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Background: Multidrug resistance protein 4 (MRP4), also known as ATP-cassette binding
protein 4 (ABCC4), is a member of the MRP/ABCC subfamily of ATP-binding cassette trans-
porters, which are capable of pumping a wide variety of drugs out of the cell. However, little is
known about the function of ABCC4 in the proliferation of lung cancer cells.

Methods: ABCC4 mRNA and protein levels in lung cancer cell lines were measured by real-
time polymerase chain reaction and Western blot, respectively. A lentivirus-mediated RNA
interference technique was used to inhibit ABCC4 mRNA expression in A549 and 801D cells.
The function of ABCC4 in cell growth was investigated by MTS and colony formation assays.
The role of ABCC4 in cell cycle progression was evaluated by flow cytometry and Western
blot analysis. ABCC4 mRNA levels in 30 pairs of tumors and corresponding matched adjacent
normal tissues from non-small cell lung cancer patients were detected by real-time polymerase
chain reaction.

Results: ABCC4 was highly expressed in lung cancer cell lines. ABCC4 expression was mark-
edly downregulated in A549 and 801D cells using the RNA interference technique. Suppression
of ABCC4 expression inhibited cell growth. The percentage of cells in G1 phase was increased
when ABCC4 expression was suppressed. Phosphorylation of retinoblastoma protein was
weakened, originating in the downregulation of ABCC4. ABCC4 mRNA was highly expressed
in lung cancer tissue and lung cancer cell lines.

Conclusion: ABCC4 may play an important role in the control of A549 and 801D cell growth.
ABCCH4 is a potential target for lung cancer therapy.

Keywords: ABCC4, cell proliferation, lung cancer, cell cycle

Introduction
Lung cancer is becoming the leading cause of cancer deaths worldwide,' and the 5-year
survival rate remains very poor.? Early detection and targeted therapy is a potential
method for prevention and treatment of lung cancer.* An important task is to find a
better molecular target of lung cancer in order to develop more effective therapies.
Multidrug resistance proteins (MRPs) are members of the C family of ATP-binding
cassette (ABC) transporters,* and contains 13 members. MRPs have membrane-spanning
domains and are located predominantly in the plasma membrane.>” Different MRPs have
different membrane localizations (apical or basolateral plasma membrane in polarized
cells).* MRPs can transport drugs with different structures and molecular mechanisms.*'
Many are exogenous organic anions and metabolites, such as conjugated drug metabolites
and prostaglandins. Some MRPs have similar substrate specificity, at least in vitro.” For
example, MRP1-MRP9 are the major transporters of extruding anticancer drugs which
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causes multidrug resistance in tumor cells.* They mainly
transport lipophilic anions and have been found to transport
free glutathione, glucuronate or sulfate, or their conjugates.*
Important differences in tissue distribution of MRPs and their
membrane localization as well as their different functions are
responsible for the unique pharmacological and physiological
functions of each MRP.

MRP4, also known as ATP-cassette binding protein 4
(ABCC4), is a member of the MRP family of transporters.
ABCC4 mRNA is expressed in almost all tissues except the
bone marrow, cervix, thymus, vascular endothelium, and soft
tissue.!! ABCC4 protein is present in the kidneys, liver, erythro-
cytes, adrenal glands, platelets, brain, and pancreas in humans."
ABCCH4 can be located in the apical membrane as well as in the
basolateral membrane depending on cell type.!! ABCC4 has
specificity for a broad number of substrates, including bile salt
conjugates, conjugated steroids, cyclic nucleotides, nucleoside
analogs, eicosanoids, and cardiovascular drugs.!*'? Although
ABCCH4 is present in many human drug-resistant cancer cell
lines, there is no conclusive evidence that ABCC4 is associated
with resistance to drugs in solid tumors.:3

Recently, it was found that ABCC4 is expressed in pros-
tate cancer cell lines and upregulated in prostate cancer.!
ABCC4 overexpression was frequently observed in aggres-
sive primary neuroblastoma. Increased ABCC4 levels have
been correlated with tumor prognosis in patients with primary
neuroblastoma, ' but little is known about the expression level
and function of ABCC4 in lung cancer. In this work, the role
of ABCC4 in the progression of lung cancer was investigated.
ABCC4 was found to be frequently expressed in lung cancer
cell lines. Suppression of ABCC4 mRNA expression led to
a decrease in cell proliferation activity by regulating G1/S
progression. ABCC4 mRNA was also highly expressed in
lung cancer tissues comparing with corresponding adjacent
tissues.

