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Specific reversal of MDR1/P-gp-dependent multidrug
resistance by RNA interference in colon cancer cells
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Abstract. No control cell line was available for previous
RNA interference studies on reversal of multidrug resistance
(MDR) in colon cancer cells. Here, human COLO 320DM,
with HT-29 as the control, colon cancer cell lines were used
to investigate the reversal of MDR1/P-gp-dependent MDR
by siRNA (#4123 and #4029 MDR1 siRNAs) targeting to
MDRI1 mRNA. Both siRNAs inhibited expression of MDR1
and P-gp in COLO 320DM. The minimum inhibition concen-
trations were 5 nmol/l of #4123 and 25 nmol/l of #4029.
#4123 MDRI1 siRNA took effect in 4, 5 and 6 days at doses
of 5,25 and 100 nmol/l, respectively. Increased cytotoxicity
of the antitumor drugs adriamycin and vincristine with
increased intracellular adriamycin accumulation accompanied
inhibition of MDR1 mRNA and P-gp expression. No such
effects were found in the HT-29 control. MDR1 siRNAs
specifically reversed the MDR of colon cancer cells demon-
strating a possible new approach for treating MDR1/P-gp-
dependent multidrug resistance.

Introduction

Colon cancer is the second leading cause of cancer death in
the United States (1). Most patients with colon cancer are in
its advanced stage by the time of diagnosis (2), so surgery is
rarely sufficient treatment. Consequently, chemotherapy is
very important in the treatment of colon cancer. However,
the effectiveness of chemotherapy is limited because colon
cancer cells become drug resistance (3).

Classical multiple drug resistance (MDR) in cancer cells
is thought to be related to the overexpression of P-glycoprotein
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(P-gp, MDR1) (4). P-glycoprotein is a 170-kDa trans-
membrane protein and a member of the ATP-binding cassette
transporter superfamily. P-glycoprotein functions as an energy-
dependent efflux pump, thereby resulting in decreased concen-
trations of intracellular drugs and resistance to the chemo-
therapeutic effect of these drugs. To improve the effect of
chemotherapy in the treatment of colon cancer, one of the
major challenges is how to reverse MDR in colon cancer cells.
In previous studies, calcium antagonists such as verapamil
(5), antisense oligonucleotides (6) and hammerhead ribozymes
(7) were found to modulate MDR 1/P-gp-dependent MDR by
down-regulating the expression of the MDR1 mRNA and
P-gp. However, calcium antagonists may cause heart failure
and hypotension (8), and the clinical benefit of antisense
oligonucleotides and hammerhead ribozymes has not been
realized. So successful reversal of drug resistance is still
awaiting new therapeutic strategies or pharmaceuticals.

A novel means for specific inhibition of a target gene is
the use of small interfering RNA (siRNA). These 21-23
nucleotides (nt) long, double-stranded RNA (dsRNA)
molecules can direct degradation of eukaryotic mRNAs in a
sequence-specific manner (9). This ubiquitous mechanism of
gene regulation in plants and animals was designated as RNA
interference (RNA1) (10).

In this study, we chose the COLO 320DM cell line for
our colon cancer model to investigate the reversal of MDR
using siRNA. COLO 320DM has been reported to express
P-gp and has MDR to many chemotherapeutic agents (14).
The HT-29 control cell line has been reported to resist many
antitumor agents but does not express P-gp (11). Two synthetic
MDRI1 siRNAs were transfected into COLO 320DM to
determine if they could inhibit the expression of MDR1
mRNA and P-gp. Furthermore, cell proliferation analysis and
intracellular adriamycin accumulation assays were performed
after the introduction of MDR1 siRNAs combined with anti-
tumor drug treatment in both cell lines.

Materials and methods
Cell culture. Two human colon adenocarcinoma cell lines,

COLO 320DM and HT-29, were purchased from ATCC
(American Type Culture Collection, Manassas, VA) and
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cultured in RPMI-1640 medium (Hyclone, Logan, UT) supple-
mented with 10% FBS (Sigma, St. Louis, MO), 100 units/ml
penicillin and 100 pgg/ml streptomycin (Mediatech Inc.,
Herndon, VA) at 37°C in a humidified incubator containing
5% CO,.

