ONCOLOGY REPORTS 22: 921-926, 2009

Facilitation of drug resistance development
by y-irradiation in human cancer cells
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Abstract. Hepatocellular carcinoma HepG2 cells (G cells)
were subjected to selection first with y-radiation and then
doxorubicin (Dox). The radiation treatment consisted of 2 Gy
for 10 days (G2) or 10 Gy for 2 days (G10) and the Dox
treatment was continuous exposure for up to 10 uM.
Compared with respective parental G, G2, G10 cells, the Dox-
selected cells showed mdrl amplification/P-glycoprotein
overexpression, Dox resistance and also less intracellular Dox
accumulation. Verapamil reversed the drug resistance and
increased the Dox accumulation in all cells. Decay in drug
resistance and reduction in mdrl amplification/P-glycoprotein
overexpression were observed in the Dox-selected cells
culturing in Dox-free condition. Among the Dox-selected
cells, G2R cells showed the highest levels of drug resistance,
mdrl amplification, but the least resistance decay. Results
from the study indicate the possible influence of radiation
treatment on the development of drug resistance in cancer
cells and it may even lead to a highly resistant phenotype.

Introduction

Multidrug resistance (MDR) is one of the major obstacles in
cancer therapy (1). It is a phenomenon where cancer cells
that have been exposed to a single anticancer drug may
develop cross-resistance to a range of structurally and
functionally unrelated drugs. Increase in drug efflux is one of
the major mechanisms that leads to MDR in cancer cells (2).
P-glycoprotein (Pgp), the product of the human mdrI gene,
is a 170 kDa membrane transporter that acts as a drug efflux
pump. Pgp belongs to the ATP-binding cassette (ABC) protein
family and it effluxes neutral and cationic hydrophobic
compounds by hydrolyzing ATP (3). However, Pgp can
also transport a large panel of anticancer drugs, including
anthracycline (doxorubicin and daunorubicin), the microtubule-
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stabilizing drug Taxol and vinca alkaloids (vinblastine and
vincristine) (4). Because of its ability in effluxing drugs, Pgp
can lower the intracellular concentration of drugs and thus
leads to MDR of cancer cells. The Pgp expression level is
found to be correlated with the level of drug resistance in
cancer. Transfection with mdrl gene into the drug-sensitive
cells can induce MDR phenomenon in cells (5). Inhibitor of
Pgp, such as verapamil, the calcium channel blocker, which
can block Pgp from effluxing drugs, was found to increase
the drug sensitivity of cancer cells (6).

Induction of mdrl expression has been reported in cancer
cells after prolonged treatment with anticancer drugs. This
phenomenon may account for the acquired drug resistance in
cancer cells during the course of chemotherapy. The anticancer
drugs that lead to this phenomenon are commonly used in
clinical treatment, including doxorubicin (Dox) (7), Taxol (8)
and vincristine (9). In addition, Pgp induction can be found
in cells after irradiation treatment. In vitro exposure of tumor
cells to fractionated irradiation (10) or to single dose of X-ray
irradiation (11) can lead to increase in the expression level of
Pgp.

In clinical practice, the treatment for cancer patients are
usually involved the combination of radiotherapy with
chemotherapy. In the in vitro studies, co-treatment with
radiation and anticancer drugs may have additive (12) or
synergic effect (13) in cancer treatment. However, there is
scarce information on the long-term impact, in particular, the
development of drug resistance in cancer cells after co-
treatment with radiotherapy and chemotherapy. Therefore,
we studied the drug resistance profile developed in human
hepatocellular carcinoma HepG?2 cells that survived after
treatment with radiation followed by an anticancer drug. In
comparison with those treated with anticancer drug alone, the
cells with radiation treatment before the drug treatment may
show a higher and more stable mdr/-associated drug resistance.

