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The multidrug resistance (MDR) phenotype, either intrinsic
and/or acquired, is discussed in relation to several MDR-
associated markers such as P-glycoprotein (P-gp) encoded
by mdr1, multidrug-resistance-associated protein (MRP)
encoded by MRP and lung-resistance-associated protein
(LRP) encoded by LRP. Well-characterized in vitro models
are required to elucidate the mechanisms of MDR. The aim of
the present study is the establishment of a drug-resistant
subline from human colorectal adenocarcinoma HCT-15 that
intrinsically expresses moderate levels of P-gp, MRP and
LRP. Three adriamycin-resistant sublines (HCT-15/ADM1,
HCT-15/ADM2 and HCT-15/ADM2-2) were established by
stepwise exposure in growth medium that was supplemented
with 25±200 ng/ml adriamycinÐresulting in a 2.2- to 7.8-fold
increase in IC50 values by using the XTT assay. They were
cross-resistant to MDR-related drugs, epirubicin, mitoxan-
trone, vincristine, etoposide and taxol, but not the MDR-
unrelated drug, mytomycin C. The resistance to adriamycin
was confirmed in vivo by a lack of sensitivity in athymic nude
mice. Gene expression data for mdr1/P-gp, MRP/MRP and
LRP/LRP on both mRNA and protein levels demonstrated
that the molecules contributing to MDR in resistant sublines
are mainly P-gp and partially MRP. The newly established
adriamycin-resistant sublines of HCT-15 will provide clini-
cally relevant tools to investigate how to overcome drug
resistance and elucidate possible mechanisms of acquired
MDR in human colon cancer. [# 2001 Lippincott Williams &
Wilkins.]
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Introduction

Colorectal cancer is one of the most frequent tumors
and is a leading cause of death. Although surgery is
successful in a large percentage of cases, the survival
rate decreases if the tumor has metastasized to regional
lymph nodes or liver.1 Chemotherapy is the first line of
treatment for disseminated disease; however, colo-
rectal cancer is refractory to most chemotherapeutic
agents.2 Unfortunately, very little is known about the
mechanisms responsible for the intrinsic drug resis-
tance of the cancer.

For successful cancer chemotherapy, it is necessary
to understand the multifunctional mechanisms in the
development of resistance to cancer chemotherapy.
When tumor cells acquire resistance to antitumor
drugs, the resistant cells often show cross-resistance to
other antitumor drugs with different chemical struc-
tures and cellular targets, including anthracyclines
(adriamycin and daunorubicin), vinca alkaloids (vin-
cristine and vinblastine), podophyllotoxines (etopo-
side) and taxanes (paclitaxel).3 This cellular resistance
is known as multidrug resistance (MDR). The best
characterized mechanism responsible for MDR is the
overexpression of the P-glycoprotein (P-gp).4,5 P-gp,
encoded by the mdr1 gene, is an ATP-dependent
transmembrane protein that transports antitumor
drugs out of cells. In various studies, a correlation of
mdr1 mRNA expression and drug resistance has been
demonstrated using human cancer cell lines.6 Like P-
gp, multidrug-resistance-associated protein (MRP) is
also an ATP-dependent transmembrane protein, which
is expressed in an anthracycline-resistant but P-gp-
negative lung cancer line.7 Recently, the gene encod-
ing the lung-resistance-related protein (LRP) was
cloned and expressed in a MDR cell line that does
not exhibit P-gp overexpression8,9. Numerous models
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of an acquired resistant carcinoma were established to
elucidate the mechanisms of MDR. For such studies,
the resistant sublines have been established from P-gp-
negative cell lines through the exposure of MDR-
related drugs such as adriamycin and their acquired
resistance was mainly dependent on P-gp expression
levels.10 On the other hand, it is difficult to investigate
the relationship between intrinsic clinical resistance
and expression of resistance-associated markers after
chemotherapy, since mdr1, MRP as well as LRP

mRNA were often present in the primary tumor
specimens before patients received chemotherapy. In
addition to the resistance markers found in specimens,
samples are often contaminated with mdr1 mRNA
expression in normal human colon tissues. When the
intrinsic-resistance tumors acquired additional resis-
tance after chemotherapy, their characteristics be-
come more complex, since the mechanisms of the
emergence of drug-resistant phenotypes during che-
motherapy are also unknown.

