Vol. 10, 3333–3341, May 15, 2004

Clinical Cancer Research 3333

Enhanced Chemosensitivity to Irinotecan by RNA InterferenceMediated Down-Regulation of the Nuclear
Factor-B p65 Subunit
Jun Guo,1 Udit N. Verma,1 Richard B. Gaynor,2
Eugene P. Frenkel,1 and Carlos R. Becerra1
1

Division of Hematology-Oncology, Department of Medicine, Harold
Simmons Cancer Center, University of Texas Southwestern Medical
Center, Dallas, Texas, and 2Eli Lilly and Company, Indianapolis,
Indiana

ABSTRACT
In preclinical tumor models, inhibition of nuclear factor-B (NF-B) has been associated with increased sensitivity to chemotherapeutic agents such as irinotecan (CPT-11).
This is based on the fact that a variety of chemotherapy
agents such as CPT-11 activate NF-B to result in the
expression of genes such as c-IAP1 and c-IAP2 that might be
responsible for the inhibition of chemotherapy-induced apoptosis. In this study, RNA interference [small interfering
RNA (siRNA)] was used to down-regulate the NF-B p65
subunit in the HCT116 colon cancer cell line, and its role, in
the presence and absence of CPT-11, was assessed on cell
growth and apoptosis. Reduction of endogenous p65 by
siRNA treatment significantly impaired CPT-11-mediated
NF-B activation, enhanced apoptosis, and reduced colony
formation in soft agar. Furthermore, the in vivo administration of p65 siRNA reduced HCT116 tumor formation in
xenograft models in the presence but not the absence of
CPT-11 administration. These data indicate that the administration of siRNA directed against the p65 subunit of
NF-B can effectively enhance in vitro and in vivo sensitivity
to chemotherapeutic agents.

INTRODUCTION
The nuclear factor-B (NF-B) transcription factor is a
critical regulator of the expression of genes involved in the
immune and inflammatory response as well as in the control of
cell growth (1, 2). The NF-B complex is composed of a variety
of homodimers and heterodimers formed by five components
including p50, p52, p65 (RelA), RelB, and c-Rel subunit. The
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best-characterized form of NF-B consists of the p50 and p65
heterodimer (3, 4). This complex is sequestered in the cytoplasm
of most cells, where it binds to a family of inhibitory proteins
known as IB (5, 6). In response to a variety of stimuli such as
cytokines, the IB proteins are phosphorylated on two NH2terminal serine residues by the IB kinases, ubiquitinated, and
subsequently degraded by the proteasome (7, 8). Once released
from IB, the NF-〉 complex translocates to the nucleus and
increases expression of a variety of target genes including
inhibitors of apoptosis such as c-IAP1, c-IAP2, and Bcl-xL (9,
10).
Apoptosis induction is an important mechanism in chemotherapy-induced killing of tumors. In contrast, resistance to
chemotherapy in a variety of tumors is due to up-regulation of
genes that inhibit apoptosis (11). Recent experimental observations have demonstrated that activation of the NF-B pathway
serves as an important mechanism of cell survival in response to
chemotherapy treatment by activating a variety of genes such as
c-IAP1, c-IAP2, TRAF1, TRAF2, and Bcl-2 homologs that inhibit apoptosis (9, 11). In tumor models, NF-B is activated in
response to radiation and chemotherapy, and inhibition of the
NF-B pathway significantly enhances the apoptotic response to
chemotherapy (12, 13). Importantly, systemic use of NF-B
inhibitors such as the proteasome inhibitor PS-341 in conjunction with irinotecan (CPT-11) enhances chemotherapy-induced
cell killing by stimulating apoptosis (11, 14).
CPT-11 and its more active metabolite, SN38, are topoisomerase I inhibitors that have efficacy in the treatment of
certain neoplasms including colorectal cancer (15). Despite the
initial response to therapy, most patients treated with CPT-11
become resistant to this chemotherapy and exhibit tumor progression (16). CPT-11 treatment has been shown to lead to the
activation of NF-B in a variety of human colorectal cancer cell
lines (17). Activation of the NF-B pathway constitutes a potential mechanism of inducible resistance by malignant cells
exposed to CPT-11 (9, 11). Thus, reducing NF-B-mediated
activation may help prevent CPT-11-induced resistance to cell
killing.
Recently, a gene therapy approach to inhibit the NF-B
pathway using recombinant adenovirus-mediated transfer of a
modified nondegraded form of IB␣ resulted in significant
augmentation of sensitivity to CPT-11 in colon cancer cells (12).
An alternative strategy for inhibiting NF-B activation by
CPT-11 in colon cancer cells was demonstrated by the addition
of proteasome inhibitors to prevent IB degradation (14). These
findings indicate that NF-B inhibition might be an effective
strategy to enhance sensitivity to CPT-11. Small interfering
RNA (siRNA) is a highly specific and efficient tool to evaluate
genes that regulate NF-B-mediated resistance to chemotherapy
and also has the potential to be used as a targeted therapeutic
agent (18 –26). Annealed 21-mer siRNAs can be introduced into
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cells by transfection, bind specifically to the cellular mRNA of
interest, and stimulate RNA degradation resulting in a 80 –90%
specific decrease in the levels of their corresponding protein (27,
28). Previous experiments have shown that siRNA can block
specific genes such as ␤-catenin and survivin in colon cancer
cell lines and mouse xenograft models (29, 30).
To evaluate whether inhibiting the p65 component of
NF-B could increase the sensitivity of colon cancer cells to
CPT-11, we used siRNA directed against p65 both in vitro and
in vivo using the established colon cancer cell line HCT116. Our
studies demonstrate that NF-B activation induced by CPT-11
is effectively inhibited in both cell culture and xenografts by p65
but not control siRNAs. The p65 siRNA treatment increased
sensitivity of colon cancer cells to CPT-11 and reduced tumor
growth in vivo. Our results demonstrate that inhibition of NF-B
by siRNA can enhance the therapeutic effects of chemotherapy.