SIRNA synthesis and transfection. The siRNA sequences
targeting ABCB1 (Genebank accession no. NM000927) were
designed according to the algorithm developed by Ambion's
partner Cenix BioScience GmbH (Dresden, Germany). Two
MDRI1 siRNA duplexes (#4123 and #4029 MDR1 siRNA),
one positive control (B-actin) siRNA, and one negative
control siRNA were synthesized by Ambion (Austin, TX).
For #4123 MDRI1 siRNA the sense strand is 5'-GGAUAUU
AGGACCAUAAAULtt-3" and the antisense strand is 5'-AUU
UAUGGUCCUAAUAUCCtg-3'". For #4029 MDRI1 siRNA
the sense strand is 5'-GGAAAUUUAGAAGAUCUGA(t-3'
and the antisense strand is 5'-UCAGAUCUUCUAAAUU
UCCtg-3'. Cells treated with Lipofectamine™ 2000 and
Opti-MEM® I reduced serum medium (Invitrogen, Carlsbad,
CA) were set as the liposome control (mock). The siRNA
duplexes were transfected according to the recommended
procedure by using the Lipofectamine 2000.

Real-time RT-PCR. Total RNA was isolated from cells using
TRIzol Reagent (Invitrogen) according to manufacturer's
instructions. Single stranded cDNA was synthesized from 1 ug
RNA using a cDNA synthesis kit (Invitrogen). The newly
synthesized cDNA was amplified by PCR using an iCycle
instrument (Bio-Rad, Hercules, CA). The reaction mixture
contained 1 ul of cDNA template, 1.5 mM MgCl,, 2.5 units
Taq polymerase, 10 pmol MDRI1 sense primer and 10 pmol
MDRI antisense primer, 0.63 x1 SYBR green I, and 0.25 ul
FCD (Roche, Florence, SC). The final reaction volume was
25 ul. Both sense and antisense B-actin primers were used as
internal controls. Cycling conditions were as follows: 95°C
for 5 min to denature cDNA and primers, then followed by
40 cycles at 95°C for 30 sec, 55°C (MDR1) or 56°C (B-actin)
for 30 sec and 72°C for 30 sec. Based on the fluorescence
intensity curve, the appropriate amplification cycles (26 cycles
for MDR1 and 23 cycles for -actin with the last cycle running
at 72°C for 5 min) were chosen. Aliquots of PCR product
were electrophoresed using 1.5% agarose gels, and PCR
fragments were visualized by ethidium bromide staining. The
amplification products of MDR1 and B-actin were 161 and
254 bp, respectively.

Western blot analysis. Cells were washed twice with PBS,
and then lysed with lysis buffer (30 mM Tris-HCI pH 7.4,
1% SDS). Cell lysates were centrifuged at 12000 g, at 4°C
for 15 min. The total cellular protein was determined with
BCA™ protein assay kit (Pierce, Rockford, IL). Subsequently,
cellular proteins were dissolved in sample loading buffer
and run on 7.5% SDS-PAGE gels. Proteins were electro-
transferred onto PVDF membranes (100 V, 2.5 h). The
membranes were rinsed with PBS and blocked with 10%
non-fat milk in PBS for 3 h at room temperature. Membranes
were then incubated with the primary antibody C219 (1:100)
(Signet, E1 Monte, CA) or B-actin (1:4000) (Sigma) in 3%
non-fat milk. After primary antibody incubation, membranes
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Figure 1. (A) RT-PCR analysis of MDR1 mRNA expression in COLO
320DM and HT-29 cell lines. MDR1 mRNA was strongly detected in
COLO 320DM, but not in the HT-29 control cell line. -, no cDNA template
added. (B) Western blot analysis of P-gp with monoclonal antibody C219 in
COLO 320DM and HT-29 cell lines. COLO 320DM expressed P-gp, but
HT-29 did not.