Based on this background, the aim of the present
study is to establish well-characterized intrinsic-
resistance tumor models that acquire additional
resistance after chemotherapy. Some MDR cell lines,
especially in renal and colon cancer cells, are
reported to be intrinsically resistant and co-express
three resistance-associated markers (P-gp, MRP and
LRP) or express high levels of at least two of them.11

Among these, a human colorectal adenocarcinoma
HCT-15 cell line was originally derived from speci-
mens of human colon adenocarcinomas prior to
exposure to chemotherapy and expresses moderate
levels of three resistance-associated markers.11,12

Thus, we felt that HCT-15 will provide the best
available resistance model after exposure to adriamy-
cin, one of the well-known antitumor agents. In this
report, to investigate which resistant marker signifi-
cantly contributes to MDR in establishing adriamycin-
resistant cells, we analyzed both mRNA and protein
expression levels of three resistant markers, mdr1/P-
gp, MRP/MRP and LRP/LRP, as well as utilizing the
functional rhodamine 123 assay.

Materials and methods

Materials

Adriamycin, epirubicin and mytomycin C were pur-
chased from Kyowa Hakkou Kogyo (Tokyo, Japan),
and 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetra-
zolium-5-carboxanilide inner salt (XTT), 2-[6-amino-3-
imino-3H-xanthen-9-yl]-benzoic acid methyl ester (rho-
damine 123), paclitaxel (taxol) and verapamil were
from Sigma (St Louis, MO). Vincristine was purchased

from Shionogi (Osaka, Japan) and mitoxantrone from
Lederle (Tokyo, Japan). Etoposide was purchased from
Nihon Kayaku (Tokyo, Japan).

The mouse monoclonal antibody MRK16 was
purchased from Kyowa Medex (Tokyo, Japan). The
rat monoclonal antibody MRPr1 and mouse mono-
clonal antibody LRP56 were from Nichirei (Tokyo,
Japan). Fluorescein isothiocynate (FITC)-labeled goat
anti-rat or anti-mouse immunoglobulin G (IgG) were
purchased from Tago Immunologicals (Camarillo, CA).
Mouse or rat monoclonal IgG was from Chemicon
(Temecula, CA).

The Gene Amp RNA PCR kit was purchased from PE
Applied Biosystems (Foster City, CA) and polymerase
chain reaction (PCR) MIMIC from Clontech (Palo Alto,
CA). Isogen was purchased from Nippon Gene
(Tokyo, Japan). All other chemicals were of analytical
grade.

Animals and tumor cells

Female 6-week-old BALB/c nu/nu mice weighing 19±
23 g each were purchased from Clea (Tokyo, Japan).
They were maintained under specific pathogen-free
conditions at 258C in an atmosphere with 50%
humidity. Lighting was operated automatically on a
12-h light/dark cycle. All animal studies were done
under the guidelines of the Novartis Tsukuba Research
Institute (Novartis Pharmaceuticals, Tsukubashi, Ibar-
aki, Japan).

Human colorectal carcinoma HCT-15 (CCL 225)
cells were obtained from ATCC (Rockville, MD)
through Dainippon Pharmaceutical (Osaka, Japan).
Adriamycin-resistant sublines of HCT-15 were estab-
lished by continuous exposure to adriamycin. Cells
were suspended in culture medium in the presence of
25 ng/ml adriamycin (HCT-15/ADM1) and 50 ng/ml
adriamycin (HCT-15/ADM2) for 1 year. HCT-15/ADM2-
2 cells were selected in 200 ng/ml adriamycin for 1
year. HCT-15 and HCT-15/ADM cells were maintained
in RPMI 1640 medium (Nissui, Tokyo, Japan) supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM glutamine and 100 mg/ml kanamycin in
an atmosphere containing 5% CO2 at 378C. After the
development of the resistance phenotype, HCT-15/
ADM1, HCT-15/ADM2 and HCT-15/ADM2-2 cells were
maintained in the same growth medium supplemented
additionally with 25, 50 and 200 ng/ml adriamycin.

In vitro growth inhibition assay

XTT assay was carried out as described previously.13 In
brief, parental and resistant sublines were seeded in
96-well tissue culture plates at a density of
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56103 cells/well. After 24 h incubation, the cells
were exposed to the drugs for 72 h and then relative
cell growth was assessed by staining with XTT.
Following 4 h incubation with the tetrazolium dye,
the absorbance at 450 nm was measured by use of a
microplate reader (Molecular Devices, Menlo Park,
CA). The IC50 values were defined as the concentra-
tion producing the cell growth at 50%. Relative
resistance of antitumor drugs was determined by
dividing IC50 values of resistant sublines by that of
parental cells.