MATERIALS AND METHODS
Cell Lines. The colon cancer adenocarcinoma cell lines
SW480 (31, 32) and HCT116 (33) were obtained from the
American Type Culture Collection (Manassas, VA). These cells
were propagated and maintained in McCoy’s 5A and Leibovitz
L-15 media (Life Technologies, Inc., Rockville, MD), respectively, and supplemented with 10% fetal bovine serum (Life
Technologies, Inc.), 2 mM L-glutamine, 50 units/ml penicillin,
and 50 g/ml streptomycin. The HCT116 cells were maintained
with 5% CO2, whereas the SW480 cells were maintained without CO2.
RNA Oligonucleotides. Double-stranded siRNAs with
two thymidine residues (dTdT) at the 3⬘ end of the sequence
extending between amino acid residues 347 and 353 were designed for the NF-B p65 subunit (sense, 5⬘-GCCCUAUCCCUUUACGUCA-3⬘; Ref. 34). SiRNAs with two thymidine
residues (dTdT) at the 3⬘ end of the sequence extending between
amino acid residues 60 and 66 along with their corresponding
antisense oligonucleotides were designed for human T-cell lymphotrophic virus type I Tax gene (sense, 5⬘-GAUGGACGCGUUAUCGGCU-3⬘; Ref. 27; Dharmacon Research
Inc., Lafayette, CO). These RNAs were dissolved in 10 mM
Tris-Cl (pH 8.0) and 1 mM EDTA as 200 M solutions. Doublestranded siRNAs were generated by mixing the corresponding
pair of sense and antisense RNA oligonucleotides at a concentration of 20 M in annealing buffer [30 mM HEPES-KOH (pH
7.9), 100 mM potassium acetate, and 2 mM magnesium acetate].
The reaction mixture was heated to 95°C for 2 min, allowed to
come to room temperature over 90 min, and then aliquoted and
stored at –20°C.
Transfection of RNA Oligonucleotides. Approximately
1 ⫻ 106 cells were plated per 10-cm plate in media containing
10% fetal bovine serum to give 30 –50% confluence. Transfection of the RNA oligonucleotides was performed using Oligofectamine (Invitrogen, Carlsbad, CA) to result in a final RNA
concentration of 50 nM. The cells were harvested at different
time points and lysed in PD buffer [40 mM Tris-HCl (pH 8.0),
500 mM sodium chloride, 0.1% NP40, 6 mM EDTA, 6 mM
EGTA, 10% glycerol, 10 mM sodium fluoride, and 1 mM sodium
orthovanadate] for Western blot analysis.