“n

were rinsed in TBS-T wash buffer for 5 min 6 times each.
Membranes were then incubated with secondary antibody
(HRP-conjugated goat anti-mouse IgG, 1:6000) (Pierce) for
1 h at room temperature and rinsed in TBS-T wash buffer for
5 min 6 times each. The protein-antibody complexes were
visualized by chemiluminescence (ECL system, Amersham
Bioscience, Piscataway, NJ).

MTT assay. Cell proliferation assays were performed by
MTT assay (12). Cells were seeded at 1x10%/well in 96-well
microtiter plates. After 24 h incubation, siRNA transfection
was performed. An antitumor drug was added 4 h after trans-
fection. Then cells were incubated at 37°C in 5% CO,. Then
30 ul of 5 mg/ml MTT solution was added and incubated for
4 h at 37°C. Medium and MTT solution were discarded after
4 h incubation. DMSO (150 pl) was added into each well to
stop the reaction and shaken for 5 min. Optical density (OD)
value was read on a Synergy HT multi-detection microplate
reader (Bio-Tek Instruments, Inc., Winooski, VT) at A=570 nm.

Intracellular adriamycin accumulation assay. The fluore-
scence intensity of intracellular adriamycin was determined
using flow cytometry according to the standard method (13).
Cells were plated at 2x10/well in 6-well plates 24 h prior to
siRNA transient transfection and incubated for 48 h. Then
adriamycin (10 gmol/l final concentration) was added and
incubated for 2 h. The cells were harvested and washed twice
with cold PBS, then placed in ice-water to block the reaction
until analysis. After half an hour, the fluorescence intensity
of cells was determined by FACSCalibur™ flow cytometry
(Becton-Dickinson, San Jose, CA) at an excitation wavelength
of 488 nm and receiving wavelength of 575 nm.

Results

Expression of MDRI mRNA and P-gp. In order to examine
the MDR1 mRNA and P-gp expression in COLO 320DM and
HT-29 cell lines, RT-PCR and Western blot analysis were
performed. As shown in Fig. 1A, RT-PCR analysis revealed
that COLO 320DM expressed MDR1 mRNA while HT-29 did
not. The Western blot analysis was consistent with the results
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Figure 2. (A) Real-time RT-PCR analysis of MDR1 mRNA expression in COLO 320DM cell line with different concentrations of siRNA introduced into the
cells. (B) Western blot analysis of P-gp in the COLO 320DM cell line. P-gp expression was not inhibited in the liposome, negative, or 3-actin siRNA controls.
But 50, 25, 15 and 5 nmol/l of #4123 MDRI1 siRNA completely inhibited the expression of P-gp. #4029 MDR1 siRNA (50 and 25 nmol/l) completely

inhibited the expression of P-gp as well.

from RT-PCR. Western blot analysis (Fig. 1B) also revealed
that COLO 320DM had strong expression of P-gp while
HT-29 had no detectable P-gp.

The minimum inhibition concentrations of MDRI siRNAs on
MDRI1 mRNA and P-gp expression in COLO 320DM cells.
In order to investigate the inhibition effect of siRNA on the
expression of MDR1 mRNA and P-gp, COLO 320DM cells
were seeded in a 24-well plate. Serial concentrations of the
two MDRI1 siRNAs were transfected into COLO 320DM
cells. Cells cultured in medium without liposome and siRNA
treatment were used as controls. The liposome control (mock)
was treated only with Lipofectame 2000. Positive controls
were treated with 50 nmol/l 3-actin siRNA. Negative controls
were treated with control siRNA containing no homology to
any human gene. Cells of each group were harvested 72 h
after transfection. Real-time RT-PCR detected expression
of MDR1 mRNA. Western blot examined the expression of
P-gp. Fig. 2A demonstrates the minimum concentration of
siRNA required for complete inhibition of MDR1 mRNA
expression. Cells were introduced to a 1-50 nmol/l range of
siRNA concentrations. The minimum concentration for #4029
MDRI1 siRNA was 25 nM while for #4123 MDRI1 siRNA it
was 5 nM. The Western blot analysis of P-gp expression was
consistent with the result from real-time RT-PCR (Fig. 2B).