In vivo solid tumor studies

A suspension of cells (107 cells in 0.1 ml of Hanks'
balanced salt solution) was injected into the right
subaxillary region of individual athymic mice (day 0).
The control and treatment groups consisted of 10 and
five mice, respectively. Adriamycin treatment (8 mg/
kg i.v.) was initiated after tumors were established
(100±500 mm3, as estimated by caliper measurement).
The tumor volume (v) was calculated from the
equation:

v � 1=2� a� b2

where a and b are the longest and shortest diameters
of the tumor mass (in mm), respectively. Calculated
tumor volumes were expressed in percentages as
relative tumor volume (RVs) from the equation:

RV � Vn=V0 � 100

where Vn is the tumor volume at day n and V0 is the
initial volume immediately before the first drug
treatment. The criterion of antitumor activity was
tumor growth inhibition. The T/C value (treated/
control) value was calculated as a percentage by use of
the following formula:

T/C� (mean RV of the treated animals)/
(mean RV of the control animals)� 100

Detection of mRNA by reverse
transcription-PCR (RT-PCR)

Expression of mdr1, MRP and LRP mRNA in
adriamycin-resistant sublines of HCT-15 was analyzed
by competitive RT-PCR using PCR MIMIC, a hetero-
logous internal standard. The PCR MIMICs were 580-
bp BamHI±EcoRI fragments of v-erbB conjugated with
gene-specific composite primers of the target gene.
The PCR MIMICs for mdr1, MRP and LRP (designated
as mdr1 MIMIC, MRP MIMIC and LRP MIMIC,

respectively) were prepared using the PCR MIMIC
Construction kit (Clontech). The primers for mdr1/

MRP/LRP MIMIC consist of primer residues of the
BamHI±EcoRI fragment of v-erbB conjugated with
additional gene-specific primer residues of mdr1/

MRP/LRP (Table 1).14±16 The mdr1/MRP/LRP MIMIC
were amplified for 16 cycles in the presence of the
compose primers for mdr1/MRP/LRP MIMIC, fol-
lowed by secondary reactions for 18 cycles in the
presence of the target-gene-specific primers (Table 1).
The PCR cycle included heat denaturing at 948C for
45 s, annealing at 608C for 45 s and polymerization at
728C for 90 s.

Total RNA was prepared from the tumor cells
by using Isogen (Nippon Gene). cDNA was
prepared from 4.5 mg of total RNA using the
GeneAmp RNA PCR kit (PE Applied Biosystems).
The reaction mixture was incubated at 428C for
30 min and then heated for 5 min at 998C to
inactive MuLV reverse transcriptase. The cDNA
derived from 0.15 mg of total RNA was mixed with
20 ml reaction mixture (10 mM Tris±HCl, pH 8.3,
50 mM KCl, 1.25 mM MgCl2, 188 nM gene-specific
primers and 0.625 U AmpliTaq DNA polymerase) with
the mdr1 MIMIC (0.765 amol), MRP MIMIC
(0.00765 amol) and LRP MIMIC (0.00765 amol). PCR
reactions consisted of 24 cycles, and included 45 s of
heat denaturation at 948C, annealing at 558C for 1 min
and polymerization at 728C for 2 min. The PCR
products were analyzed by 1.5% agarose-gel electro-
phoresis and stained by 0.2 mg/ml ethidium bromide.
The products were visualized on an UV transillumi-
nater. Densitometry analysis was performed by the
Electrophoresis Documentation and Analysis System
(EDAS) and 1D Image Analysis Software (Kodak,
Rochester, NY). Relative levels of mdr1, MRP and
LRP mRNA for each cells were expressed as a MDR
gene target to MIMIC ratio.

Detection of resistance-associated
markers expression by flow cytometry

P-gp, MRP and LRP expression were determined as
described previously,17,18 with minor modifications.
For determination of P-gp expression, suspension of
parental and resistant sublines {36106 cells in staining
buffer [Dulbecco's phosphate-buffered saline (PBS)
supplemented with 5% FCS and 0.2% sodium azide]}
were incubated with 10 mg/ml of either MRK16 or an
isotype-matched mouse IgG2a for 1 h at 48C. The cells
were washed twice with staining buffer and then
incubated with 0.175 mg/ml of FITC-labeled goat anti-
mouse IgG for 1 h at 48C. After washing with staining
buffer, the cells were passed through a 200-mm nylon
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mesh and resuspended in staining buffer. Fluorescence
intensity (excitation wavelength=488 nm) was deter-
mined by means of Epics flow cytometer (Coulter
Electronics, Hialeah, FL).