Western Blot Analysis. Cells were prepared in PD
buffer, and Western blot analysis was performed as described
previously (35). The antibodies and dilutions used included
anti-p65 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA),
anti-c-IAP1 and Bcl-2 (1:500; Transduction Laboratories, San
Diego, CA), anti-actin (1:1000; Sigma Chemical Co.), and antic-IAP2 (1:500; Santa Cruz Biotechnology). After extensive
washing, the membranes were incubated with antimouse or
antirabbit IgG-horseradish peroxidase conjugate antibody (Amersham Biosciences, Piscataway, NJ) at a 1:1000 dilution for 1 h
at room temperature and developed using enhanced chemiluminescence (Amersham Biosciences).
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide Assay. Forty-eight hours after transfection with
siRNA to p65 or Tax, 5000 HCT116 or SW480 cells were
seeded into a 96-well plate. Twenty-four h later, CPT-11 (Pharmacia and Upjohn Co., Kalamazoo, MI) was added at varying
concentrations in triplicate. After 24 or 48 h, 10 l of 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (5 mg/ml
in PBS) were added to each well, the plate was incubated for 4 h at
37°C, and 100 l of 0.04 N HCL in isopropanol were added.
Within an hour, the absorbance was measured on an ELISA plate
reader with a test wavelength of 570 nm and a reference wavelength of 630 nm. The percentage of surviving cells at each concentration relative to the nontreated group was plotted.
Gel Retardation and Supershift Assays. Whole cell
extracts from HeLa cells were prepared in PD buffer, and
32
P-labeled NF-B or SP1 oligonucleotides (Promega, Madison,
WI) were used for gel retardation assay. The binding reactions
containing 60,000 cpm of the radiolabeled probe, 10 g of cell
extracts, 500 ng of poly(deoxyinosinic-deoxycytidylic acid)
(Amersham Biosciences), 10 g of BSA, 20 mM HEPES (pH
7.9), 1 mM EDTA, 1% NP40, 5% (v/v) glycerol, and 5 mM DTT
in a final volume of 20 l were incubated at room temperature
for 30 min and subjected to electrophoresis on a 5% (w/v)
polyacrylamide gel in Tris-EDTA buffer. For supershift assays,
1 g of rabbit polyclonal antibody directed against p65 or p50
(Santa Cruz Biotechnology) was added to the binding reactions
and incubated for 1 h on ice before gel electrophoresis. The gels
were dried and exposed to X-ray film.
Effect of siRNA on NF-B Reporter Constructs. Cells
were transfected with a NF-B luciferase (1 g) and a Rous
sarcoma virus-␤-galactosidase (0.3 g) reporter using GeneJuice (Novagen, Madison, WI) 24 h after either p65 or Tax
siRNA transfection (31). After an additional 24 h, the cells were
treated with 10 M CPT-11 for either 24 or 48 h, lysed in a
luciferase analysis buffer (Promega), and analyzed for luciferase
and ␤-galactosidase activity using specific assays (Promega).
Caspase-3 Assays. Induction of apoptosis was assessed
by detecting caspase activity in cell lysates 48 h after siRNA
transfection. The activity of DEVD (Asp-Glu-Val-Asp)-specific
proteases was measured using an EnzCheck Caspase-3 Assay
Kit (Molecular Probes, Eugene, OR) as suggested by the manufacturer. Forty-eight h after siRNA transfection, the cells were
harvested, and 1 ⫻ 106 cells were frozen at ⫺80°C until the time
of assay. The frozen cells were resuspended in 50 l of lysis
buffer and incubated on ice for 30 min, and cellular debris was
pelleted. Lysates (50 l) were transferred to 96-well plates and
incubated at room temperature for 50 min with substrate (Z-
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DEVD-AMC) in 2⫻ reaction buffer at a final concentration of
100 M. Cell lysate alone with the caspase inhibitor Ac-DEVDCHO at a final concentration of 100 M was also included.
Fluorescence was measured by a fluorometer at an excitation
wavelength of 350 nm and a detection wavelength of 450 nm.
Soft Agar Colony Assays. Twenty-four h after siRNA
transfection, the cells were mixed with tissue culture media
containing 0.6% agar to result in a final agar concentration of
0.4%. One ml of this cell suspension was immediately plated in
6-well plates coated with 0.6% agar (1 ml/well) in tissue culture
media. The colonies were counted in triplicate 15 days after
plating, and the number of colonies per 105 cells was calculated.
Murine Xenograft Model. Institutional guidelines and
an Animal Research Committee-approved protocol were followed for mouse studies. For these studies, 4 – 6-week-old female nudenu/nu mice were obtained from Charles River (Wilmington, MA) and housed in clean, specific pathogen-free rooms
in groups of five and in cages containing microisolator tops.
HCT116 cells were transfected with siRNA to p65 (experimental group) or Tax (control group). Twenty-four h after transfection, the cells were harvested and washed twice in ice-cold
serum-free McCoy 5A media, and the number of viable cells
was counted by trypan blue exclusion. The cells were resuspended in the same medium, and 2.5 ⫻ 106 cells in a volume of
0.25 ml were injected s.c. into the right flank of each mouse.
One day after tumor cell implantation, five mice in the experimental group and the control group were treated with 0.25 ml (4
mg/ml) of CPT-11 by i.p. injection (Pharmacia and Upjohn Co.)
twice a week for 2 weeks. The tumors were measured in three
axes from day 7 onward, and the tumor volume was calculated
from these measurements.
In another experiment, 2.5 ⫻ 106 untreated HCT116 cells
were injected into nude mice s.c. These mice were randomly
divided into four groups of eight mice each. Eight mice received
p65 siRNA, eight mice received Tax siRNA, eight mice received CPT-11 and p65 siRNA, and eight mice received CPT-11
and Tax siRNA. Each mouse was given 250 pmol of siRNA
diluted into 0.25 ml of PBS twice a week by tail vein injection.
The mice randomized to the CPT-11 groups received 0.25 ml (2
mg/ml) of CPT-11 by i.p. injection twice a week. Serial measurements of tumor size were initiated once tumors were palpable. Tumors were allowed to grow until they reached a maximum size of 2 cm3 or ulcerated or for 80 days.