The duration of inhibition effect of different concentrations of
#4123 MDRI siRNA on P-gp expression in COLO 320DM
cells. In order to investigate the onset time of MDR1 siRNA
and the duration of inhibition after transient transfection with
chemically synthesized MDR1 siRNA, #4123 MDRI1 siRNA

at serial concentrations (higher than the minimum concen-
tration) was transfected into COLO 320DM cells. Cells were
harvested from 1 to 10 days after transfection. As shown by
Western blot in Fig. 3, when COLO 320DM cells were trans-
fected with 5 nM of #4123 MDRI1 siRNA P-gp expression
began to decrease after day 1 then increased from day 5 on.
At 25 nM of #4123 MDRI1 siRNA, P-gp expression was
inhibited from day 1 to day 5; 25 and 50 nM of #4123 MDRI
siRNA had similar effects. At 100 nM of #4123 MDRI1
siRNA, P-gp expression began to decrease after day 1 and
then increased beginning at day 7. Therefore, the effective
treatment times of 5, 25 and 100 nmol/l of #4123 MDRI1
siRNA were 4, 5 and 6 days, respectively.

Cell viability of COLO 320DM cells treated with different
concentrations of #4123 MDRI siRNA and adriamycin at
different time-points. Expressions of P-gp in COLO 320DM
cells transfected with serial concentrations of #4123 MDRI
siRNA were different. The higher the concentration of
MDRI1 siRNA, the longer the inhibition of P-gp expression.
Adriamycin is one of the most common antitumor drugs. Of
concern was whether the longer inhibition of P-gp expression
when the cells were treated with adriamycin was consistent
with COLO 320DM cell viability. Serial concentrations of
#4123 MDRI1 siRNA were transfected into COLO 320DM
cells, and 4 h after transfection, a final concentration of
0.32 pmol/l of adriamycin was added. Cells were cultured
from 1 to 10 days. Cell viability was measured by MTT assay.
As shown in Fig. 4, cell viability of COLO 320DM cells
decreased to about 61% by day 10 when cells were treated
with adriamycin only. But when cells were treated with 5, 25,
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Figure 3. Western blot analysis of P-gp expression days 1 through 10 in COLO 320DM cells transfected with different concentrations of #4123 MDR1 siRNA.
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Figure 4. Cell viability of COLO 320DM cells treated with different concentrations of #4123 MDR1 siRNA and adriamycin over a 10-day incubation.

50 and 100 nM MDRI1 siRNA combined with adriamycin, cell
viability decreased to about 36, 27,25 and 17%, respectively.

Enhancement of chemosensitivity of COLO 320DM cells
treated with MDRI siRNA. To investigate if MDR1 siRNA
could reverse the MDR of the COLO 320DM cell line
mediated by P-gp, COLO 320DM and HT-29 control cells
were transfected with #4123 or #4029 MDRI1 siRNA. Both

cell lines were treated with the minimum concentrations (5 nM
for #4123 MDR1 siRNA, and 25 nM for #4029 MDR1
siRNA) of MDR1 siRNAs, and then additionally treated with
the antitumor agents adriamycin or vincristine respectively
for 3 days. Adriamycin and vincristine were added to the cell
culture in the following concentrations: 0.32 and 0.0128
pumol/l respectively for the COLO 320DM cell line, 0.16 and
0.0016 pmol/l respectively for the HT-29 cell line. Finally
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Table I. Cell viability of COLO 320DM and HT-29 cells after MDR1 siRNA (#4123 or #4029) transfections combined with

adriamycin and vincristine treatment.