To estimate MRP or LRP expression, cells were fixed
with formalin (FIX & PERM cell permeabilization kits;
Caltag, Burlingame, CA) by gentle mixing for 10 min at
room temperature. The cells were then incubated with
10 mg/ml of MRPr1, LRP-56 and a isotype-matched rat
IgG2a (for MRPr1) or mouse IgG2b (for LRP-56) for 1 h
at 48C. After washing, cells were incubated with
0.175 mg/ml of FITC-labeled goat anti-rat IgG (for
MRPr1) or FITC-labeled goat anti-mouse IgG (for LRP-
56) for 1 h at 48C. Fluorescence intensity was
determined by a flow cytometer.

The specific binding of primary antibody was
estimated by subtracting the fluorescence intensity of
samples incubated with isotype-matched IgG from the
fluorescence of samples incubated with primary anti-
body. The ratio of the specific fluorescence intensity of
the resistant sublines to that of parental cells indicated
the relative levels of expression.

P-gp function assay

P-gp function was analyzed by the rhodamine 123
assay. Cells in growth medium were seeded in 24-well
tissue culture plates (106 cells/well) and incubated for
24 h. The growth medium was removed and replaced
by incubation medium (Hanks' balanced salt solution
supplemented with 10 mM HEPES buffer and 10%
FCS), and then the cells were incubated for 15 min at
378C. Rhodamine 123 was added to a final concentra-
tion of 10 mg/ml and the cells were further incubated
for 30 min. After washes with ice-cold PBS, the cells
were harvested with trypsin and suspended in PBS.
Intracellular fluorescence intensity (accumulation

fluorescence, emission wavelength=530 nm, excita-
tion wavelength=485 nm) was determined with a
fluorescence plate reader (CytoFluor 2350; Millipore,
Bedford, MA).

To estimate rhodamine 123 retention, the cells were
further incubated in rhodamine 123-free incubation
medium for 30 min at 378C. After washing, fluores-
cence intensity (retention fluorescence) was deter-
mined. Cell surface-associated fluorescence was
determined after adding ice-cold rhodamine 123 to
the cells and then washing immediately. The retention
(%) is the percentage ratio of the retained fluorescence
divided by the accumulated fluorescence of the cells.

Statistical analysis

Statistical analysis was performed by repeated measure
analysis of variance (ANOVA) (Bonferroni/Dunn test or
Bonferroni's multiple comparison test). Correlations
were performed by Pearson's correlation coefficient
test. These analyses were done by StatView II software
(version 4.02 for Macintosh; Abacus Concepts, Berke-
ley, CA) and GraphPad PRISM software (version 2.0 for
Windows; GraphPad, San Diego, CA).

Results

Characterization of resistance in vitro

The tumor doubling times as parameters of proliferation
capacity were unchanged in both parental and resistant
sublines. In initial experiments in the present study, the
IC50 values for adriamycin were determined in parental
as well as three adriamycin-resistant sublines. The
HCT-15/ADM1, HCT-15/ADM2 and HCT-15/ADM2-2
showed a 2.23-, 4.40- and 7.77-fold increase in IC50

values for adriamycin in comparison with the parental

Table 1. Sequence of PCR primers

cDNA Products (bp)

mdr1 5'-CCCATCATTGCAATAGCAGG-3' (sense) 167
5'-GTTCAAACTTCTGCTCCTGA-3' (antisense)

MRP 5'-TGAAGGACTTCGTGTCAGCC-3' (sense) 237
5'-GTCCATGATGGTGTTGAGCC-3' (antisense)

LRP 5'-CCTCGAGATCCATTGTGCTGG-3' (sense) 300
5'-CACAGGGTTGGCCACTGTGCA-3' (antisense)

mdr1 MIMIC 5'-CCCATCATTGCAATAGCAGGCGCAAGTGAAATCTCCTCCG-3' (sense) 620
5'-GTTCAAACTTCTGCTCCTGATTGAGTCCATGGGGAGCTTT-3' (antisense)

MRP MIMIC 5'-TGAAGGACTTCGTGTCAGCCCGCAAGTGAAATCTCCTCCG-3' (sense) 620
5'-GTCCATGATGGTGTTGAGCCTTGAGTCCATGGGGAGCTTT-3' (antisense)

LRP MIMIC 5'-CCTCGAGATCCATTGTGCTGGCGCAAGTGAAATCTCCTCCG-3' (sense) 620
5'-CACAGGGTTGGCCACTGTGCATTGAGTCCATGGGGAGCTTT-3' (antisense)