RESULTS
CPT-11-Mediated Growth Inhibition of SW480 and
HCT116 Cell Lines. First, we addressed the response of two
colon cancer cell lines, SW480 and HCT116, to cell killing by
CPT-11. The sensitivity of these cell lines was determined using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay. Both cell lines were exposed to CPT-11 for 24 h at
concentrations of 0, 1, 5, 10, 15, and 20 M. The SW480 cell
line was more sensitive to CPT-11 than the HCT116 cell line. In
SW480 cells, CPT-11 resulted in an IC50 of 13 M, whereas
HCT116 cells did not reach an IC50 at the concentrations of
CPT-11 tested (Fig. 1). Results similar to those for CPT-11 were
seen with SN38, the active metabolite of CPT-11, but at concentrations 100-fold less, as described previously (data not

Fig. 1 Growth inhibition by irinotecan (CPT-11) in SW480 and
HCT116 cells. HCT116 and SW480 cells were plated on 96-well plates
and treated with 0, 1, 5, 10, 15, and 20 M CPT-11 for 24 h. Cell
survival was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, and the cell number was plotted as a
percentage of the control (cells not exposed to CPT-11). Each value
represents the mean ⫾ SD of triplicate readings. Similar results were
observed in three other independent experiments.

shown; Refs. 36 and 37). Given the relative resistance of the
HCT116 cells to CPT-11 killing, this cell line was selected for
subsequent experiments to determine whether inhibition of
NF-B activation by CPT-11 would enhance cell death.
Prolonged p65 Protein Suppression and Enhanced Chemosensitivity to CPT-11 in HCT116 Cells by p65 siRNA.
HCT116 cells were transfected with 21-mer sense and antisense
RNA oligonucleotides (siRNAs) directed against a portion of
the NF-B p65 subunit or siRNAs directed against the human
T-cell leukemia virus Tax gene, and Oligofectamine-transfected
or mock-transfected cells were used as controls. Cells were
harvested at 2, 4, 8, and 10 days after transfection, and extracts
were prepared and analyzed by Western blot for p65 and actin.
The levels of p65 protein were decreased 2 days after siRNA
transfection and remained decreased for 8 days (Fig. 2A). These
results suggested that siRNA transfection leads to specific and
prolonged suppression of p65 protein expression.
Next we addressed whether p65 siRNA would enhance
chemosensitivity to CPT-11 in HCT116 cells. Forty-eight h after
transfection with p65 siRNA, Tax siRNA, or Oligofectamine or
mock-transfection, HCT116 cells were treated with 0, 1, 5, 10,
15, or 20 M CPT-11 for 48 h. Cells exposed to p65 siRNA in
the presence of CPT-11 showed increased sensitivity to CPT-11
(IC50 ⫽ 11 M) as compared with cells treated with either Tax
siRNA, Oligofectamine alone, or control transfection (Fig. 2B).
These results indicate that p65 siRNA-mediated decreases in the
NF-B subunit resulted in enhanced cell killing by CPT-11.
NF-B Activation Induced by CPT-11 Is Inhibited by
p65 siRNA. To address whether the NF-B pathway was
activated in HCT116 cells in response to CPT-11 treatment and
whether siRNA directed against p65 could prevent this process,
siRNA directed against either p65 or Tax was used with CPT11, and NF-B activity was assayed by gel retardation experiments. At 72 h after transfection of these siRNAs, HCT116 cells
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Fig. 2 Enhanced chemosensitivity to irinotecan (CPT-11) in HCT116
cells by p65 small interfering RNA (siRNA). A, HCT116 cells were
transfected with 21-mer annealed p65 siRNA (50 nM), Tax siRNA (50 nM),
or Oligofectamine alone or mock-transfected (control). Forty-eight h after
transfection, cells were treated with 0, 1, 5, 10, 15, and 20 M CPT-11 for
48 h. Cell survival was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide assay, and the cell number was plotted as a
percentage of the control (cells not exposed to CPT-11). Each value represents the mean ⫾ SD of triplicate readings. Similar results were observed
in three independent experiments. The IC50 was defined as the drug concentration needed to produce a 50% reduction of growth relative to the
control. B, HCT116 cells were transfected with 21-mer annealed RNA
oligonucleotides (50 nM) directed against p65 or Tax or mock-transfected.
Extracts of the cells were prepared at 2, 4, 6, 8, and 10 days after transfection and analyzed for p65 and actin expression by Western blot analysis.

were treated with 10 M CPT-11 and harvested at 0, 1 or 6 h
after treatment. The effect of p65 siRNA on the level of NF-B
activation induced by CPT-11 was determined by gel retardation
and supershift assays. There was little NF-B binding of the

