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RNAi-mediated silencing of ATP-binding cassette C4 protein inhibits cell growth in 
MGC80-3 gastric cancer cell lines
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Abstract
ATP-binding cassette C4/multidrug resistance associated protein 4 (ABCC4/MRP4) is a relatively well-studied member of the ATP-binding cassette drug transporter 
family. Recent studies suggested that ABCC4 is implicated in the development of several human cancers. In the present study, we report that knockdown of ABCC4 
by lentivirus-delivered short hairpin RNA could inhibit gastric cancer cell growth in vitro. The proliferation of MGC80-3 cells was significantly reduced after infec-
tion with Lv-shABCC4, as determined by MTT and colony formation assays. In addition, knockdown of ABCC4 blocked the cell cycle progression in MGC80-3 
cells. To our knowledge, it is the first report to investigate the role of ABCC4 in gastric tumorigenesis. Our data provides additional evidence that ABCC4/MRP4 
could be a potential therapeutic target for gastric cancers.
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Introduction

Gastric cancer is one of the major malignancies in 
mainland of China, with high incidence and mortality 
(1). Newly diagnosed gastric cancer patients in China 
account for about 40% worldwide cases every year 
(2). Over 80% of gastric cancer diagnoses are at an ad-
vanced stage, resulting in relatively poor outcomes (3, 
4). Despite intensive research and major advances over 
the past few decades, gastric cancer therapy remains an 
intractable challenge (5). Development of novel thera-
peutics to target molecules crucially involved in gastric 
cancer growth is urgently needed.

ATP-binding cassette C4/multidrug resistance asso-
ciated protein 4 (ABCC4/MRP4) is a relatively well-
studied member of the ATP-binding cassette (ABC) 
drug transporter family, which has broad substrate 
specificity that facilitates the transport of bile salts and 
conjugates nucleoside analogs and drugs (6-8). Recent 
studies suggested ABCC4 as a key player in the devel-
opment of several human cancers (9-11). For instance, 
ABCC4 protein was found to be upregulated in a great 
number of pancreatic cancer specimens, and further in 
vitro studies showed that downregulation of ABCC4 
expression in pancreatic cells significantly inhibited 
their proliferation and colony formation (10). In human 
leukemia, ABCC4 is implicated in the control of cell 
proliferation and differentiation by regulating cellular 
cAMP levels (11). Moreover, ABCC4 is associated with 
complete remission rate in patients with acute myeloid 
leukemia (AML) in first relapse treated with fixed-dose-
rate gemcitabine and mitoxantrone (12). In a previous 
study, the expression of ABCC4 is found to be elevated 
in human colorectal cancer specimens (in comparison 
to normal mucosa) and in colorectal cancer cell lines 
(9). However, the regulatory mechanism of ABCC4 in 
human cancers remains to be exploited.

In this study, in order to investigate the role of 
ABCC4 in gastric cancer, we employed lentivirus-me-
diated short hairpin RNA (shRNA) to silence ABCC4 
expression in human gastric cancer cell line MGC80-
3. We found that knockdown of ABCC4 could mark-
edly decrease cell proliferation and colony formation. 
In addition, cell cycle progression was also dampened 
after infection with Lv-shABCC4. Hence, we conclude 
that ABCC4 may play a prominent role in gastric cancer 
growth in vitro.

Materials and methods

Cell culture
Human gastric cancer cell line MGC80-3 was ob-

tained from the Cell Bank of Chinese Academy of 
Sciences (#TCHu 84, Shanghai, China). Cells were 
maintained in Roswell Park Memorial Institute 1640 
(RPMI1640) (Gibco, MD, USA) supplemented with 
10% heat-inactivated fetal bovine serum (FBS) and 
penicillin/streptomycin at 37°C in humidified atmo-
sphere of 5% CO2. 

