAP13 in biologic and 
physiologic processes of 
cell invasion.

Detection of MAGT1 and 
AKAP13 expression in clini-
cal hepatocellular carci-
noma samples
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Figure 4. Expression of MAGT1 and AKAP13 protein at 0, 6, 12, 24, and 48 h in PMA-treated HepG2 cells. (A) Repre-
sentative immunoblot. (B and C) Individual data were quantified as intensity normalized to β-actin expression. Data 
were expressed as relative fold change and presented as mean ± SD of three independent experiments, *P ≤ 0.05, 
compared with the 0 h time point.
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nostic surveillance techniques, such as serum 
AFP and ultrasonography, are commonly avail-

able with affordable cost misdiagnosis associ-
ated with poor prognostic markers has been a 

Figure 5. Immunolocalization of MAGT1 and AKAP13 in HepG2 cells. (A) Representative photomicrographs showing 
increased red fluorescence of MAGT1 localization in PMA-treated HepG2 cells at 24 h (right panel) compared with 
0 h (left panel). (B) Representative photomicrographs showing increased green fluorescence intensity of AKAP13 
localization in PMA-treated HepG2 cells at 24 h (right panel) compared with 0 h (left panel) (magnification × 40).

Figure 6. Immunohistochemical staining of MAGT1 in liver tissues of three patients with HCC of each grade. MAGT1 
staining was not observed in the cytoplasm of normal hepatocytes of non-tumoral surrounding tissues (A, C, E) but 
was positive in the cytoplasm of tumor cells of all three patients (B, D, F). (Grade 1; A and B, Grade 2; C and D, Grade 
3; E and F; magnification × 40).
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problem for several decades [24, 25]. Identi- 
fication of novel tumor markers, specifically 
cytoplasmic membrane proteins, may lead to 
reliable diagnosis and prognosis for HCC in the 
near future. In this study, mass spectrometry 
was applied to identify cytoplasmic membrane 
proteins expressed by the invasive HCC cell line 

HepG2. Treatment of HepG2 cells with 200 nM 
PMA for 24 h facilitated cell proliferation and 
invasion, consistent with the previous report by 
Weng et al. [16]. PMA is a well-known tumor 
promoter that induces expression of MMP-9 
during the invasion and metastasis of various 
tumor cells [26].

Figure 7. Immunohistochemical staining of AKAP13 in liver tissues of three patients with HCC of each grade. The 
brown particles were distributed in the cytoplasm of tumor cells from all three patients (B, D, F). However, a yellow or 
brown precipitation could not be detected in the non-tumoral surrounding tissues (A, C, E). (Grade 1; A and B, Grade 
2; C and D, Grade 3; E and F; magnification × 40).
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Use of mass spectrometry to identify cytoplas-
mic membrane proteins of PMA-induced invad-
ing HepG2 cells indicated that seven predomi-
nant proteins were expressed only in response 
to PMA. These proteins-STOM, GTR1, ACTN1, 
MAGT1, STML3, AKAP13, and CAMP3-are novel 
candidates that are up-regulated not only in the 
PMA-treated HCC cell line, but also in other 
cancers originating from different cell types 
[27-32]. STOM is over expressed in cancer and 
is involved in regulating cell growth [33]. GTR1 
facilitates glucose transportation and main-
tains basal glucose uptake [34], and is highly 
expressed in cancer cells to fulfill their energy 
requirements for survival and metastasis [27, 
35]. ACTN1 has a close association with cellu-
lar membranes and forms a complex with diac-
ylglycerol and fatty acid [36]. The interaction 
between the cytoskeleton and membrane may 
participate in the regulation of cell function 
through changes in cell shape and cellular 
migration [37]. Moreover, the up-regulation of 
α-actinin in invading HCC cells in our study is 
consistent with data from Nishiyama et al., who 
observed higher transcription levels of ACTN1 
mRNA in HCC tissue compared with non-
involved adjacent tissue [37]. MAGT1 is univer-

sally expressed in all human tissues and its 
expression level is up regulated in conditions  
of low extracellular Mg2+ [38]. STML3 is a 
domain protein of prohibitin (PHB) that is insert-
ed into the membrane through an intramem-
brane domain resulting in hairpin-like topology 
with both the N- and C-termini facing the cyto-
plasm, [39] and is associated with cellular 
membrane processes such as ion channel reg-
ulation, membrane protein chaperoning, vesi-
cle and protein trafficking, membrane-cytoskel-
etal coupling, microdomain formation, and the 
formation of specialized membrane structures. 
AKAP13 (also known as lymphoid blast crisis 
oncogene [LBC]) is absent in normal adult liver 
but abundantly expressed in HCC [40]. CAMP3 
accumulates along cell junctions and plays a 
key role in maintaining a population of noncen-
trosomal microtubules that is important for 
proper organelle assembly [32].

All seven cytoplasmic membrane candidates 
were initially validated by semi-quantitative 
real-time RT-PCR. The results showed that 
MAGT1 and AKAP13 were predominantly up- 
regulated in PMA-treated HepG2 cells but,  
surprisingly, the other five candidates (STOM, 