p50/p65 heterodimer in cell extracts prepared from the p65
siRNA-transfected cells as compared with that seen in Tax and
control cells (Fig. 3A, top panel). Supershifted p65 and p50
bands were demonstrated in control extracts treated with
CPT-11 (Fig. 3A, top panel, Lanes 11 and 12). In contrast, there
was equivalent binding of SP1 in these extracts (Fig. 3A, second
panel). Quantification of gel retardation experiments from three
independent experiments is shown (Fig. 3A, graph). Western
blot analysis with antibodies directed against p65 indicated that
the p65 but not the Tax siRNA specifically blocked p65 protein
expression (Fig. 3A, third panel), whereas there was no change
in the actin expression (Fig. 3A, fourth panel). These results
demonstrated that inhibition of p65 expression markedly decreases CPT-11-induced NF-B activation.
Next, a NF-B luciferase reporter construct was transfected
into HCT116 cells pretreated with either p65 or Tax siRNA, and
luciferase activity was determined after CPT-11 treatment for
either 0, 6, 12, or 24 h. SiRNA directed against p65 reduced
NF-B activation approximately 4 –5-fold as compared with
siRNA directed against Tax in cells treated with 10 M CPT-11
for either 12 or 24 h (Fig. 3B). These results indicate that p65
siRNA could reduce NF-B induction in HCT116 cells.
p65 siRNA Increases CPT-11-Mediated Apoptosis by
Decreasing c-IAP1 and c-IAP2 Expression. To determine
whether p65 siRNA alters the ability of CPT-11 to induce
apoptosis in HCT116 cells, the activity of caspase-3 and related
DEVD-specific proteases was determined. The assay involved
the fluorescent measurement of the proteolytic cleavage of ZDEVD-AMC to the fluorescent molecule AMC in both the
absence and presence of the caspase-3 inhibitor Ac-DEVDCHO. The results of this analysis demonstrated that the transfection of p65 siRNA increased the ability of CPT-11 to activate
caspases as compared with transfection of Tax siRNA or control
(Fig. 4A). Western blot analysis was performed to determine
whether the levels of the antiapoptotic proteins c-IAP1, c-IAP2,
and Bcl-2 were altered in the presence of p65 siRNA and
CPT-11. Cells exposed to CPT-11 for 0, 24, or 48 h in the
presence of p65 siRNA had a significant reduction in the levels
of c-IAP1 and c-IAP2 but not Bcl-2 as compared with controls
(Fig. 4B). This set of experiments indicates that p65 siRNAmediated increases in CPT-11-induced apoptosis occur by
down-regulation of the NF-B target genes, c-IAP1 and c-IAP2,
but not on other inhibitors of apoptosis that are not regulated by
NF-B. These results are consistent with the role of the NF-Bregulated inhibition on increasing CPT-11-mediated cell killing.
p65 siRNA and CPT-11 Reduce HCT116 Colony Formation. Next, we determined whether p65 siRNA alters colony formation of HCT116 cells in soft agar assays in the
presence of CPT-11. Cells were transfected with siRNA directed
against either p65 or Tax, and at 24 h after transfection, the cells
were placed into media with soft agar. Colony formation was
assayed 15 days after plating. Exposure of the cells to 1 M
CPT-11 inhibited colony formation 9-fold in the presence of p65
siRNA as compared with that seen with Tax siRNA (Fig. 5).
Colony formation was inhibited by 25-fold in the presence of 5
M CPT-11 and p65 siRNA, as compared with that seen with 5