Materials and methods

Cell culture. The cell lines were established from human
hepatocellular carcinoma HepG?2 cells (G cells). G cells were
first subjected to radiation selection by two different regimes
and the two radiation-conditioned sublines are the G2 and
G10 cells; G2 cells are cells surviving after 10 days of 2 Gy
radiation treatment while G10 cells survived after 2 days of
10 Gy radiation treatment. G, G2 and G10 cells were then
incubated with increasing concentration of Dox for up to
10 #M and the three drug-selected sublines are the GR, G2R
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Figure 1. The establishment of radiation and Dox-selected HepG2 cells.
HepG2 cells (G cells) were first subjected to radiation selection by two
different regimes and the two radiation-conditioned sublines G2 and G10
cells; G2 cells survived after 10 days of 2 Gy radiation treatment while G10
cells survived after 2 days of 10 Gy radiation treatment. G, G2 and G10 cells
were then incubated with increasing concentration of Dox for up to 10 uM
and the three drug-selected sublines GR, G2R and G10R cells, which are the
G, G2 and G10 cells survived after Dox treatment, respectively.

and G1O0R cells, which are the G, G2 and G10 cells survived
after Dox treatment, respectively (Fig. 1). G, G2 and G10 cells
were cultured in Dulbecco's modified essential medium
(DMEM) supplemented with 5% fetal bovine serum
(Invitrogen, USA) and L-glutamine (Invitrogen) at 37°C in a
humidified atmosphere with 10% CO,. The Dox-selected
sublines, GR, G2R and G10R cells, were cultured at the same
condition except that the DMEM contained 1.2 xM Dox.

MTT cell viability assay. Cells were plated onto 96-well plates
and then treated with anticancer drugs, including Dox,
Taxol, vincristine, etoposide, methotrexate (Sigma, USA)
and tamoxifen (CalBiochem, USA). After 5 days of drug
treatment, the cells were incubated with 50 I of 0.1 mg/ml
3-(4,5-Dimethylthiazole-2-yle) -2,5-diphenyltetrazolium
bromide solution (USB, USA) at 37°C for 3 h and then lysed
in 150 ul of dimethyl sulfoxide at room temperature for 30 min.
The absorbance of each well was measured at 570 nm in a
microplate reader.

Dox accumulation assay. Cells were treated with 2 or 4 uM of
Dox for 5 h. After that, the cells were trypsinized and subjected
to flow cytometric analysis using BD FACSort flow cytometer
(Becton-Dickinson, USA). The intensity for fluorescence from
Dox in cells was measured. To investigate the Pgp role in Dox
accumulation, an inhibitor, verapamil (Sigma) was used. Cells
were treated with 50 M verapamil together with 2 uM Dox
for 5 h before the flow cytometry assay.

Western blot analysis. Cells were lysed in lysis solution
containing 1% Triton X-100. Protein from each sample was
separated by SDS-PAGE and transferred onto PVDF
membrane (Millipore, USA) by electro-blotting. The
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Figure 2. The expression level of mdrl in HepG2 cells and its sublines. (A)
The Pgp level in cells was determined by Western blot analysis. (B) The
mdr]l mRNA level was determined by RT-PCR. The experiments were
repeated at least 3 times with similar results, and one representative is
shown. The expression level of Pgp or mdr]/ mRNA in each sample was
normalized with the level of B-actin. The relative Pgp or mdr/ mRNA
expression level of the Dox-selected cells was calculated in relation to that of
the respective parental cells. (C) Southern blot analysis of mdrl gene in
HepG2 cells. The experiments were repeated at least 3 times with similar
results, and a representative one is shown.

membrane was incubated with primary antibody for 2 h
and with respective horseradish peroxidase-conjugated
secondary antibody for 1 h. The primary antibodies are anti-
P-glycoprotein (Oncogene, USA) and B-actin (Sigma). The
protein bands were detected by the ECL Western blotting
detection reagent (Amersham Pharmacia, USA). The protein
band intensity was scanned and analyzed by ImageJ (version
1.38x) software (14).

