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Objective: Multidrug resistance-associated protein 2 (MRP2), encoded by ABCC2 gene, is
involved in the efflux of certain anticancer drugs. Here we observed whether the ABCC2
(G1249A) polymorphism impacts the transport abilities of MRP2-dependent paclitaxel,
docetaxel, and doxorubicin in recombinant LLC-PK1 cell lines.

Methods: LLC-PK1 cell lines transfected with ABCC2 549 Wwild-type and ABCC2 494
variant alleles were used to evaluate the sensitivity, intracellular accumulation, and trans-
membrane transport of paclitaxel, docetaxel, and doxorubicin.

Results: The recombinant ABCC2 49 variant cell line showed higher 1Csy values for
paclitaxel and doxorubicin than ABCC2;,49G Wild-type cell system (p<0.01). Intracellular
accumulations of paclitaxel and doxorubicin in cells transfected with ABCC2 5494 variant
allele were significantly decreased compared to cells transfected with ABCC2 549 Wild-type
allele (p<0.01). The efflux ratios of paclitaxel and doxorubicin across ABCC2 549 cell line
were significantly increased compared with ABCC2 549 cell system (p<0.01). However,
ABCC?2 (G1249A) polymorphism had no effect on the transport activity of MRP2-mediated
docetaxel.

Conclusion: Our results indicate that ABCC2 (G1249A) polymorphism affects the transport
activities of MRP2-dependent paclitaxel and doxorubicin, resulting in greater efflux of these
anticancer drugs.
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Introduction
Paclitaxel, docetaxel, and doxorubicin are important anticancer drugs for the treat-
ment of breast cancer, advanced renal cell carcinoma and other cancers.' ™ However,
chemotherapy often leads to the occurrence of multidrug resistance (MDR) in various
tumor cells.” Impacts of anticancer drugs on MDR cancers might be greatly
decreased due to the high expression of multidrug resistance-associated protein
2 (MRP2) transporting agents from tumor cells.® The efflux of anticancer drugs
from cancer cells may decrease their anticancer efficacy even more significant for
protecting the tumor cells directly. Paclitaxel, docetaxel, and doxorubicin are trans-
ported from cancer cells by MRP2, which belongs to the ATP-binding cassette
transporter, subfamily C; and MRP2 is encoded by the ABCC2 gene.”® The over-
expression of MRP2 in tumor cells has promoted the ability to extrude a large number
of anticancer drugs.’

Single nucleotide polymorphisms (SNPs) in genes which encode metabolic
anticancer drug enzymes and transporters that pump compounds out of tumor
cells have been found to result in the inter-individual differences.'® Genetic
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mutations in transporter proteins might change the phar-
macokinetics and further affect the absorption and
distribution.'""'* A variety of SNPs within ABCC2 gene
have been reported, such as C-24T, G1249A, C2366T, and
(G3542T and so on, with different allele frequencies across
ethnic and racial individuals.'® Early researches concluded
somewhat controversial results concerning the extent to
which ABCC2 SNPs change the function and activity of
MRP2.

G1249A variant is one of the most common ABCC2
SNPs, which was reported to be associated with the inter-
individual differences in chemotherapy response and severe
toxicity."* A clinical study has indicated that subjects expres-
sing the ABCC2 (G1249A) variant could increase MRP2
transport activity in enterocytes.'” This was considered as
a mechanism to explain the decreased absorption of the
B1-selective blocker and MRP2 substrate, talinolol, in indi-
viduals carrying ABCC2 (G1249A) mutation. In fact, results
from in vitro studies have stated inconsistent findings. Recent
research indicates that ABCC2 (G1249A) SNP has higher
efflux activity of MRP2-mediated sorafenib.'” In other study,
ABCC2 (G1249A) was found to reduce the apparent affinity
for glutathione and glucuronide-conjugated substrates.'®
However, some researchers demonstrated that 4ABCC2
(G1249A) polymorphism had no influence on the efflux of
MRP2-dependent 17p-estradiol-D-glucuronide and leuko-
triene C4 and 2,4-dinitrophenyl-S- glutathione in the recom-
binant LLC-PK1 cell line.!” These different data from
previous studies indicated that the effects of ABCC2 SNPs
on the transport ability of MRP2-mediated substrates show
a specific-drug manner. Therefore, in the current research, we
aimed to verify the effect of ABCC2 (G1249A) polymorph-
ism on the transport activity of MRP2-mediated anticancer
drugs, including paclitaxel, docetaxel, and doxorubicin.