RNA extraction and Quantitative real-time PCR (qRT-
PCR)

Total RNAs of cultured cells were extracted respec-
tively using the Trizol solution (Invitrogen, CA, USA) 
at 24 h after treatment. The cDNA was immediately re-
verse transcribed from isolated RNA with SuperScript 
III First-Strand Synthesis System (Invitrogen, CA, 
USA). ABCC4 mRNA expression was evaluated by re-
al-time PCR using the SYBR Premix Ex TaqTM Perfect 
Real Time (TaKaRa, Shiga, Japan) on an ABIPRISM 
7500 Real-Time System. β-actin was applied as the in-
put reference. The primers used are as follows: β-actin, 
5’-GGCGGCACCACCATGTACCCT-3’ (forward) and 
5’-AGGGGCCGGACTCGTCATACT-3’ (reverse); 
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ABCC4, 5’-GTTCTTCTGGTGGCTCAATCC-3’ (for-
ward) and 5’-GGCTTCTGTGCGTCATTCTC-3’ (re-
verse). Relative mRNA was determined using the for-
mula 2-ΔCT (CT; cycle threshold) where ΔCT =CT 
(target gene) - CT (β-actin).

Construction of ABCC4 shRNA-expressing lentivirus
To construct shABCC4 stably expressing cell line, 

ABCC4 small interference RNA (siRNA) (5’-GCACT-
CATTAAATCACAAGAA-3’) was inserted into the 
pFH-L plasmid (Hollybio, Shanghai, China). The 
non-silencing siRNA (5’- TTCTCCGAACGTGT-
CACGT-3’) was used as control. The lentivirus-based 
shRNA-expressing vectors were constructed, confirmed 
by DNA sequencing and named as pFH-L-shABCC4 
or pFH-L-shCon. For the transfection, MGC-803 cells 
(5×104) were seeded in 6-well plates and cultured for 
72 h to reach 90% confluence, respectively. At 2 h be-
fore transfection, the medium was replaced with se-
rum-free RPMI1640. The plasmid mixture containing 
pFH-L-shABCC4 (or pFH-L-shCon) and pVSVG-I 
pCMV△R8.92 packaging vectors, as well as Lipo-
fectamine 2000 (Invitrogen, CA, USA) were added to 
the cells. At 5 h after incubation, the medium was re-
placed with RPMI1640 containing 10% FBS. Lentiviral 
particles (Lv-shABCC4 or Lv-shCon) were harvested at 
48 h after transfection and purified by ultra-centrifuga-
tion. As the lentivirus carries green fluorescence protein 
(GFP), the viral titer was determined by counting GFP-
expressing cells under fluorescence microscopy 96 h 
after infection.

Western blot analysis
Samples were homogenized in western blot analysis 

buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, 1% (v/v) Triton X-100, 1% sodium deoxycho-
late, 0.1% SDS, 5 mM EDTA, 1 mM PMSF, 0.28 kU/L 
aprotinin, 50 mg/L leupeptin, 1 mM benzamidine, and 
7 mg/L pepstain A (all chemicals from Sigma-Aldrich, 
MO, USA). The homogenate was then centrifuged at 
12,000 g for 15 min at 4°C and the supernatant was 
retained and preserved at −80°C for later use. Protein 
concentration was determined using a BCA kit (Pierce). 
Each sample was subject to electrophoresis on 10% 
SDS-PAGE gel. Proteins were transferred to nitrocel-
lulose membranes on a semidry electrotransferring unit 
(Bio-Rad, CA, USA), and incubated with antibodies 
against ABCC4 (Santa Cruz Biotechnology, CA, USA), 
in Tris-buffered saline containing 0.1% Tween-20 
(TBST) and 5% non-fat dry milk overnight at 4°C. After 
the overnight incubation with the primary antibodies, 
membranes were washed and incubated with horserad-
ish peroxidase-conjugated second antibody in TBST for 
3 h. Immunoreactivity was detected with enhanced che-
moluminescent autoradiography (ECL kit, Amersham 
Life Science, Buckinghamshire, UK). The membranes 
were reprobed with GAPDH (Santa Cruz Biotechnol-
ogy, CA, USA) after striping. 