RT-PCR. Cells were lysed by Tri Reagent (Molecular Research
Center, USA) for RNA extraction. After that, total RNA
was subjected to reverse transcription with oligo dT primer
(Invitrogen) by MMLV Reverse Transcriptase (Promega,
USA). PCR amplification using the pair of primers specific
to mdrl within its open reading frame was carried out for
30 cycles of 94°C for 30 sec, 55°C for 1 min and 72°C for
1 min 30 sec; forward primer (5'-GATCTTGAAGGGGA
CCGCAATGGA-3") and reverse primer (5-GATGCATAG
ATCAGCAGGAAAGCAGC-3'). RT-PCR assay with primers
specific for B-actin was also performed.

Southern blot analysis. Cells were lysed in lysis buffer
containing 100 mM NaCl, 10 mM Tris-Cl, 25 mM EDTA,
0.5% SDS and 0.1 mg/ml Protease K. After incubation at
50°C for 18 h, the genomic DNA was extracted by phenol-
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Figure 3. The effect of verapamil on Dox sensitivity and accumulation in HepG2 cells. (A) The cells were treated with Dox together with 30 M verapamil.
MTT assay was performed after 5 days of drug incubation and the percentage of cell survival was calculated. (A) Represents the Dox-selected cells and (©)
represents the respective parental cells. (Continuous line) represents cells treated with 30 xM verapamil while (dashed line) represents cells without verapamil
treatment. Each data point was average of results obtained from at least three separate experiments. Error bar, standard deviation. (B) The cells were treated
with 2 uM Dox together with 50 M verapamil. After 5 h incubation, the level of Dox accumulated inside the cells was determined by flow cytometry.
(Continuous line) represents the cells with no drug treatment. (Dashed line) represents the cells treated with 2 M Dox. (Thick bold line) represents the cell
treated with 50 yM verapamil. (Thick grey line) represents the cells treated with 2 yM Dox together with 50 M verapamil. The experiments were repeated at

least 3 times with similar results, and one representative is shown.

chloroform and then precipitated by ethanol. The extracted
DNA was dissolved in Tris-EDTA buffer and subjected to
restriction digestion by EcoRI. After overnight digestion,
DNA was precipitated and loaded into 1% EtBr staining
agarose gel for electrophoresis. After that, DNA was trans-
ferred to a Nylon membrane (Amersham) and hybridized with
900 bp mdrl PCR product labeled with 32P-dCTP.

Results

The expression level of Pgp in cells. By Western blot analysis,
the protein level of Pgp in GR, G2R and G10R cells, which
are the G, G2 and G10 cells survived after Dox selection
respectively, were found to be significantly higher than that
of their respective parental cells; G2R > GR > GI10R cells
(Fig. 2A). By RT-PCR, the mdrl mRNA level was also highly
expressed in GR, G2R and G10R cells; G2R > GI10R > GR
cells (Fig. 2B). The results suggested that Dox selection

induced mdrl overexpression in cells with or without the prior
radiation treatment. Overexpression of Pgp in some of the
drug-resistant cells is associated with mdrl gene amplification.
To investigate whether this is the case in the GR, G2R and
GI10R cells, Southern blot analysis was performed. All three
Dox-selected cells showed mdrl gene amplification when
compared with their respective parental cells and G2R cells
showed the highest amplification (Fig. 2C). The fold increases
in the mdrl gene copy number in GR, G2R and G10R were
2.87+0.24, 12.80+0.45 and 5.49+0.37, respectively.

Multidrug resistance characteristics. To study the effect of
combination treatment with radiation and anticancer drugs on
the drug resistance development in human cancer cells, the
drug sensitivity of HepG2 cells and its sublines were examined
by MTT assay. GR, G2R and G10R cells were highly resistant
to Dox (Fig. 3A), Taxol, vincristine and etoposide (data not
shown) when compared with their respective parental cells.
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Figure 4. Dox sensitivity, mdrl expression level and mdrl gene amplification in GR, G2R and G10R cells culturing in Dox-free medium. GR, G2R and G10R
cells were cultured in Dox-free medium for up to 11 weeks. (A) The Dox sensitivity of the GR, G2R and G10R cells was determined by MTT assay in 2-week
intervals. () Represents GR cells (m) represents G2R cells and (A) represents G10R cells. Each data point was an average of results obtained from at least
three separate experiments. Error bar, standard deviation. The levels of Pgp, mdrl mRNA, mdrl gene amplification in cells before culturing in Dox-free
medium (week 0) and in Dox-free medium for 11 weeks (week 11) were measured. (B) The Pgp level was determined by Western blot analysis. (C) The mdr1
mRNA level was determined by RT-PCR. (D) The relative mdrl gene copy number was determined by Southern blot analysis. The experiments were

repeated at least 3 times with similar results, and a representative is shown.