Materials and Methods

Materials

Paclitaxel, docetaxel, and doxorubicin were purchased from
Sigma-Aldrich (St Louis, MO, USA). MK-571 and puro-
mycin were obtained from Selleck (Shanghai, China). All
drugs were dissolved in DMSO. Cell Counting Kit-8
(CCK&8) was purchased from Pepro Tech (Wuhan, China).
Pig kidney cells (LLC-PK1) were purchased from Wuhan
Bafeier Biological Co. Ltd (Wuhan, China). LLC-PK1
stable transfected with empty vector (pcDNA3.1),
ABCC2549 Wild-type allele and ABCC2549 4 variant allele
were obtained from Biofavor Biotech (Wuhan, China).

Dulbecco’s modified eagle medium (DMEM) and fetal
bovine serum (FBS) were purchased from PAN-Biotech
(Aidenbach, Germany). MRP2 and B-actin monoclonal
antibody were purchased from Abcam (Cambridge, UK).
HRP-conjugated IgG was also obtained from Abcam
(Cambridge, UK). BCA protein assay kit was obtained
from Innova Biosciences (Cambridge, UK).

Cell Culture

The four types of LLC-PK1 cell lines were cultured in
DMEM medium supplemented with 10% FBS, 1% anti-
biotic-antimycotic solution and 2 pmol/L puromycin.
Puromycin was used to screen the stable recombinant
cells. Both cell lines were grown at 37°C in a moderately
humid atmosphere of 5% CO,.

Characterization of MRP2 Expression by
Western Blotting

After cells were cultured for 48 h, the medium was removed
and sterile PBS was used to wash cells. Then, cells were
decomposed on ice for 30 min by RIPA lysis buffer
(Beyotime, Shanghai, China). The cell lysate was centrifuged
at 12,000 g for 12 min at 4°C, and then the concentration of
total protein in the supernatant was detected by BCA kit. The
loading buffer was added and mixed with supernatant, then
boiled for 5 min at 100°C. 50 pg of total protein in each
sample was loaded on 8% gels at 70 V for 3 h; then, protein
was transferred onto a 0.45-pm NC membrane at 275 mA for
90 min. 5% of non-fat milk was used to block the
non-specific binding for 1 h. Blots were incubated with
primary MRP2 antibody (dilution 1:1000) and B-actin anti-
body (dilution 1:1000) overnight. Next, goat anti-rabbit [gG
secondary antibody (dilution 1:3000) was used to incubate
with blots at room temperature for 1.5 h. Protein expressions
were measured by chemiluminescence detection system
(Thermo Scientific).

Cytotoxicity of Anticancer Drugs

The CCKS8 assay was carried out to detect the half maximal
inhibitory concentration (ICs() of several anticancer drugs in
the four types of LLC-PK1 cell lines. Briefly, the four types
of LLC-PK1 cell lines (1x10* cells/well) were grown in
96-well plates and cultured for 24 h. The medium was then
replaced by fresh medium containing different contents of
paclitaxel (10400 nM), docetaxel (1-60 nM), and doxoru-
bicin (10-300 nM). After treatment with 24 h, 100 uL med-
ium containing 10 pL. CCKS8 reagent was added into each
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well, and continue to incubate for 1 h at 37°C in a moderately
humid atmosphere of 5% CO,. Absorbance of cells in each
well was detected using a Victor 31420 Multilabel Counter
(PerkinElmer, MA, USA). The ICsq values of each drug were
assessed based on dose—inhibition curve.

Intracellular Accumulation of Anticancer

Drugs

The four types of LLC-PK1 cell lines (2x10° cells/well) were
grown in 6-well plates and cultured for 24 h. After cells
reached at least 90% confluence, the old medium was
replaced with 1 mL of fresh medium containing paclitaxel
(50 nM), docetaxel (10 nM), and doxorubicin (30 nM). Then,
the cells were incubated for 4 h to allow intracellular accu-
mulation of these drugs. After medium was discarded, cells
were washed twice with sterile PBS and collected into micro-
centrifuge tubes. Cells were decomposed on ice for 30 min
by RIPA lysis buffer and centrifuged at 12,000 g for 12 min at
4°C, and then the concentration of total protein in the super-
natant was detected by BCA kit to normalize the levels of
drugs. Anticancer drugs in supernatant were acquired using
liquid-liquid extraction technology (tertiary butyl methyl
ether). The contents of drugs were determined by
UPLC-MS/MS analyses (Agilent, Japan).