Materials and methods

Reagents

Dulbecco’s Modified Eagle’s Medium, Roswell Park
Memorial Institute 1640 medium, fetal bovine serum, and
TRIzol® reagent were sourced from Invitrogen (Carlsbad,
CA, USA); M-MLYV reverse transcriptase, a CellTiter 96*
aqueous nonradioactive cell proliferation assay kit, oligo-dT,
and ANTP were from Promega (Madison, WI, USA); and
SYBR Green Master Mixture was from Applied Biosystems
(Carlsbad, CA, USA). Anti-retinoblastoma protein (RB)
antibody, anti-RB (S780 phosphorylation) antibody, and
anti-ABCC4 antibody were from Abcam (Cambridge, UK).

Propidium iodide, RNase A, and a protease inhibitor cocktail
were obtained from Sigma-Aldrich (St Louis, MO, USA).
Anti-actin antibody and secondary antibodies were from
Kangchen (Shanghai, People’s Republic of China).

Samples

Thirty non-small cell lung cancer specimens were obtained
from patients undergoing surgical resection at Beijing Chest
Hospital, Capital Medical University. Primary lung cancer
samples and matched adjacent normal tissues were used. All
patients gave their informed consent according to a study
protocol approved by the Beijing Chest Hospital Human
Tissue Committee and Research Ethics Board. The clinical
characteristics of the patients are listed in Table 1.

Cell culture

A2,L, 801D, H446, H460, 95C, H1299, and A549 cells were
cultured in Roswell Park Memorial Institute 1640 medium
supplemented with 10% fetal bovine serum, 100 units/mL

Table | Clinical characteristics of patients with non-small cell
lung cancer

Characteristics Patients (n)

Patient age, years

0-60 13

>60 17
Sex

Male 27

Female 3
Smoking status

Nonsmoker 9

Smoker 21
Histological type

Squamous cell carcinoma 21

Adenocarcinoma 9

Histological grade

| 12

1] 15

1l 3
Tumor size, cm

0-3 9

>3 21
Lymph node status

Negative 18

Positive 12
Distant metastasis

Negative |

Positive 29
TNM stage

| 13

1] 4

1} 12

v |

Abbreviation: TNM, tumor, node, metastasis staging system.
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penicillin, and 100 mg/mL streptomycin at 37°C and in 5%
CO,. MRC-5 cells (human embryo lung fibroblasts) were
cultured in Dulbecco’s Modified Eagle’s Medium with 10%
fetal bovine serum and nonessential amino acids.

Construction of ABCC4 shRNA

lentiviral vector and infection into cells
Three RNA interference (RNAi) candidate target sequences
were designed based on the human abcc4 mRNA sequence
and cloned into a pGCSIL-GFP vector (GeneChem, Shanghai,
People’s Republic of China). This vector contains an H1 pro-
moter and an ampicillin-resistant cassette. The recombinant virus
was packaged into 293T cells using a Lentivector Expression
System (GeneChem). The recombinant virus was packaged by
GeneChem. The shRNA most effective at depressing the abcc4
mRNA level was used in the following experiments. Nonsilencing
(NS)-shRNA was also cloned into the pGCSIL-GFP vector and
used as a control (GeneChem). The shRNA sequences were
5’-GCACTCATTAAATCACAAGAA-3" for ABCC4 and
5-TTCTCCGAACGTGTCACGT-3’ for the control.

A549 and 801D cells were cultured at a density of
5,000 cells/well in 96-well culture plates for cell infection.
Twenty-four hours later, the cells were cocultured with
recombinant virus carrying ABCC4-shRNA or NS-shRNA
for 10 hours. The GFP expression level was detected using a
fluorescence microscope (Nikon, Tokyo, Japan) 2 days later
and used to determine the efficiency of infection. Infection
would be repeated if GFP was not expressed in more than
80% of cells. The cells were cultured for an additional 2 weeks
prior to use. In this study, pGCSIL-abcc4 shRNA-GFP was
infected into A549 and 801D cells to obtain A549 ABCC4
knockdown (KD) cells and 801D ABCC4 KD cells. We also
used pGCSIL-NS shRNA-GFP lentivirus to infect A549 and
801D cells as a negative control (A549 NC and 801D NC).