COLO 320DM cell line (%)

HT-29 cell line (%)

Control

Liposome only

#4123 MDRI1 siRNA

#4029 MDR1 siRNA

Adriamycin

Liposome plus adriamycin

#4123 MDRI1 siRNA plus adriamycin
#4029 MDRI1 siRNA plus adriamycin
Vincristine

Liposome plus vincristine

#4123 MDRI1 siRNA plus vincristine
#4029 MDRI1 siRNA plus vincristine

100.0+1.2 100.0+4.3
98.4+2.2 99.8+4.0
97.8+3.1 97.6+4.1
98.8+2.8 96.84+9.5
83.2+2.7* 80.1£5.0°
81.9+3.72 80.4+4.72
63.4+1.7%0 78.8+£3.2¢
61.6+5.6° 78.9+4 .82
84.3+6.5* 82.7+7.1°
82.1+4.52 839+74¢
59.8+47.1a¢ 82.1+5.42
62.6£9 .9a¢ 82.7+6.32

3Compared with control, P<0.01. ®Compared with adriamycin, P<0.01. ‘Compared with vincristine, P<0.01.

Table II. Fluorescence intensity of adriamycin in two cell lines after treatment of adriamycin combined with MDR1 siRNAs.

COLO 320DM cell line

HT-29 cell line

Control

Adriamycin

Liposome plus adriamycin

#4123 MDR1 siRNA plus adriamycin
#4029 MDR1 siRNA plus adriamycin

4.25+0.37
194.13+23.74
202.40+13.17°
405.03+40.86°
375.26+21.61°

7.97+0.68
247.74+18.23
261.70+5.48°
272.30x14.07°
252.79+8.59°

2Compared with adriamycin, P<0.01. °Compared with adriamycin, P>0.01.

the MTT assay was performed. Table I demonstrates that
neither #4123 nor #4029 MDRI1 siRNA itself could kill
COLO 320DM or HT-29 cells. However, more COLO 320DM
cells were killed when treated with either #4123 or #4029
MDRI1 siRNA combined with adriamycin or vincristine than
the HT-29 control cells were.

Increased intracellular adriamycin accumulation in COLO
320DM cells treated with MDRI1 siRNAs. To investigate if
MDRI1 siRNA could increase intracellular antitumor drug
accumulation, intracellular adriamycin accumulation assay
was performed. As shown in Table II, in the COLO 320DM
cell line, fluorescence intensity in cells without adriamycin
treatment was only 4.25 (negative control, background). When
treated with adriamycin, fluorescence intensity was 194.13.
However, the fluorescence intensity was significantly
increased to 405.03 and 375.26 when treated with adriamycin
combined with #4123 or #4029 MDRI1 siRNA respectively.
In contrast, in the HT-29 control cell line fluorescence intensity
without adriamycin treatment was 7.97 (negative control,
background) and when treated with adriamycin, the fluore-

scence intensity was 247.74. However, the fluorescence
intensity could not be significantly increased when treated
with adriamycin combined with either #4123 or #4029
MDR1 siRNA.

Discussion

COLO 320DM is a multiple drug resistant (MDR) human
colon cancer cell line which is resistant to many antitumor
drugs including adriamycin and vincristine express P-gp, but
not multidrug resistance-associated protein (MRP) (11).
Therefore, COLO320DM is a MDR1/P-gp-dependent MDR
colon cancer cell line. In contrast, HT-29 is a non-MDR1/
P-gp-dependent MDR human colon cancer cell line. HT-29
does not express P-gp (11), but exhibits MDR related to the
expression of MRP (14). This study investigates the RNAi
effects on the MDR of the COLO 320DM and HT-29 cell
lines. There have been reports of RNAi knock down of MDR
in colon cancer, namely, that RNAi decreased both MDR1
mRNA and P-gp. However, those studies were in different
cancer cell lines, without a control cell line to demonstrate
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that RNAi worked directly through MDR1/P-gp (15,16). In
this study, we clearly demonstrate the efficacy of MDR1
siRNA targeting MDR1 mRNA in knocking down the
phenotype of MDR in COLO 320DM cells, without knocking
down MDR effects in the HT-29 control cells. Furthermore,
MDRI1 siRNAs enhance the cytotoxicity of the antitumor
drugs adriamycin and vincristine in COLO 320DM but not in
the HT-29 control cell line. This reveals the specificity of
MDRI siRNA targeting to MDR1 mRNA.