MTT assay
Cell proliferation was determined using a colorimet-

ric assay with 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT). The MTT assay mea-
sures the conversion of MTT to insoluble formazan by 

dehydrogenase enzymes of the intact mitochondria of 
living cells. After treatment with or without the appro-
priate plasmid, MGC80-3 cells were seeded in 96-well 
plates (1 × 104 cells/well). Cells were allowed to attach 
overnight and cell proliferation was evaluated for up to 
5 days by measuring the conversion of the tetrazolium 
salt MTT to formazan crystals. Briefly, 10 µl of MTT 
reagent (5 mg/ml in PBS) was added to the cells and 
incubated for 4 h at 37°C. The medium was removed 
and 200 µl of isopropanol were added. The amount of 
formazan crystals formed correlates directly with the 
number of viable cells. The reaction product was quan-
tified by measuring the absorbance at 595 nm using an 
ELISA plate reader.

Plate colony formation assay
In vitro tumorigenicity was determined on the basis 

of cell growth in a plate colony assay. Cells (1 × 103 
cells/well) were seeded in 6-well plates in RPMI1640 
medium and cultured at 37°C in 5% CO2 for 10 days. 
Visible colonies were photographed by Giemsa stain-
ing (Merck, Darmstadt, Germany). Colonies with more 
than 50 cells were counted by Colony Counter software.

Fluorescence-activated cell sorting (FACS) analysis
The DNA contents of cell cycle phases can be re-

flected by varying propidium iodide (PI) fluorescent 
intensities. Therefore, cell cycle distribution of Lv-
shABCC4- or Lv-shCon-infected cells was analyzed 
by flow cytometry assay following PI staining. In brief, 
cells were collected 96 h after infection with lentivirus 
containing Lv-shABCC4 and seeded in six-well plates 
(2×105 cells/well). Cells were allowed to attach over-
night and collected. After washing with ice-cold phos-
phate buffered saline, cells were suspended in about 0.5 
ml of 70% cold alcohol and kept at 4°C for 30 min. The 
cells were then treated with 100 mg/ml of DNase-free 
RNase and incubated for 30 min at 37°C. PI (50 mg/
ml) (Sigma-Aldrich, MO, USA) was added directly to 
the cell suspension. The suspension was filtered through 
a 50-mm nylon mesh, and total of 10000 stained cells 
were analyzed by a flow cytometer (FACS Cali-bur, BD 
Biosciences, CA, USA).

Statistical analysis
Data were analyzed using GraphPad Prism software 

version 6.00 for Windows (GraphPad Prism Software, 
CA, USA). Average values were expressed as mean ± 
SD of three independent experiments in triplicate. Sta-
tistical significance between groups was determined us-
ing Student’s test. A p value less than 0.05 was consid-
ered statistically significant.

Results
 
Expression of ABCC4 was suppressed by infection 
with Lv-shABCC4 in gastric cancer cells

To suppress the expression of ABCC4 in gastric 
cancer cells, lentivirus that stably expressed ABCC4-
specific siRNA (Lv-shABCC4) was constructed and 
MGC80-3 cells were infected (multiplicity of infection: 
20). As shown in Figure 1A, infection efficiency is ap-
proximately 90% in both Lv-shCon-infected and Lv-
shABCC4-infected MGC80-3 cells. Furthermore, the-
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untranfected and transfected MGC80-3 cells was mea-
sured by MTT assay once daily for 5 days. We found the 
number of viable cells in control and Lv-shCon groups 
was similar while viable cells in Lv-shABCC4 group 
was notably reduced (***p<0.001, Figure 2). Moreover, 
MGC80-3 cells failed to form colonies after infection 
with Lv-shABCC4, while the colony numbers in Lv-
shCon group were as many as in control group (Figure 

expression of ABCC4 mRNA was accordingly reduced 
in Lv-shABCC4-infected cells, compared with non-in-
fected or Lv-shCon-infected cells (***p<0.001, Figure 
1B). The protein level of ABCC4 in Lv-shABCC4-in-
fected cells was also markedly lower than that in control 
cells (Figure 1C). These data showed that Lv-shABCC4 
efficiently knocked down the expression of ABCC4 in 
MGC80-3 gastric cancer cells.