RNA isolation and real-time PCR

Total RNA from the tissues and cells was isolated using TR1zol®
reagent according to the manufacturer’s protocol. The total
RNA concentration was determined spectrophotometrically at
a wavelength of OD 260 nm and stored at —80°C. Total RNA
(2 ug) was reverse-transcribed using the M-MLYV reverse tran-
scriptase kit according to the manufacturer’s protocol. cDNA
(20 ng) was mixed with SYBR Green Master Mix, and real-time
polymerase chain reaction (PCR) was done with appropriate
primers using a real-time detection system (ABI 7500, Applied
Biosystems). Relative expression levels of ABCC4 mRNA were
calculated by normalizing to the level of B-actin mRNA. PCR
primers were used as follows: ABCC4, forward nucleotide,

5-GGCAGTGACGCTGTATGG-3’, reverse nucleotide,
5’-CGCCAGGTCTGACAGTAAAG-3'; and B-actin, forward
nucleotide, 5’-TTAGTTGCGTTACACCCTTTC-3’, reverse
nucleotide, 5-GCTGTCACCTTCACCGTTC-3’. Relative
mRNA levels are presented as 27T, Each reaction was
performed three times. All the data are shown as the mean +
standard error of the mean.

Cell proliferation assay

Cell growth was assessed using the nonradioactive cell
proliferation assay. Briefly, 5,000 cells/well were seeded in
96-well culture plates and cultured for 3 days. Next, 20 UL
of MTS were added to each well and incubated at 37°C for
3 hours. Absorbance was recorded at 490 nm using a uni-
versal microplate reader (Bio-Rad, Hercules, CA, USA),
with measurements carried out every 24 hours. The assay
was repeated three times and the data are presented as the
mean * standard error of the mean.

Colony formation assay

Cells were seeded in a 6-well plate (Nunc™, Thermo Fisher
Scientific, Waltham, MA, USA) at 300 cells/well and cultured
in Roswell Park Memorial Institute 1640 medium supple-
mented with 10% fetal bovine serum. After 8 days of culture,
the cells were washed twice with NaCl (0.9%), stained with
2% Gentian violet for 20 minutes, and then washed with water
and air-dried. Foci were counted by microscopy. The experi-
ments were repeated three times and the data are presented
as the mean * standard error of the mean.

Cell cycle analysis

A549 and 801D cells were used in the flow cytometry analy-
sis. Briefly, the cells were washed in cold phosphate-buffered
saline twice, and fixed in 70% ethanol at —20°C overnight.
Cells were washed twice using phosphate-buffered saline. The
cells were then resuspended in phosphate-buffered saline con-
taining 50 mg/mL RNase A for one hour at 37°C and loaded
with 65 mg/mL propidium iodide for 30 minutes in the dark
at 4°C. The percentages of cells in different phases of the cell
cycle were measured using a flow cytometer (FACSCalibur™,
Becton Dickinson, Franklin Lakes, NJ, USA) at the Beijing
Determination of Traditional Chinese Medicine Research
Institute. The experiments were repeated three times. The data
are shown as the mean + standard error of the mean.

Western blot
Whole-cell lysates were harvested in lysis buffer (10 mM
HEPES, 10 mM KCI, 1.5 mM MgCl,, 0.34 M sucrose,
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10% glycerol, 1 mM DTT, 0.1% Triton X-100, 1 X protease
inhibitor cocktail) and centrifuged at 12,000 rpm for
20 minutes. Insoluble material was then removed and protein
concentrations were determined using a bicinchoninic acid
kit. For Western blot analysis, cell lysates (10 mg/well) were
loaded per well and separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to a nitro-
cellulose membrane that was incubated with an anti-ABCC4
antibody, an anti-RB antibody, or an anti-retinoblastoma
tumor suppressor protein (pRB) antibody, and secondary
antibodies conjugated with horseradish peroxidase were used
subsequently. Blots were detected using enhanced chemilumi-
nescence. All the experiments were repeated three times.