Oligonucleotide sequence of primers used for RT-PCR. mdr1, MRP and LRP gene-specific primers were from Noonan et al.,14 Zaman et al.15

and Schadendorf et al.16
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HCT-15 (Table 2). For other MDR-related drugs, the
low and intermediate resistant HCT-15/ADM1 and
HCT-15/ADM2 showed a moderate elevation of a 1.42-
to 5.40-fold increase in the resistance factor to
epirubicin, mitoxantrone, vincristine, etoposide and
taxol (Table 3). These antitumor drugs were shown to
be transported by P-gp or MRP.5,19 The highly
adriamycin-resistant HCT-15/ADM2-2 showed the high-
est in vitro change in drug response, leading to a 3.12-
to 5.41-fold increase in IC50 values depending on the
different MDR-related drugs. These results demon-
strated that these three sublines were clearly cross-
resistant to MDR-related drugs. However, no signifi-
cant differences in IC50 values between the parental
and resistant sublines were obtained for the non-MDR-
related drug, mytomycin C.

Characterization of resistance in vivo

Resistance of parental HCT-15 and highly adriamycin-
resistant HCT-15/ADM2-2 cells were evaluated in vivo

by use of established xenografts in athymic mice. The

HCT-15 and HCT-15/ADM2-2 xenografts achieved a
volume of more than 100 mm3 on day 11 or 7. At that
time, mice were treated i.v. once with the 80% of
maximum tolerated doses of adriamycin (8 mg/kg
body weight) known from a pilot study. Tumor
volumes in nude mice transplanted with HCT-15 or
HCT-15/ADM2-2 cells were decreased by treatment
with adriamycin (Figure 1). The T/C values of single
adriamycin treatment in the HCT-15 or HCT-15/ADM2-
2 xenografts were 60.0 or 69.0%, as measured 4 weeks
after the treatment. Thus, there was no significant
difference in the adriamycin resistance in the HCT-15/
ADM2-2 as compared to the parental HCT-15 using the
nude mice system.

Co-expression of different
resistance-associated markers

Parental HCT-15 cells naturally co-express P-gp, MRP
and LRP.11,20 To examine whether acquisition of
adriamycin resistance was altered at the molecular
level, mdr1, MRP and LRP mRNA levels in the cells

Table 2. Resistance profile to adriamycin and relative expression of resistance-associated markers in HCT-15 and
HCT-15/ADM cells

IC50 values (ng/ml), relative resistance and expression of resistance-associated markers

HCT-15 HCT-15/ADM1 HCT-15/ADM2 HCT-15/ADM2-2

Adriamycin 252+a (1)b 562+219 (2.23) 1110+295*** (4.40) 1960+810*** (7.77)
P-gp level 1+0.06c 1.69+0.24 2.33+0.63** 4.73+0.68***
MRP level 1+0.10 1.13+0.08* 1.37+0.15 1.43+0.16**
LRP level 1+0.06 0.825+0.01* 0.985+0.04 0.771+0.02**

Cell growth was measured by means of the XTT assay, as described in Materials and methods.
aThe IC50 values were defined as the concentration of cells inhibiting growth at 50%.
bRelative resistance of adriamycin was determined by dividing IC50 values of HCT-15/ADM by that of HCT-15 cells.
cThe relative expression level of resistance-associated markers in intact or permeabilized cells was determined by flow cytometry using
monoclonal antibody MRK16, MRPr1 and LRP-56, respectively. These monoclonal antibodies recognize extracellular (MRK16 and MRPr1) or
intracellular (LRP-56) domains of the markers.17,18 The relative expression level was expressed as the ratio of the specific fluorescence
intensity of HCT-15/ADM sublines to those of HCT-15. The values are means and SD of at least three determinations.
Significant difference from IC50 values or expression of resistance-associated markers of HCT-15 cells: *P50.05, **P50.01, ***P50.001
[Bonferroni/Dunn (two-tail)].

Table 3. Cross-resistance profile to various MDR-related antitumor drugs in HCT-15 and HCT-15/ADM cells