M CPT-11 and Tax siRNA. There was less than a 2-fold
decrease in HCT116 colony formation between p65 and Tax
siRNA transfection in the absence of CPT-11 (Fig. 5). These
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Fig. 3 Irinotecan (CPT-11)-induced activation of nuclear factor-B
(NF-B) pathway is reduced by p65 small interfering RNA (siRNA)
treatment. A, HCT116 cells were transfected with 21-mer annealed p65
siRNA (50 nM) or Tax siRNA (50 nM) or mock-transfected (control).
Seventy-two h after transfection, the cells were either not treated (Lanes
1–3) or treated with CPT-11 (10 M) for 1 (Lanes 4 – 6) or 6 h (Lanes
7–9) or treated with tumor necrosis factor ␣ (5 ng/ml) for 30 min (Lane
10). Whole cell extracts were prepared from these cells and used in gel
retardation assays with labeled oligonucleotide probes corresponding to
NF-B or SP1. Supershift analysis using p65 or p50 antibody was
performed to confirm the presence of p65 and p50 in the NF-B
complex (Lanes 11 and 12). Western blot analysis was performed on the
same extracts using antibodies directed against p65 or actin. Quantitation of three different gel retardation assays performed under similar
experimental conditions is also shown (graph). B, cells were transfected
with a NF-B luciferase reporter (1 g) and a Rous sarcoma virus-␤galactosidase reporter (0.3 g) at 24 h after transfection of either p65 or
Tax siRNA. Twenty-four h later, the cells were treated with 10 M
CPT-11 for 0, 6, 12, and 24 h; lysed in luciferase analysis buffer; and
analyzed for luciferase and ␤-galactosidase activity.

Fig. 4 Enhancement of irinotecan (CPT-11)-induced apoptosis by p65
small interfering RNA (siRNA). A, 48 h after transfection of p65 and
Tax siRNAs (cells transfected with Oligofectamine alone and mocktransfected cells were used as controls), HCT116 cells were treated with
10 M CPT-11 or left untreated. Caspase-3 activities were determined
48 h after treatment with CPT-11 as described in “Materials and Methods.” B, HCT116 cells were exposed to 10 M CPT-11 for 0, 24, or 48 h
after transfection with either p65 or Tax siRNAs or mock-transfection.
Western blot analysis was performed using antibodies directed against
c-IAP1, c-IAP2, Bcl-2, p65, and actin.

results indicate that reduction of p65 protein synergizes with
CPT-11 to inhibit colony formation in soft agar. In contrast, p65
siRNA alone had no significant effect on the ability of HCT116
cells to form colonies (Fig. 5).
siRNA Directed against p65 Reduces in Vivo Tumor
Growth. Finally, we addressed whether the transient exposure
of HCT116 cells to p65 siRNA in cell culture altered the ability
of these cells to proliferate after injection into nude mice. In
addition, we asked whether the i.v. administration of p65 siRNA
and i.p. injections of CPT-11 could alter the growth of HCT116
xenografts in nude mice. Thus, we could address the potential in
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CPT-11 dose used in this study was of 0.25 ml (2 mg/ml) per
mouse. The siRNAs were delivered i.v. twice a week starting 9
days after HCT116 cells had been injected, and the CPT-11 was
injected i.p. twice weekly starting 1 day after siRNA injection.
Tumor size in the mice injected with p65 siRNA or Tax siRNA
alone was analyzed over a 30-day time period. There was no
statistically significant difference in tumor volume in mice when