Transepithelial Efflux Assay

To determine paclitaxel, docetaxel, and doxorubicin efflux
across LLC-PK1 monolayers, the four types of LLC-PK1
cell lines (2x10° cells/well) were grown in transwell insert-
plate unit in 500 pL of complete medium for 24 h. The
transepithelial electrical resistances (TEER) of monolayer
LLC-PK1 cells were measured using a Millicell-ERS
(Millipore, Billerica, MA). Efflux assay contained the trans-
membrane efflux of apical-to-basal (A—B) and (B—A), and
paclitaxel (50 nM), docetaxel (10 nM), and doxorubicin
(30 nM) were added into the A chamber and B chamber,
respectively. MRP2 inhibitor (MK-571, 2 uM) was used to
assess the suppressed test of transmembrane efflux. Briefly,
cells were incubated with MK-571 for 120 min, and then
anticancer drugs were added to intervene cells for
4 h. Apparent permeability values (Papp) were calculated
to evaluate the efflux ability of drugs.'®

Statistical Analysis

Data were shown as mean + SD and analyzed by
SPSS19.0 software (La Jolla, CA, USA). Student’s inde-
pendent #-test was performed when the difference

between means was significant. P <0.05 were consid-
ered as statistical significant.

Results
Levels of MRP2 Overexpression in
ABCC2|249G and ABCC2|249A Recombinant

Cell Lines

Similar expression levels of MRP2 in ABCC2549G Wild-type
and ABCC21,49 variant recombinant cell lines were observed
by Western blot (Figure 1). MRP2 expression levels in cells
transfected with empty vector were significantly lower than
recombinant cells transfected with 1249G wild-type allele and
1249A variant allele (p<0.01). These data confirmed the over-
expression of ABCC21,49G Wild-type and ABCC2 1,494 variant
genes in LLC-PK1 cells, indicating that ABCC2 (G1249A)
SNP does not impact the expression of this protein.

Recombinant ABCC2 1249G and ABCC2 1249A
Cell Lines Show Altered Resistance to

Anticancer Drugs

The sensitivity of the four types of LLC-PK1 cells to pacli-
taxel, docetaxel, and doxorubicin was assesses based on ICs
values. The two types of recombinant cells transfected with
ABCC2 349G and ABCC2 5494 alleles displayed higher ICs,
values for these anticancer drugs than cells transfected with
empty vector (p<0.01, Table 1). ICs values for paclitaxel was
2.09-fold higher in ABCC2 494 cells than in ABCC2 349G

CTL pcDNA3.1 1249G 1249A
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Figure | Overexpression levels of wild-type and variant MRP2 in stable recombi-
nant LLC-PK| cell lines. Compared with pcDNA3.1 group, **p<0.01.
Abbreviations: CTL, untransfected LLC-PKI cells; pcDNA3.1, transfected with
empty vector; 1249G, transfected with 1249G wild-type allele; 1249A, cells trans-
fected with 1249A variant allele.
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Table | ABCC2 (G1249A) Polymorphism Alters the Sensitivity of
Recombinant Cell Systems to Anticancer Drugs

LLC-PKI Cells | IC5o (nM)XSD

CLT pDNA3.I 1249G 1249A
Paclitaxel 45.6+6.7 | 39.8+5.9 136.4£7.3%* | 285.4%6.7+"
Docetaxel 9.3+1.4 11.6x1.2 39.4+3.7%* 34.54£5.2%F
Doxorubicin 30.4+3.8 | 284+3.1 84.6+3.5%F 236.425.2%+7

Notes: Compared with pcDNA3.1 group, *p<0.01; compared with 1249G group,
i

p<0.01.
Abbreviations: CTL, cells untransfected LLC-PKI cells; pcDNA3.I, transfected
with empty vector; 1249G, transfected with 1249G wild-type allele; 1249A, cells
transfected with 1249A variant allele.

cells (»p<0.01). ICso values for doxorubicin was 2.78-fold
higher in ABCC2p49p cells than in ABCC2 549 cells
(p<0.01). However, the ICsy values for docetaxel in
ABCC25494 cells was similar to ABCC21549G cells. These
data suggested that ABCC2 (G1249A) SNP affects the sensi-
tivity of cells to anticancer drugs with a drug-specific manner.