Drugs IC50 values (ng/ml) and relative resistance

HCT-15 HCT-15/ADM1 HCT-15/ADM2 HCT-15/ADM2-2

Epirubicin 1980+384a (1)b 3130+935 (1.58) 6600+1490*** (3.34) 8550+2340*** (4.33)
Mitoxantrone 87+16 (1) 124+32 (1.42) 470+54*** (5.40) 272+133*** (3.12)
Vincristine 192+138 (1) 589+277 (3.07) 943+531*** (4.91) 1040+342*** (5.41)
Etoposide 1740+110 (1) 3940+544*** (2.27) 4420+1250*** (2.55) 5480+1270*** (3.16)
Taxol 326+37 (1) 916+500** (2.81) 859+162** (2.63) 1570+426*** (4.81)
Mytomycin C 3530+1710 (1) 2840+544 (0.80) 6230+109** (1.77) 901+538 (0.26)

aIC50 values and brelative resistance to MDR-related antitumor drugs were determined.
Significant difference from IC50 values of HCT-15 cells: *P50.05, **P50.01, ***P50.001 [Bonferroni/Dunn (two-tail)].
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were evaluated by a RT-PCR method using PCR MIMIC
as a heterologous internal standard. As demonstrated
in Figure 2, mdr1, MRP and LRP mRNAs were
detected in parental as well as in all resistant sublines.
Whereas the LRP expression level was unaffected by
adriamycin treatment, mdr1 and MRP mRNA increases
were observed in adriamycin-resistant sublines. When
analyzing RT-PCR products specific for the MDR gene
in comparison with those for the MIMIC, the ratios
were 0.751, 0.953, 1.05 and 2.33 (mdr1), and 0.410,
0.597, 0.719 and 1.28 (MRP) in HCT-15, HCT-15/
ADM1, HCT-15/ADM2 and HCT-15/ADM2-2 cells. In
addition, concerning the absolute MDR gene expres-
sion in the cells, approximately equal amounts of
mdr1 gene and MIMIC were amplified in the presence
of 0.765 amol of mdr1 MIMIC, while equal amounts of
gene and MIMIC were amplified in the presence of
0.00765 amol of MRP or LRP MIMICs (Figure 2). This
suggested that the absolute amounts of MRP or LRP

mRNA were significantly very small compared to
mdr1 mRNA.

Flow cytometry analysis was further performed to
evaluate the involvement of the MDR-associated genes
mdr1, MRP and LRP on the protein level in a

quantitative manner in the cells. The analysis showed
that parental HCT-15 co-expresses the resistance-
associated markers, P-gp, MRP and LRP (Figure 3).
Adriamycin induced a significant increase in both P-gp
and MRP expression levels in the resistant sublines
using the MRK16 antibody (p50.01 in HCT-15/ADM2;
p50.001 in HCT-15/ADM2-2) and the MRPr1 antibody
(p50.01 in HCT-15/ADM2-2), whereas no significant
drug-induced increase in LRP expression was observed
using the LRP56 antibody (Table 2). The specific
fluorescence intensities were compared with those
obtained with the parental cells, and the relative
expression of HCT-15, HCT-15/ADM1, HCT-15/ADM2
and HCT-15/ADM2-2 was 1, 1.69, 2.33 and 4.73 for P-
gp, and 1, 1.13, 1.37 and 1.43 for MRP (Table 2). These
results obtained with monoclonal antibodies using
flow cytometry are in agreement with the results of

● HCT-15
● HCT-15+adriamycin
▲ HCT-15/ADM2-2
▲ HCT-15/ADM2-2+adriamycin

Figure 1. Response of HCT-15 or HCT-15/ADM2-2 cells of
nude mice to administration of adriamycin. Athymic mice
were injected s.c. with 107 HCT-15 or HCT-15/ADM2-2 cells
on day 0. Adriamycin (8 mg/kg body weight ) was given i.v.
on day 11 (HCT-15 xenografts) or day 7 (HCT-15/ADM2-2
xenografts). Symbols and bars denote the means and SD
from 10 nude mice for the control group or five nude mice for
the treatment group.

Figure 2. Target and MIMIC PCR products of mdr1, MDR
and LRP. Total RNA (0.15 mg) extracted from parental and
resistant sublines, and mdr1 MIMIC (0.765 amol), MRP
MIMIC and LRP MIMIC (0.00765 amol) were used in the
PCR reactions. After 24 amplification cycles, the products
were resolved on a 1.5% agarose gel and stained with
ethidium bromide. Lane M represents a 100-bp DNA ladder
as a size marker.
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mRNA expression analyses by RT-PCR, indicating that
adriamycin induces mainly an increase in the mdr1

gene and a slight increase in the MRP gene. In
addition, the relative expressions of P-gp and MRP

were well correlated (Figure 4, r=0.508, p50.0458),
while a relationship between P-gp and LRP had no
statistical correlation (Figure 4, r=70.651,
p50.0404).