Statistical analysis

For real-time PCR and cell cycle analysis, statistical differences
were tested with unpaired Student’s /test, taking P<<0.05 as
statistically different and P<<0.01 as significantly different.

Results

ABCC4 was highly expressed

in most lung cancer cell lines

The ABCC4 mRNA expression level was determined by
real-time PCR. In most lung cancer cell lines, ABCC4 was
highly expressed when compared with MRC-5, a cell line of

normal human fetal lung fibroblasts (Figure 1A). The level
of ABCC4 protein was detected by Western blot analysis. As
shown in Figure 1B, ABCC4 protein was highly expressed
in most of the lung cancer cells.

ABCC4 mRNA expression was
inhibited in cells infected with
ABCC4 shRNA lentivirus

In order to elucidate whether ABCC4 expression has any
effect on the growth of lung cancer cells, the RNAi technique
was used to suppress ABCC4 mRNA expression. As shown in
Figure 1A, of all the cell lines, the ABCC4 mRNA expression
level was highest in A549 cells, so this cell line was used in
the following study. GFP fluorescence was detected using a
fluorescence microscope (Nikon, Tokyo, Japan) 48 hours after
infection. Fluorescence images are shown in Figure 2A (left
panel); GFP was expressed in most cells infected by pGCSIL-
NS shRNA-GFP lentivirus or pGCSIL-abcc4 shRNA-GFP
lentivirus. An 801D cell line with lower ABCC4 expression
was also used. The GFP fluorescence expressed in 801D cells
is shown in Figure 2A (right panel).

The ABCC4 mRNA level in A549 ABCC4 KD was deter-
mined by real-time PCR. As indicated in Figure 2B, expres-
sion of ABCC4 mRNA was suppressed nearly 80% in A549
ABCC4 KD cells (0.2410.04) than that in A549 NC cells
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Figure | Upregulation of ABCC4 mRNA in lung cancer cell lines. (A) Real-time polymerase chain reaction analysis of ABCC4 mRNA expression levels in A549, 95C, A2,
L, 801D, H460, H446, and MRC-5, a normal human fetal lung fibroblast cell line. The relative mRNA level is presented as 272°". The data are shown as the mean + standard
error of the mean of three separate experiments. **P<<0.0| (versus MRC-5, t-test). (B) ABCC4 protein levels in A549, 95C, A2, L, 801D, H460, H446, and MRC-5 cell lines
detected by Western blot, with B-actin used as the internal loading controls. The experiments were repeated three times.
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Figure 2 Lentivirus-mediated ABCC4-shRNA knockdown of ABCC4 expression. (A) GFP fluorescence was detected using a fluorescence microscope 48 hours after
infection. Fluorescence images are shown in the bottom panel, and the corresponding images in bright field are shown in the upper panel. Scale bar, 50 micrometer. (B)
Real-time polymerase chain reaction assay was done to confirm the ABCC4 mRNA level in ABCC4 knockdown A549 cells. The y axis represents normalized ABCC4 mRNA
expression relative to A549 cells. The relative mRNA level is presented as 27°T. The data are shown as the mean =* standard error of the mean of three separate experiments.
*#*P<0.01 (versus A549, t-test). (C) Western blot analysis of ABCC4 levels. ABCC4 levels were determined by Western blot and B-actin levels were detected as the control.
ABCC4 expression was weakened in A549 ABCC4 KD, and 801D ABCC4 KD cells. The experiments were repeated three times.

(1.0520.07). The level of ABCC4 protein was also detected
by Western blot. As shown in Figure 1C, the ABCC4 protein
in A549 ABCC4 KD and 801D ABCC4 KD cells was obvi-
ously downregulated compared with control cells.

Suppression of ABCC4 expression

lead to inhibition of cell proliferation

A cell proliferation assay was done to determine whether
ABCCA4 plays a role in cell growth. Cell proliferation activ-
ity was measured using a cell proliferation assay kit every
24 hours. Growth of A549 and 801D cells was obviously
suppressed in A549 ABCC4 KD and 801D ABCC4 KD cells
(Figure 3A and B). A colony formation assay was done to
gain an additional insight into the effect of ABCC4 on cell
growth. As shown in Figure 3C and D, the colony-forming
efficiency of KD cells was less than half that of NC cells.