Knockdown of ABCC4 inhibited gastric cancer cell 
growth 

To clarify the effects of ABCC4 on gastric cancer 
cell growth, we conducted MTT cell viability assay 
and plate colony formation assay. Cell proliferation of 

Figure 1. Expression of ABCC4 was suppressed by infection with Lv-shABCC4. (A) GFP expression in transfected cells was observed under 
light a microscope and a fluorescence microscope. Scale bar: 100 µm. (B) Expression analysis of ABCC4 mRNA in MGC80-3 cells after infection 
with lentivirus by qRT-PCR. β-actin was used as an internal gene. Data represent the mean ± SD of three independent experiments. ***p<0.001, 
compared with Lv-shCon. (C) The protein level of ABCC4 in MGC80-3 cells after infection with lentivirus was determined by western blot ana-

Figure 2. Knockdown of ABCC4 inhibited the proliferation of 
MGC80-3 cells. Cell proliferation of untranfected or transfected 
MGC80-3 cells was measured by MTT assay once daily for 5 days. 
Data represent the mean ± SD of three independent experiments. 
***p<0.001, compared with Lv-shCon.

Figure 3. Knockdown of ABCC4 suppressed colony formation of 
MGC80-3 cells. (A) MGC80-3 cells were seeded at 1000 per well 
and allowed to form colonies. The colonies stained with Giemsa 
were observed under light microscopy. (B) Colony numbers were 
counted and recorded. Data represent the mean ± SD of three inde-
pendent experiments. ***p<0.001, compared with Lv-shCon.
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resistance (14). Recently, abnormalities of the members 
of ABC superfamily transporter genes have also been 
reported (15, 16). For instance, the relative mRNA lev-
els of ATP-binding cassette, sub-family B 1 (ABCB1), 
ABCC1, and ABCC3 were highly expressed in cancer-
ous colorectal tissues compared with noncancerous tis-
sues (15). The majority of studied ABCs were down-
regulated or unchanged between tumors and control 
tissues while ABCB6, ABCC, and ABCC2 were up-
regulated in tumors versus control tissues (14). Clini-
cal colorectal cancers exhibited substantially increased 
levels of ABCB5 expression, and further investigation 
showed the ABCB5-expressing tumor cell population 
was treatment refractory and exhibited resistance to 
5-FU-induced apoptosis (17). High expression of ATP-
binding cassette, sub-family G 2 (ABCG2) was found 
in 30% (9/30) colorectal cancer patients with positive 
lymph nodes, indicating that ABCG2 may be important 
in the progression and metastasis of colorectal cancer 
(16). ABCC4 has been shown to reverse cisplatin resis-
tance in gastric cancer cells (18), however, the role of 
ABCC4 in the development of gastric cancer remains 
unclear.

In this study, we found that depletion of ABCC4 by 
lentivirus-delivered shRNA notably reduced the prolif-
eration and colony formation ability of gastric cancer 
cells. Cell viability assay is always used to assess cell 
proliferative rate, which is a hallmark of cell numbers. 
Similarly, colony formation assay is a convenient assay 
to assess the capability of cell growth in anchorage-
independent condition, and is closely related to the in 
vivo conditions (19). Attenuation of colony formation 
indicated that knockdown of ABCC4 could impair the 
anchorage-independent growth of gastric cancer cells. 
Altogether, our data suggest that ABCC4 may play a 
key role in gastric cancer cell growth.