The MDR phenotype can result from the overexpression
of members of the ATP binding cassette (ABC) superfamily
of transmembrane transporters. The MDR phenotype is
accompanied by enhanced activity of P-gp and is designated
classical MDR, while MDR phenotypes without P-gp are
named atypical or non-MDR1/P-gp-dependent MDR (4).
Several mechanisms lead to atypical MDR, including over-
expression of alternative ABC-transporters, such as MRP, or
breast cancer resistance protein (BCRP). In one report, the
Caco-2 colon cancer cell line was used as a model to
investigate the degree of suppression siRNA targeting to
MDRI1 mRNA had on MDR1 gene expression and function
in colon cancer cells. However, Caco-2 cells highly expressed
BCRP and MRP2 in addition to P-gp as compared to classical
MDRI1 (15). We can speculate that various mechanisms were
attributed to the MDR phenotype of the Caco-2 cell line and
that BCRP and MRP2 may play a more important role in
leading to MDR in the Caco-2 cell line. Therefore, the Caco-2
cell line may not be the best colon cancer cell line to be used
to investigate the suppressing effect of siRNA targeting to
MDR1 mRNA on MDRI1 gene expression and function.
Based on our results, we strongly believe the COLO 320DM
cell line is a better choice for investigating the effect of MDR1
siRNA on the MDR1 gene expression and function in colon
cancer cells.

This study demonstrates that two synthetic MDR1 siRNAs
(#4123 and #4029 MDR1 siRNA) can inhibit the expression
of MDR1 mRNA and P-gp in the COLO 320DM cell line.
These data suggest that silencing the expression of MDR1
mRNA and P-gp as mediated by MDR1 siRNA is specific
and effective. The minimum concentration of #4123 MDRI1
siRNA which could completely inhibit the expression of MDR
mRNA and P-gp is 5 nM; the minimum concentration of
#4029 MDRI1 siRNA is 25 nM (Fig. 2). The minimum concen-
trations of these two MDRI1 siRNAs are lower than the
optimum concentrations of reported MDR1 siRNAs in both
the studies of Peng et al and Wu et al (17,18). This is likely
due to the differences in the sequences of MDR1 siRNAs and
transfection. It is also well known that high concentrations
of siRNA may not be efficacious because it could induce
non-specific gene silencing. The effective concentration of
siRNA is usually less than 100 nM (19). Therefore, the
minimum concentration of each siRNA in this study should
be optimal.

The intracellular adriamycin accumulation assay demon-
strated that both #4123 and #4029 MDRI1 siRNA could
increase intracellular adriamycin accumulation in COLO
320DM cells, but not in HT-29 cells. This is consistent with
the MTT assay results. This indirectly indicates that these
two MDRI1 siRNAs can suppress the function of P-gp in
MDR 1/P-gp-dependent MDR colon cancer cells, but can not
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suppress the function of P-gp in non-MDR1/P-gp-dependent
MDR colon cancer cells.

However, the inhibiting effects of MDR1 siRNA on MDR1
mRNA and P-gp in the COLO 320DM cell line were obtained
in vitro. Additionally, another clinical application issue
should be considered: MDRI1 gene products are present not
only in malignant cells but also in some normal tissues
such as peripheral blood cells and hemopoietic progenitors
found in normal human bone marrow (20). Although MDR1
expression in these tissues is relatively low, P-gp expression
may be important functionally in protecting these rapidly
dividing cells from toxicity after exposure to anticancer
drugs. Thus, in the clinical situation, it may be necessary that
the application of the MDR1 siRNA expression vector be
restricted to MDR1/P-gp-expressing multidrug-resistant
cancer cells. One promising strategy for cancer cell-limited
delivery of MDR1 siRNAs is the development of vector
systems specific for multidrug-resistant cancer cells. Recently,
a ‘replication-defective’ E1A-mutant adenoviral vector that
selectively and efficiently replicates in ‘classical’ multidrug-
resistant cells has been described (21). Viruses like this may
provide the basis for developing novel vectors for specific
gene therapies for multidrug-resistant cancer cells.
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