Furthermore, by assessing the sensitivity at a higher Dox
concentration, G2R cells which have the highest Pgp
overexpression are also the most resistant towards Dox (ICs,
>10 uM), followed by G10R cells (ICs, = 3.5 uM) and GR
cells IC5, = 3.0 uM). It is therefore indicated that the pattern
of drug resistance in the Dox-selected cells is in agreement
with their genetic characteristic, mdrl overexpression.

Intracellular Dox accumulation. The major function of Pgp is
being a drug efflux pump and thus inducing drug resistance.
To further confirm that the drug resistance observed in the
Dox- selected cells is associated with Pgp overexpression,
the level of intracellular Dox accumulation was determined.
As expected, it was shown that GR, G2R and G10R cells
have a much lower level of Dox accumulation when
compared with their respective parental cells (Fig. 3B).

Verapamil sensitizes Dox-selected cells towards anticancer
drugs. The Pgp-associated drug resistance is known to be
suppressed by verapamil (6). Therefore, to investigate if the
drug resistance in the Dox-selected cells is due to over-
expression of Pgp, the effects of verapamil on drug sensitivity

and drug accumulation in cells were examined. It was found
that verapamil sensitized the Dox response in all HepG2 cells
while the sensitization effect is more significant in the GR,
G2R and G10R cells (Fig. 3A). In addition, verapamil also
increased the intracellular Dox accumulation and the effect
was more significant in the GR, G2R and G10R cells (Fig.
3B). The results from the verapamil study suggest that the
drug resistance in the Dox-selected cells is associated with
Pgp overexpression.

Decay of Dox resistance property. To maintain the drug
resistance in some cell systems, the cells are to be cultured
continuously in medium with low concentration of drug. The
resistance will decay once the cells are in drug-free medium.
To maintain Dox resistance, the Dox-selected HepG2 cells
were cultured in medium containing 1.2 uM Dox. To
investigate if the drug resistance will decay, the cells were in
culture without Dox for up to 11 weeks and their Dox
sensitivity was determined in 2-week intervals. The Dox
resistance in G2R cells remained unchanged for up to 11 weeks
in Dox-free medium while decayed in GR and G10R cells;
GR cells showed greater decay than GI10R cells (Fig. 4A).
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However, even in Dox-free medium for 11 weeks, a low level
of drug resistance was still maintained in the GR and G10R
cells. For GR cells, the percentage survival towards 0.2 uM
Dox at week 11 was 17% (Fig. 4A) while it was 6% for
parental G cells (Fig. 3A). For G10R cells, the percentage
survival towards 0.2 uM Dox was 47% (Fig. 4A) in
comparison with 3% of parent G10 cells (Fig. 3A). The Pgp
protein level decreased by 80% in GR cells, followed by 40%
in GIOR cells while only a slight decrease was seen in G2R
cells when cultured in Dox-free condition for 11 weeks
(Fig. 4B). A similar decay pattern was seen for the mdrl
mRNA level (Fig. 4C). For mdrl gene amplification, the level
of amplification in GR and G10R cells was reduced greatly
while there was no significant change in G2R cells (Fig. 4D).
The results indicate that the decay in Dox resistance is related
to the reduction in Pgp expression in the Dox-selected cells and
the process might be regulated at the genomic level.