Fig. 5 Effects of p65 small interfering RNA (siRNA) and irinotecan
(CPT-11) on colony formation of HCT116 cells. HCT116 cells were
plated in media containing either CPT-11 (10 M) and soft agar or soft
agar alone at 24 h after transfection with p65 or Tax siRNA. The
colonies were counted in three different wells at 15 days after transfection, and the averages were plotted. The reduction in the number of
colonies in the p65 siRNA-transfected, CPT-11-treated group was statistically significant (P ⬍ 0.01) compared with that seen with the Tax
siRNA-transfected, CPT-11-treated group.

vivo effects of siRNA on enhancing CPT-11-mediated cell killing of HCT116 cells.
In the first series of experiments, HCT116 cells were first
transfected with siRNA directed against either p65 or Tax for
24 h. Mice were divided into four cohorts (5 mice/cohort), and
2.5 ⫻ 106 of the siRNA-transfected HCT116 cells were injected
to each mouse. Mice were treated with i.p. CPT-11 at a dose of
0.25 ml (4 mg/ml) starting 1 day after the injection of the tumor
cells and continued twice weekly for 2 weeks. Twelve days after
injection of siRNA-transfected HCT116 cells, the size of the
tumors was measured in three dimensions twice a week for 5
weeks, and the tumor volume was calculated from these measurements. As seen in Fig. 6A, there was no difference in the size
of the HCT116 tumors transfected with p65 siRNA as compared
with cells transfected with Tax siRNA in the absence of CPT-11
(Fig. 6A). In contrast, p65 siRNA combined with CPT-11 treatment led to a dramatic reduction of tumor growth as compared
with that seen with Tax siRNA and CPT-11 (Fig. 6B). These
results were statistically significant with a P of ⬍0.001 and
⬍0.05, respectively (Student’s t test). Western blot analysis of
the HCT116 cells at 24 h after transfection of the siRNAs
showed more than a 3-fold reduction in p65 protein levels as
compared with Tax protein. Quantification of the gel is shown
as the ratio of p65 or Tax to actin (Fig. 6C).
To evaluate whether the systemic administration of p65
siRNA could enhance sensitivity to CPT-11, we randomized
mice (n ⫽ 8 mice/group) with established s.c. HCT116 tumor
xenografts to four treatment groups. The mice received either
(a) p65 siRNA (250 pmol/mouse) by tail vein injection, (b) Tax
siRNA (250 pmol/mouse) by tail vein injection, (c) p65 siRNA
by tail vein injection with CPT-11 by i.p. injection, or (d) Tax
siRNA by tail vein injection with CPT-11 by i.p. injection. The

Fig. 6 Effects of p65 small interfering RNA (siRNA) and irinotecan on
HCT116 tumor growth in nude mice. A, cohorts of five nude mice
received s.c. injection with 2.5 ⫻ 106 HCT116 cells transfected with
either p65 siRNA or Tax siRNA, and tumors were measured at day 15
twice weekly for 3 weeks. B, 1 day after the tumor cells were injected,
the mice received i.p. injection of irinotecan twice a week for 2 weeks,
and tumor size (in mm3) was obtained from days 29 to 52. C, HCT116
cells were transfected with p65 or Tax siRNA (50 nM), and 24 h after
transfection, extracts were prepared and analyzed by Western blot.
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treated with p65 siRNA or Tax siRNA alone (Fig. 7A). The
tumor growth in mice treated with these siRNAs followed by
CPT-11 was measured up to day 80. There was a significant
reduction of tumor growth in the p65 siRNA ⫹ CPT-11-treated
group as compared with the Tax siRNA ⫹ CPT-11-treated
group (Fig. 7B). At day 80, three of these siRNA- and CPT-11treated mice were sacrificed, their tumors were dissected, and
Western blot analysis was performed with antibodies directed
against p65 and actin. Quantification of the Western blot is
shown as the ratio of p65 or Tax to actin (Fig. 7C). These results
indicated that p65 siRNA decreased the p65:actin ratio as compared with the Tax:actin ratio for each sample analyzed. Thus,
siRNA appeared quite effective in reducing tumor growth when
administered by tail vein injection in combination with CPT-11.