Figure 3. Expression of resistance-associated markers on parental and resistant sublines. P-gp, MRP or LRP expression was
determined by flow cytometry using monoclonal antibodies MRK16, MRPr1 and LRP-56, respectively. The fluorescence of
5000 cells was measured at an excitation wavelength of 488 nm. The vertical and horizontal axes indicate the relative cell
number and fluorescence intensity.
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Correlation of P-gp, MRP and LRP
expression with drug sensitivity

To elucidate the contribution of the resistance-
associated markers with MDR, we examined the
relationship between the expression of the three
resistance markers and in vitro drug resistance. As
shown in Figure 5, statistically significant correlations
were observed between P-gp expression and resis-
tance to MDR-related drugs, i.e. adriamycin (r=0.819,
p50.0001), vincristine (r=0.582, p=0.0003), mitox-
antrone (r=0.364, p=0.0317), taxol (r=0.769,

p50.0001), epirubicin (r=0.8245, p50.0001) and
etoposide (r=0.728, p50.0001). A similar positive
correlation was shown for MRP expression, i.e.
adriamycin (r=0.777, p50.0001), vincristine
(r=0.691, p50.0001), mitoxantrone (r=0.727,
p50.0001), taxol (r=0.687, p50.0001), epirubicin
(r=0.876, p50.0001) and etoposide (r=0.776,
p50.0001). These results indicated that changes in
P-gp and MRP expression were associated with drug
resistance in these sublines. However, no direct
correlation was observed between P-gp, MRP and
response to mytomycin C (P-gp; r=70.501,
p=0.0972, MRP; r=70.0526, p=0.871), and between
LRP and resistance to all MDR-related drugs (data not
shown).

P-gp function assay

Rhodamine 123 was used as a molecular probe for a
functional assay. Since this fluorescent dye is con-
sidered to be a relatively specific substrate of P-gp,21

reduced retention of rhodamine 123 in the cells gives
an indication of the function of P-gp. Rhodamine 123
retention was evaluated after accumulation for 30 min
and 30 min efflux in dye-free medium. As shown in
Figure 6, adriamycin-resistant sublines HCT-15/ADM2
and HCT-15/ADM2-2 significantly reduced retention of
rhodamine 123 compared with the parental cells
(p50.001 for HCT-15/ADM2; p50.001 for HCT-15/
ADM2-2). The rhodamine 123 retention in the
adriamycin-resistant sublines correlated with the
relative P-gp expression (correlation coefficient;
r=70.760, p50.001).

r Ð0.651

p<0.0404

r =0.508

p <0.0458

Figure 4. Relationship between expression level of resis-
tance-associated markers. The expression levels of P-gp,
MRP and LRP measured by flow cytometry were expressed
as the ratio of resistant sublines to that of parental cells (see
also Table 2). The correlation coefficients between P-gp,
MRP and LRP were determined by Pearson's correlation
test. The P-gp expression level correlated well with MRP,
whereas the no correlation was observed with LRP.

●
●
▲
▲
■
■

Figure 5. Expression of P-gp, MRP and LRP in relation to the relative resistance to MDR-related antitumor drugs. Cell growth
of HCT-15 and HCT-15/ADM was measured by means of the XTT assay. The relative resistance was expressed as the ratio
of IC50 values of resistant sublines to that of parental cells (see also Tables 2 and 3). The relative resistance was plotted
against the relative P-gp, MRP and LRP expression levels.
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It remains unclear whether MRP-mediated transport
exists under these conditions, since longer incubation
times (more than 60 min) are needed to detect MRP-
mediated rhodamine 123 transport.21

Discussion

In this study, we established three adriamycin-resistant
sublines from the human colorectal adenocarcinoma
HCT-15 by continuous exposure and selection with
25±200 ng/ml adriamycin. These sublines were show-
ing 2.23-, 4.40- and 7.77-fold resistance to adriamycin
compared with the parental HCT-15 cells, and cross-
resistance to MDR-related drugs, epirubicin, mitoxan-
trone, vincristine, etoposide and taxol, but not the
MDR-unrelated drug, mytomycin C (Tables 2 and 3).
The development of resistance did not lead to a
remarkable change in proliferation characteristics such
as tumor doubling time. They were transplanted to
athymic nude mice and the in vivo growth rates were
roughly similar.