The mechanism underlying ABCC4’s tumor promot-
ing-effect is that ABCC4 may regulate key molecules 
which are crucially involved in cell cycle regulation. As 
we noted, depletion of ABCC4 in MGC80-3 cells led to 
an abnormal accumulation of cells in the S phase and 

3A). The colony formation ability of MGC80-3 cells 
was remarkably decreased after Lv-shABCC4 infection 
(***p<0.001, Figure 3B). Therefore, knockdown of 
ABCC4 was able to inhibit the growth of gastric cancer 
cells.

Depletion of ABCC4 induced cell cycle arrest in gas-
tric cancer cells

To investigate the mechanism of ABCC4 deple-
tion induced cell proliferation inhibition, flow cytom-
etry analysis of cell cycle was performed. As shown in 
Figure 4A, MGC80-3 cells in each stage (G0/G1, S or 
G2/M phase) were differentially distributed in three in-
dependent groups (Control, Lv-shCon or Lv-shABCC4 
group). After Lv-shABCC4 infection, 68.50% of 
MGC80-3 cells were in the G0/G1 phase, 16.53% were 
in the S phase, and 14.93% in the G2/M phase of cell 
cycle, while 79.17% of Lv-shCon infected cells were 
in the G0/G1, 14.13% were in the S phase and 6.69% 
in the G2/M phase of cell cycle. In each phase, cells 
were similarly distributed in both control and Lv-shCon 
groups (Figure 4B). Knockdown of ABCC4 induced 
cell cycle arrest in S phase and G2/M phase (**p<0.01). 
These results suggested that ABCC4 could modulate the 
growth of gastric cancer cells via cell cycle regulation.

Discussion

Gastric carcinogenesis is a complex and multifacto-
rial process, in which infection with Helicobacter py-
lori, environmental factors as well as genetic suscep-
tibility factors play major roles (13). Gastric cancer 
development results from the accumulation of multiple 
genetic and epigenetic changes during the lifetime of 
the patient that will eventually trigger extracellular sig-
nals into intracellular signals. As most gastric cancer 
patients present with late-stage disease and have poor 
overall survival, the discovery of proteins with aberrant 
expression are crucially required.

ABC transporters belong to a superfamily that is 
known to play a crucial role in the development of drug 

Figure 4. Knockdown of ABCC4 blocked cell cycle progression in MGC80-3 cells. (A) Cell cycle distribution in three distinct groups (control, 
Lv-shCon and Lv-shABCC4) by flow cytometry analysis. (B) After Lv-shABCC4 infection, the percentage of cells was decreased in G0/G1 phase 
while increased in S phase and G2/M phase. Data represent the mean ± SD of three independent experiments. **p<0.01, ***p<0.001, compared 
with Lv-shCon.
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tients. Cancer Res 2011, 71: 5307-5316. doi: 10.1158/0008-5472.
CAN-11-0221.
18. Zhang, Y.H., Wu, Q., Xiao, X.Y., Li, D.W., Wang, X.P., Silen-
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10.1186/1476-4598-12-102.
20. Yang, G., Chang, B., Yang, F., Guo, X., Cai, K.Q., Xiao, X.S., 
Wang, H., Sen, S., Hung, M.C., Mills, G.B., Chang, S., Multani, 
A.S., Mercado-Uribe, I., and Liu, J., Aurora kinase A promotes 
ovarian tumorigenesis through dysregulation of the cell cycle and 
suppression of BRCA2. Clin Cancer Res 2010, 16: 3171-3181. doi: 
10.1158/1078-0432.CCR-09-3171.

G2/M phase. ABCC4 might contribute to gastric can-
cer cell growth through manipulation of S phase and 
G2/M phase cell cycle regulators. A typical example 
is the fact that knockdown of Aurora Kinase A induces 
G2/M phase accumulation through regulating of bipolar 
spindle formation (20). More work need to be done to 
validate our hypothesis.

In conclusion, it is the first report to define ABCC4 
as a functional mediator of gastric cancer cell growth. 
Our study may provide novel clues for development of 
therapeutic molecules to treat gastric cancers.
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