ABCC2 ;494 Variant Allele Impacts the
Intracellular Accumulation of Anticancer
Drugs

Intracellular accumulation of these anticancer drugs was
assessed in the four types of LLC-PKI1 cells. The two
types of recombinant cells transfected with ABCC2 549G
and ABCC2 5495 alleles displayed lower intracellular
accumulation for these anticancer drugs than cells trans-
fected with empty vector (p<0.01, Table 2). Intracellular
accumulation of paclitaxel was 3.11-fold lower in
ABCC2 5495 cells than in ABCC2 549G cells (p<0.01).
Intracellular accumulation of doxorubicin was 2.68-fold
lower in ABCC2549a cells than in ABCC2 549G cells
(»p<0.01). However, the Intracellular accumulation of doc-
etaxel in ABCC2 5494 cells was similar to ABCC21549G

Table 2 Effects of ABCC2 (G1249A) Polymorphism on the
Intracellular Accumulation of Paclitaxel, Docetaxel, Sorafenib,
and Doxorubicin

LLC-PKI Cells C (ng/mg Protein)SD

CLT pDNAZ3.I 1249G 1249A
Paclitaxel 253.1484 | 238.1£9.5 95.416.5% | 30.7+5.7%%
Docetaxel 76.316.4 79.4+5.9 341247+ | 37.9+5.4%
Doxorubicin 198.6+8.4 | 208.8+7.2 82.326.4% | 30.7£5.4%%

Notes: Compared with pcDNA3.1 group, *p<0.01; compared with 1249G group,
#

p<0.01.
Abbreviations: CTL, cells untransfected LLC-PKI cells; pcDNA3.I, transfected
with empty vector; 1249G, transfected with 1249G wild-type allele; 1249A, cells
transfected with 1249A variant allele.

cells. These data suggested that ABCC2 (G1249A) SNP
affects the transport abilities of anticancer drugs with
a drug-specific manner.

ABCC2 549 Variant Allele Affects the

Transport Ability of Anticancer Drugs

The efflux ratios (P.p, (B—A)/P,,, (A—B)) of paclitaxel,
docetaxel, and doxorubicin across the four types of LLC-
PK1 monolayers were also assessed. The two types of recom-
binant cells transfected with ABCC2 549G and ABCC2 494
alleles displayed higher efflux ratios for these anticancer drugs
than cells transfected with empty vector (p<0.01, Table 3). The
efflux ratio of paclitaxel was 3.32-fold higher in ABCC2154904
cells than in ABCC2 549G cells (p<0.01). The efflux ratio of
doxorubicin was 3.17-fold higher in ABCC2)49 cells than in
ABCC21 5495 cells (p<0.01). However, the efflux ratio of doc-
etaxel in ABCC2 5494 cells was similar to ABCC2 5496 cells.
These data suggested that ABCC2 (G1249A) SNP affects the
efflux activities of MRP2-mediated anticancer drugs with
a drug-specific manner.

Discussion

Acquired paclitaxel, docetaxel, and doxorubicin resistance
of breast cancer cells is involved in the overexpression of
MRP2 transporter.'® ' Genetic polymorphism of ABCC2
gene response to anticancer drug chemotherapy in breast
tumor patients.”> 4BCC2 (G1249A) polymorphism was
demonstrated to be associated with the risk of resistance
to multiple drugs, such as antiepileptic agents.”> Here we
present direct proof indicating that the common G1249A
SNP in ABCC2 gene substantially induces the transport
ability of MRP2-mediated paclitaxel and doxorubicin,
decreases the content of these drugs that accumulates
within the four types of cell lines. Since MRP2 could
lead to multidrug resistance, the present findings might
be helpful for improving such resistance in case of pacli-
taxel and doxorubicin as well as other chemotherapeutic
drugs. Our data also provide testable assumption concern-
ing why patients with cancers can differ so widely in the
response to paclitaxel and doxorubicin. The cell line used
in our research, LLC-PK1 derived fro, a pig kidney, has
been shown to be useful to observe transport proteins
functionality.>* Therefore, we selected LLC-PK1 cell line
to study the effects of ABCC2 polymorphism on the trans-
port of paclitaxel, docetaxel and doxorubicin. We first used
different concentrations of anticancer drugs to intervene
LLC-PKI cells to assess the cytotoxicity of agents. The
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Table 3 Effects of ABCC2 (G1249A) Polymorphism on the Efflux Activity of Paclitaxel, Docetaxel, Sorafenib, and Doxorubicin in

Recombinant LLC-PK| Monolayers

LLC-PKI Cells P.pp (B—A)/P,,, (A—B)
CLT pDNA3.| 1249G 1249A
Paclitaxel 0.87+0.07 0.81+0.06 3.64+0.57+* 12.08+0.69++7*
Paclitaxel+MK-57 | 0.96+0.06 0.89+0.05 1.54+0.07%1 1.79+0.10%1
Docetaxel 1.34+0.16 1.47+0.18 5.06+0.34%* 4.69+0.4 |
Docetaxel+MK-57 1.46+0.19 1.54+0.21 2.1240.24*F 1.96+0.26"t
Doxorubicin 0.54+0.06 0.67+0.05 4.19+0. | 4% 13.27+0.24%##
Doxorubicin+MK-57 1 0.65+0.05 0.58+0.03 3.64+0.24%1 3.88+0.29%1

Notes: Compared with pcDNA3. I group, *p<0.05, *p<0.01; compared with 1249G group, *#p<0.01; compared with without inhibitor group, p<0.05, TTp<0.01.
Abbreviations: CTL, cells untransfected LLC-PK| cells; pcDNA3.I, transfected with empty vector; 1249G, transfected with 1249G wild-type allele; 1249A, cells

transfected with 1249A variant allele.