ABCC4 expression increased cell growth
by promoting cell cycle progression

Cell cycle progression in A549 ABCC4 KD, 801D ABCC4 KD,
A549NC, and 801D NC cells was analyzed by flow cytometry

to detect the effect of ABCC4 on cell cycle progression. As
shown in Figure 4A, the percentage of cells entering S phase
was decreased in A549 ABCC4 KD cells and in 801D ABCC4
KD cells along with an increase in the population of cells in
GO0/G1 phase. This indicates that ABCC4 expression could lead
to cell growth by inducing cell cycle progression.

pRB regulates cell proliferation by controlling progression
through the restriction point in the G1phase of'the cell cycle.'®
In this study, phosphorylation of the pRB S780 protein was
detected by Western blot analysis. As shown in Figure 4B,
phosphorylation of this protein was weakened when ABCC4
expression was inhibited in A549 and 801D cells.

ABCC4 was highly expressed

in lung cancer tissues

To confirm the role of ABCC4 in lung cancer, ABCC4 mRNA
levels in lung cancer tissue and in matched adjacent tissue
were detected to confirm the role of ABCC4 in lung cancer.
The clinical characteristics of 30 patients are shown in Table 1.
As seen in Figure 5, ABCC4 mRNA was abundantly expressed
in tumor tissue compared with adjacent normal tissues. The
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Figure 3 Cell growth inhibition in ABCC4 mRNA knockdown (KD) A549 and 801D cells. (A and B) A549 ABCC4 KD cells, 801D ABCC4 KD cells, and control cells were
seeded in 96-well plates and an MTS assay was performed. Absorbance at 490 nm (y axis) was measured at 24-hourly intervals to 72 hours. The data are expressed as the
mean * standard error of the mean from three separate experiments. **P<<0.01 (t-test). (C and D) Colony formation efficiency in A549 ABCC4 KD, 801D ABCC4 KD, A549
NC, and 801D NC cells. The data are expressed as the mean * standard error of the mean from three separate experiments. **P<<0.0| (t-test).
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Figure 4 Expression of ABCC4 can promote cell cycle progression via phosphorylation of retinoblastoma tumor suppressor protein (pRB). (A) Cell cycle analysis. Cells were
stained with propidium iodide and analyzed for cell cycle phase distribution. The histogram shows the statistical data expressed as the mean + standard error of the mean.
Data shown are representative from three independent experimental repeats. *P<<0.05, **P<<0.01 (versus A549 NC and 801D NC, respectively, t-test). (B) Expression of
pRB and the phosphorylation level of pRB in A549 ABCC4 knockdown (KD) cells, A549 NC cells, 801D ABCC4 KD cells, and 801D NC cells was determined by Western
blot analysis. The B-actin level was measured as a control. The experiments were repeated three times.
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Figure 5 ABCC4 mRNA upregulation in primary lung cancer tissues. Real-time polymerase chain reaction analysis for ABCC4 mRNA level in lung cancer tissues and matched
adjacent tissues from 30 patients. The ABCC4 mRNA level is presented as 22T and normalized by the expression level of B-actin. The y axis represents normalized ABCC4
mRNA expression relative to each matched adjacent tissue. The data are expressed as the mean =* standard error of the mean from three separate experiments.

ABCCH4 expression level in lung cancer tissue was higher than
that in each matched adjacent normal tissue specimen except
in seven cases. In most cases, ABCC4 was expressed mainly
in lung cancer tissue. Correlational analysis between ABCC4
levels and tumor/patient characteristics were done, but no
correlation was found. However, we believe that the clinical
data might be limited due to the small sample size.

Discussion

In this research, the ABCC4 expression level as well as its
function was investigated. ABCC4 was highly expressed in
lung cancer cell lines and in non-small cell lung cancer tissue.
Cell growth was inhibited when ABCC4 mRNA expression
was suppressed by the RNAI technique in A549 and 801D
cells. Further, ABCC4 accelerated cell cycle progression by
regulating the phosphorylation of pRB protein, indicating that
ABCC4 may have an oncogenic role in lung cancer.