Since some cancer cells in tumors are likely to co-
express a variety of genes involved in the development
of resistance, we analyzed the expression of different
MDR-associated genes on the mRNA as well as the
protein level. Although our RT-PCR method was semi-
quantitative, the induction by adriamycin of mdr1 and
MRP gene expression was observed in the three
adriamycin-resistant sublines. A similar situation was
apparent for the antibody-labeled protein level. P-gp
and MRP expression determined by flow cytometry
were 1.5- to 5-fold up-regulated following the adria-

mycin-selected steps (Figure 3 and Table 2). Since flow
cytometry gives quantitative data, the results obtained
by RT-PCR on the mRNA level were confirmed on the
protein level as well. On the other hand, LRP
expression determined by flow cytometry and RT-
PCR in our sublines remained unaffected by the
developing adriamycin resistance, although LRP over-
expression has frequently been observed in adriamy-
cin-selected cells.11

Furthermore, we also confirmed in our study that
antibody-labeled P-gp and MRP expression were
significantly correlated with the resistance of the cells
to adriamycin (Figure 4). Thus, P-gp and MRP
expression is considered to be induced by developing
adriamycin-resistance phenotype. The acquired MDR
during chemotherapy can be explained based on the
two previous reports that stated MDR-related anti-
tumor drugs such as adriamycin possess the ability to
modulate transcription of the mdr1 gene.22,23 In
addition, several drug-responsive elements have been
identified within the mdr1 gene promoter and the
inducibility of reporter genes through the mdr1 gene
promoter gene sequence by classical MDR-related
antitumor drugs including adriamycin, vincristine or
actinomycin D has been shown.24 On the other hand,
drug inducibility of MRP expression could also have
been expected since MRP has mainly been identified
in adriamycin (or other anthracycline)-selected cell
lines.25 Although there is data on the MRP gene
promoter and its transcription regulation,26 the
identification of putative response elements remained
to be investigated in adriamycin resistance. In the
present study, we do not know whether our
adriamycin-resistant sublines of HCT-15 might be
developed by a transcriptionally similar regulation of
mdr1 and MRP genes. However, it is clear that the
induction of these genes by adriamycin resulted in the
changes of P-gp and MRP expression.

Moreover, the expression of MRP was slightly
increased in the adriamycin-resistant sublines as
compared with P-gp expression as measured on an
mRNA as well as protein level (Figure 2 and Table 2).
In addition, since taxol is not a good substrate
transported by MRP,19,27 it is remarkable that a
possible taxol resistance in the sublines is mediated
by P-gp. Therefore, our data lead to the conclusion that
the adriamycin-induced MDR phenotype in HCT-15
cells may be mainly caused by an increase in the mdr1

gene and partially caused by an increase in the MRP

gene.
Since almost all investigations have been performed

in in vitro systems, it remains unclear whether the
resistance phenotypes could be maintained in in vivo

systems as well. Therefore, we decided to perform the

Figure 6. P-gp expression-dependent reduction of rhoda-
mine 123 retention (%). Rhodamine 123 retention (%) of
parental and resistant sublines was estimated by 30-min
accumulation at 10 mg/ml rhodamine 123. Symbols and bars
denote the means and SD from at least four determinations.
Significant difference from HCT-15: *p50.05, **p50.01,
***p50.001 by ANOVA [Bonferroni (two-tail)].
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adriamycin sensitivity studies in vivo. The adriamycin-
resistant subline HCT-15/ADM2-2 did not change
adriamycin resistance in vivo (Figure 1). Since HCT-
15 are colon carcinoma cells that have intrinsically
high resistance as reported in previous studies,11 the
additional resistance to adriamycin might be limited in

vivo by use of the established xenografts in athymic
nude mice. Furthermore, the difference between the
sensitivity in vitro and in vivo is likely explained by
the assumption that the contributions of other
mechanisms [e.g. via DNA topoisomerase II, ATP-
dependent glutathione S-conjugate transporter (GS-X
pump)] to the resistance phenotype could exist in our
HCT-15 sublines. Such an assumption would support
the previous observation that the overexpression of
MRP has recently been shown to increase the GS-X
pump,28 and decreased DNA topoisomerase II activ-
ity.29 Therefore, rhodamine 123 efflux and sensitivity
data obtained in vitro is partially possible in our study.
It must be concluded from these examples of acquired
resistance, that other mechanisms and resistance
markers than those that we have determined probably
contribute to the resistance phenotype.

Our established adriamycin-resistant sublines of
HCT-15 showed 2.2- to 7.8-fold resistance to adria-
mycin, and represent mainly a P-gp- and partially
MRP-mediated MDR after acquired additional resis-
tance in vitro. Since several cell lines selected in the
laboratory showed high drug resistance, it may be
difficult to extrapolate the results to that observed in
the clinic. Thus, detailed characterization as shown in
this study will provide clinically relevant tools to
investigate how to overcome drug resistance and
elucidate possible mechanisms of acquired MDR in
human colon cancer.
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