ICsq values of paclitaxel, docetaxel, and doxorubicin in
LLC-PK1 control cells were 45.6, 9.3, and 30.4 nM,
respectively. Then, we used paclitaxel (50 nM), docetaxel
(10 nM), and doxorubicin (30 nM) to intervene recombi-
nant cell systems to Conduct follow-up experiments, and
these drugs did not affect the cell morphology.

We conducted control tests to make sure that the inves-
tigated alterations in the transport of paclitaxel and doxor-
ubicin in the recombinant ABCC2 549G and ABCC2 5494
cell lines were not due to difference in the expression levels
of MRP2. Our results from Western blot assay displayed
that MRP2 was overexpressed at similar levels in
ABCC2549G and ABCC2 494 cell systems. Our results
are consistent with previous studies in vivo,*** but dis-
agree with other researches.”®*” As one of the usual in vitro
methods to help transporter observation to data, recombi-
nant cell systems over-expressing MRP2 have some limita-
tions, for instance, the different expression levels of MRP2
in different laboratories may result in altered results, and
endogenous efflux activity in cells might also complicate
the interpretation of results. Nevertheless, the present on
vitro systems make the observation of characteristics of
a single protein feasible and lower the complexity. The
differences might reflect the complexity of the in vivo
environment, as well as changes among the in vivo and
in vitro contexts. Therefore, it makes us to further verify
our results in other recombinant cell system, including
cancer cells, as well as studies in vivo.

These data indicated that the ABCC2 (G1249A) SNP,
which leads to a Val-lle replacement in the MRP2 protein.
This mutation may change the interaction among the specific
substrate-recognizing domain of MRP2 and drugs,?® and it
can explain that 1249A SNP increases the transport activities
of MRP2-mediated paclitaxel and doxorubicin, but not

docetaxel. Our results showed that intracellular accumula-
tions of paclitaxel and doxorubicin were 3.11-fold and 2.68-
fold lower in cells transfected with 1249A allele than cells
transfecting with 1249G, respectively. Therefore, this was
sufficient to result in a dramatic decrease in sensitivity to
paclitaxel and doxorubicin. This may reflect the resistance of
cancer cells to paclitaxel and doxorubicin.

Since the MRP2 might pump paclitaxel, docetaxel and
doxorubicin out of cells,?’ we further check that the effects
of ABCC2 (G1249A) SNP on transmembrane transport of
these anticancer cells. Moreover, we observed the efflux
ratios of paclitaxel, docetaxel and doxorubicin in the pre-
sence and absence of the MRP2 antagonist, MK-571. Our
data suggested that nearly the efflux of these drugs was
eliminated in the presence of MRP2 antagonist, indicating
that MRP2 was responsible for most of the transport
investigated in this test. However, our results displayed
that ABCC2 (G1249A) SNP has no effect on the efflux of
MRP2-mediated docetaxel. Since MRP2 displays altered
affinities for different substrates,’® it may be necessary to
explain our findings. Indeed, an early study has demon-
strated that ABCC2 (G1249A) polymorphism may impact
MRP2 activity in a substrate-specific manner.'® In addi-
tion, we observed the efflux ratios of paclitaxel, docetaxel
and doxorubicin in the presence and absence of the MRP2
antagonist and discovered that efflux of these drugs was
eliminated in the presence of MRP2 antagonist. But there
are still significant statistical differences between the
efflux ratios of two types of recombinant cells and cells
transfected with empty vector. It would be explained that
the discrepancy was resulted from insufficient inhibition of
MRP2 by antagonist or other transportation mechanisms.
Furthermore, our study turned out conflicting results of
paclitaxel and docetaxel which are the same group of
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anticancer drugs. This phenomenon may be explained by
the fact that paclitaxel and docetaxel can interact with
different domains of MRP2 protein, and further effect
protein conformation.

Conclusions

Collectively, more detailed researches of structure-activity
associations in MRP2 protein are needed to verify the
functional roles of ABCC2 (G1249A) polymorphism and
other SNPs. Our in vitro recombinant cell lines may pro-
vide a useful tool for investigating the cause of poor
chemotherapy response and drug resistance.
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