The ABCC4 transcript is present in almost tissues, except
for the bone marrow, cervix, thymus, vascular endothelium,
and soft tissue.'""® It has been reported that ABCC4 is fre-
quently expressed in the blast cells of adult patients with acute
myeloid leukemia and childhood acute lymphoblastic leuke-
mia.''® ABCC4 expression has also been found to be elevated
in malignant prostate tissue when compared with benign pros-
tate tissue.'*!*? Further, ABCC4 expression is upregulated
in docetaxel-resistant MLL cells (a prostate cancer cell line),
Y79 cells (a retinoblastoma cell line), melanoma cells, and
drug-resistant cancer stem cells (human glioblastoma cell line
U138MG).2>* ABCC4 is also highly expressed in 5-fluorou-
racil-resistant pancreatic carcinoma cells.” In head and neck

squamous cell carcinoma, abnormal expression of ABCC4 has
been detected.?® Our findings show that ABCC4 expression
was also stronger in lung cancer cell lines compared with a
normal MRC-5 cell line. We then determined the ABCC4
mRNA level in primary lung cancer tissues, and found that
ABCC4 mRNA expression was greater in lung cancer tissues
than in matched adjacent tissues.

Although ABCC4 is known to transport anticancer drugs,
there is no direct evidence linking ABCC4 to drug resistance
in human tumors in vivo."" The physiological importance
of ABCC4 remains to be determined. ABCC4 is an ATP-
binding cassette transporter, which is capable of pumping a
wide variety of nucleoside analogs out of the cell, including
c¢GMP, cAMP, and anticancer drugs.!' Two important com-
ponents of drugs used to treat acute lymphoblastic leukemia,
ie, methotrexate and 6-mercaptopurine, are substrates for
ABCC4, and ABCC4 is associated with childhood acute
lymphoblastic leukemia.!” Upregulation of ABCC4 has
also been shown to play a major role in 6-mercaptopurine
resistance in CEM-MPS5 cells (a human T-lymphoblastic
leukemia cell line).”” In rectal cancer, the ABCC4 level
has been found to be related to sensitivity to radiation.?® In
lung cancer, the response to cisplatin is related to ABCC4
polymorphism.? Cell proliferation was inhibited by ABCC4
shRNA in U937 cells (human histiocytic leukemia cell line)
and human neuroblastoma cells.'®** We obtained similar
results in lung cancer cells. Cell growth activity was sup-
pressed when ABCC4 mRNA was knocked down in A549
and 801D cells. This indicates that ABCC4 plays an impor-
tant role in the progression of lung cancer. The mechanism
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of ABCC4 regulating cell proliferation was still unknown.
ABCCH4 has the ability to transport molecules involved in
cellular signaling.!! In pancreatic acinar cells, cAMP efflux
was shown to be regulated by ABCC4.>' ABCC4 could affect
human histiocytic leukemia cell growth due to cAMP efflux
caused by the ABCC4 transporter.’® In our study, ABCC4
mRNA suppression in A549 and 801D cells lead to increased
accumulation in G1 and reduced accumulation in cells in S
phase. The major pathway leading to G1/S transition is the
phosphorylation of pRB.*> Phosphorylation of pRB results
in release of the transcription factor E2F, which induces
expression of genes required for progression of the cell
cycle.?® Phosphorylation of pRB was reduced while ABCC4
expression was downregulated. This suggests that ABCC4
could regulate cell cycle progression by phosphorylation of
pRB S780 protein which could inhibit the activity of pRB
and push cells into S phase. ABCC4 may regulate the pRB
via transporting cell signal molecules.

In primary neuroblastoma, ABCC4 expression levels
have been shown to correlate with tumor prognosis in
patients."> However, we did not find an association between
clinical characteristics and ABCC4 expression, and patients
with higher expression of ABCC4 protein did not have sig-
nificantly decreased overall survival (data not shown), but
this might be because the samples were not large enough.
It is hard to define a prognostic value for ABCC4, although
our data show that the ABCC4 level is correlated with cell
proliferation, indicating that lung cancer cells expressing
ABCC4are more aggressive. Further research is needed to
clarify the prognostic role of ABCC4.

In this study, we investigated the role of ABCC4 in lung
cancer. ABCC4 is highly expressed in primary lung cancers
and cell lines. ABCC4 could promote cell growth by accel-
erating progression of the cell cycle via phosphorylation of
pRB protein. Our results suggest that ABCC4 could be a
potential prognostic marker for lung cancer.
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