Figure 8. Average IRS score (A) and intensity (B) of non-tumor tissues compared with tumor tissues. According to IRS 
values, IRS ≥ 1 is positive expression, whereas IRS < 1 is negative expression. The average IRS score of MAGT1 protein in 
human HCC tissues was moderately to strongly positive compared with negative to moderate IRS scores in non-tumor tis-
sues (P ≤ 0.005). The IRS score of AKAP13 protein showed strongly positive expression in human HCC tissues compared 
with negative to mild IRS scores in non-tumoral surrounding tissues (P ≤ 0.005). The average intensity of immunostain-
ing in non-tumor tissues was 1.287 for MAGT1 and 0.917 for AKAP13, compared with 2.79 and 2.55, respectively 
in tumor tissues. Both MAGT1 and AKAP13 showed significantly higher average IRS scores and intensity of immu-
nostaining in tumor tissues compared with non-tumor tissues (*P ≤ 0.005) (IRS: Immunoreactive score of Remmele 
and Stegner).
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GTR1, ACTN1, STML3, and CAMP3) showed a 
decrease in transcription levels that was not 
consistent with the level of protein expression 
from mass spectrometry. This may be caused 
by post-transcriptional regulatory processes, 
such as miRNA [41], protein stability [42], or 
protein degradation [43], that inhibit transla-
tional processes in non-treated HCC cells. 
Down-regulation of the miRNA200 family was 
observed in the invasive front of colorectal ade-
nocarcinoma but not in non-invasive and  
normal cells [44] and might reflect inhibition  
of E-cadherin expression through increased 
expression of ZEB protein (a E-cadherin repres-
sor) [45]. Similarly, lack of miRNA200 and 
E-cadherin may influence cancer invasion in 
metastatic human breast cancer [46]. However, 
the controversial results of the five different 
candidates mentioned above occurred through 
unknown mechanisms and require further 
exploration.

Our results showed that MAGT1 and AKAP13 
were predominantly expressed in response  
to PMA at both mRNA and protein levels. 
Therefore, both proteins were selected for fur-
ther validation in in vitro and clinical HCC sam-
ples. MAGT1 has been demonstrated to be 
essential for vertebrate Mg2+ influx [47]. It is 
universally expressed in all human tissues and 
its expression level is up-regulated in condi-
tions of low extracellular Mg2+ [38]. Mg2+ is the 
second most common cation in intracellular flu-
ids. Appropriate Mg2+ levels have been shown 
to be involved in physiological functions such 
as nucleic acid metabolism, protein synthesis, 
and energy production [48, 49]. Interestingly, it 
has recently been proposed that Mg2+ might 
also initiate cell proliferation upon mitogenic 
stimulus because cells are able to increase 
their intracellular Mg2+ content, which is need-
ed for initiation of protein synthesis, by activat-
ing Mg2+ influx [50, 51]. Therefore, influx of  
both extracellular Ca2+ and Mg2+ must be tightly 
maintained for proper intracellular ion homeo-
stasis. Furthermore, alterations in this homeo-
stasis will likely increase cell proliferation and 
can lead to cancer [52]. However, the role of 
MAGT1 in cancer is still unclear.

AKAP13 is an anchoring protein in the Rho sig-
naling pathway that is abundantly expressed in 
HCC but not in normal adult liver [40]. Over 
expression of AKAP13 in HCC cell lines promot-

ed cell proliferation and triggered high levels of 
downstream ERK and cyclin D1 [40]. Hu and 
colleagues reported that the expression of 
AKAP13 in colorectal carcinoma was higher 
than that in normal colorectal tissues and ade-
noma, indicating that AKAP13 might play a role 
in the carcinogenesis of colorectal carcinoma. 
This would be consistent with the proposed 
function of the PKA/AKAP13/RhoA signaling 
pathway in the proliferation and differentiation 
of many human cancers [53]. AKAP13 is also 
known as lymphoid blast crisis oncogene. It is 
capable of both anchoring PKA and activating 
Rho GTPases and is an important upstream 
effector of RhoA, catalyzing the GDP-GTP 
exchange reaction required for RhoA signaling 
[54, 55]. Rho protein is also involved in invasion 
and metastasis. It has been demonstrated  
that the PKA/AKAP13/RhoA signaling pathway 
plays an important role in carcinogenesis and 
tumor development [56-58]. Some studies 
have reported mutation of the AKAP13 gene in 
familial breast cancer and proposed a relation-
ship between AKAP13 and prostatic cancer 
[31, 59, 60]. However, the role of AKAP13 in 
hepatocellular carcinoma invasion and meta-
plasia has not been described.

Western blot analysis yielded the same results 
as mass spectrophotometry and SYBR real 
time RT-PCR, confirming up-regulation of 
MAGT1 and AKAP13 during HCC cell invasion. 
Expression of MAGT1 and AKAP13 in HepG2 
cells was highest 24 h after PMA induction, but 
decreased with prolonged incubation of 48 h. 
Reduction of protein expression at 48 h may be 
due to cell arrest induced by starvation under 
serum-depleted conditions [61, 62]. Immuno- 
fluorescent staining suggested that both 
MAGT1 and AKAP13 were localized at cyto- 
plasmic membranes and in perimembranous  
areas. The same location of MAGT1 and 
AKAP13 has been reported in normal cells and 
other cancers expressing invasiveness and 
metaplasia [31, 38, 59, 60]. This may imply a 
function in facilitating cancer invasion and 
migration. However, the exact association of 
MAGT1 and AKAP13 with metaplastic charac-
teristics requires intensive characterization in 
future studies.

Detection of protein expression in clinical HCC 
tissues revealed a strong cytoplasmic staining 
pattern in tumoral tissues but no or weak 
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expression in non-tumoral surrounding tissues. 
Expression of MAGT1 and AKAP13 in clinical 
HCC tissues may support a potential role of 
these proteins as novel prognostic and/or diag-
nostic markers. However, validation of these 
findings in more clinical HCC tissues at differ-
ent stages and distinct cancer types is needed. 
In conclusion, high expression levels of MAGT1 
and AKAP13 at the cytoplasmic membrane and 
in the cytoplasm of an invasive HCC cell line 
and clinical samples of invasive and progres-
sive HCC suggest potential for the development 
of novel HCC markers to improve prognosis, 
diagnosis, and treatment management for HCC 
in the future.
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