Discussion

Radiation treatment in combination with chemotherapy may
modify the drug resistance pattern developed in human cancer
cells. All the Dox-selected HepG2 cells with or without prior
radiation treatment demonstrate the mdrl-associated drug
resistance as supported by the following: i) Drug-resistant
profile. The cells were resistant to Dox (Fig. 3A), Taxol,
vincristine and etoposide (data not shown), the substrates of
Pgp transporter (4). ii) Overexpression of Pgp/mdr1 (Fig. 2).
iii) Reduced intracellular Dox accumulation upon Dox
treatment (Fig. 3B). iv) Verapamil, a Pgp inhibitor, reversed
the resistance towards Dox (Fig. 3A), Taxol (data not
shown) and also increased the intracellular Dox accumulation
(Fig. 3B). v) The decay of Dox resistance (Fig. 4A) when cells
were cultured in Dox-free medium was comparable to the
decrease in the levels of Pgp, mdrl mRNA and mdrl gene
amplification (Fig. 4B-D). The association of the decay in Dox
resistance with the decrease in mdrl gene amplification is
compatible with another study in which decrease in mdrl
gene copy number was found in the revertant subline of
colchicines selected human KB carcinoma cells (15). Even
though all the Dox-selected HepG2 cells demonstrate drug
resistance property associated with mdrl overexpression, the
characteristics of drug resistance is, however, different
among the GR, G2R and G10R cells. Among them, G2R cells,
which have 2 Gy x 10 days of radiation treatment before the
Dox treatment, have significantly higher levels of mdrI over-
expression (Fig. 2), drug resistance (Fig. 3) and less
resistance decay (Fig. 4A) than that of the GR cells, the cells
with Dox treatment only. The results, therefore, indicate that
radiation treatment may predispose some kinds of cellular
condition(s) that may modify the development of drug
resistance profile at the time of chemotherapy in human cancer
cells.

Mdrl gene amplification is one of the reasons that leads
to Pgp/mdrl overexpression in the Dox-selected HepG2
cells. In addition to gene amplification, there are many ways
to induce Pgp/mdrl overexpression in the drug-resistant
cells, e.g. transcription activation (16), epigenetic modification
of the mdrl promoter (17), gene rearrangement (18,19), etc.
By Southern blot analysis, the mdrl gene in all of the Dox-
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selected HepG2 cells is markedly amplified when compared
with their respective parental cells (Fig. 2C). The increased
expression of mdrl/Pgp coupled with the increased mdrl
gene copy number has been reported in a number of drug-
selected cancer cells, including cisplatin-resistant, Taxol-
resistant ovarian cancer cell lines (20,21) and Dox-resistant
breast cancer cell lines (22). Mdrl gene amplification can be
due to the amplification of the q21-q22 region of chromo-
some 7 where the mdrl gene is located or the formation of
double minute chromosomes that carry the mdrl gene.
Amplification of region on chromosome 7 has been reported
in Taxol-selected lung cancer cells (23), vincristine-selected
leukemia (24) and Dox-selected prostate carcinoma (25).
Amplification associated with double minute chromosome
has been found in Dox and vinblastine-resistance KB
carcinoma cells (15). The amplification is generally less stable
for those associated with double minute chromosome.
Decrease in mdrl gene copy number is found in the revertant
sublines of several drug-resistant KB carcinoma cell lines
(15,26). The decrease in mdrl gene amplification may be due
to the loss of double minute chromosomes which contains the
mdrl gene. Although gene amplification may be the cause for
Pgp over-expression in the Dox-selected HepG2 cells, the
form of mdrl gene amplification in these cells remains to be
investigated. However, the form of mdrl gene amplification
in G2R cells will likely be different from that in the G10R
and GR cells as the mdrl amplification in G2R cells persisted
in the absence of Dox while the amplification decayed in
G10R cells and even more in GR cells (Fig. 4D). This will
only be resolved by molecular cytogenetic analysis of the cells.

In conclusion, results from the present study indicated that
radiotherapy followed by chemotherapy will likely modify the
drug resistance pattern developed in the surviving cancer cells.
The situation is noteworthy as the highest level of mdrl gene
amplification, drug resistance and the most stable resistant
phenotype is developed in the G2R cells, the cells selected
with Dox after they were subjected to fractionated y-radiation,
a common type of radiotherapy regimen. However, the
significance and the impact of the findings will need further
validation.
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