DISCUSSION
Many anticancer agents that induce apoptosis, such as
CPT-11, also activate the NF-B pathway (11, 38, 39). When
activated, NF-B increases the expression of genes that promote
cell survival and block apoptosis (9, 11). Inducible chemotherapy resistance to CPT-11 has been shown to be reversed by
inhibiting NF-B (12, 39). Several methods of inhibiting NF-B
activation such as antisense oligonucleotides, proteasome inhibitors, and siRNA are currently under investigation (23–26,
40, 41).
In the current study, the functional consequences of p65
siRNA-mediated decreases in NF-B activation by CPT-11 in
an established colon cancer cell line were determined using
assays of caspase-dependent apoptosis, soft agar formation, and
in vitro and in vivo assays of tumor growth. This analysis
demonstrates that transfection of tumor cells with siRNA directed against the p65 NF-B subunit significantly decreases
inducible NF-B activation in response to treatment with CPT11. These studies also demonstrated that the enhanced response
to chemotherapy was associated with increased levels of apoptosis. Furthermore, inhibition of NF-B activation in association with CPT-11 treatment significantly suppresses colony formation in soft agar and tumor growth in nude mice. As a result,
there was enhanced chemosensitivity to CPT-11 both in vitro
and in vivo.
NF-B activation has been shown to regulate apoptosis in
several different experimental systems (9, 10). The mechanism
responsible for the antiapoptotic effects of NF-B activation
after exposure to chemotherapy have not been fully elucidated,
although induction of inhibitors of apoptosis is an important
mechanism that can prevent tumor cell killing by chemotherapy.
Thus, it is likely that downstream gene targets that are NF-Bregulated are involved in this inducible survival mechanism
(42). In this study, we examined c-IAP1, c-IAP2, and Bcl-2
protein expression in p65 siRNA-transfected HCT116 cells in
the presence and absence of CPT-11. Down-regulation of the
NF-B-inducible genes c-IAP1 and c-IAP2, but not Bcl-2, was
demonstrated, suggesting that the decreased expression of these
proteins by inhibiting the NF-B pathway may play an important role in enhancing apoptosis induced by CPT-11.
To extend our in vitro studies, we first established tumors
by s.c. injection of HCT116 cells into nude mice transfected
with either p65 or Tax siRNAs. There was a 95% reduction in

Fig. 7 Effects of i.v. p65 small interfering RNA (siRNA) and irinotecan on HCT116 tumor growth in nude mice. A, cohorts of five nude
mice received s.c. injection with 2.5 ⫻ 106 cells, and the tumors were
allowed to grow for 9 days. Starting on day 10, the mice were treated
twice a week by tail vein injection with 250 pmol of siRNA directed
against p65 or Tax. The tumor size was recorded in three dimensions
and measured twice a week for 3 weeks. B, a cohort of mice received
0.25 ml (4 mg/ml) of i.p. irinotecan twice week in addition to tail vein
injection of p65 or Tax siRNAs. The tumor growth was measured in
three dimensions twice a week for 80 days. C, tumors dissected from
three mice in each group from B were minced in PD buffer and left on
ice for 40 min followed by a Western blot analysis with antibodies
directed against p65 and actin. The results were analyzed as the ratio of
p65 or Tax to actin.
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tumor growth in the nude mice implants with HCT116 cells
treated with i.p. injections of CPT-11 and transfected with p65
siRNA as compared with the Tax siRNA group of mice. There
was no statistically significant difference in the growth of the
tumors in the absence of CPT-11. Because we have shown
previously (30) that siRNA can work by the i.v. route in xenograft models, we next treated these mice with CPT-11 and i.v.
siRNA directed against either p65 or Tax. Systemic therapy with
p65 siRNA did not limit tumor growth as compared with Tax
siRNA. However, when combined with CPT-11, p65 siRNA
significantly delayed tumor growth with reductions in tumor
volume of 75% as compared with that seen with Tax siRNA.
These xenograft studies demonstrated antitumor effects of i.v.
p65 siRNA administration in combination with CPT-11 in an in
vivo model of human colon cancer.
As compared with other methods such as proteasome inhibitors that affect multiple components of the cell, siRNA has
the advantage of decreasing the level of specific components of
the NF-B pathway. Furthermore, inhibition of the NF-B
pathway by p65 siRNA in the absence of CPT-11 did not alter
tumor growth, suggesting that it would potentially only inhibit
cell growth after administration of chemotherapy or other agents
that induce its expression. Additional studies will determine
whether p65 siRNA will increase the therapeutic index of
chemotherapy-induced cell death in cancer cells as compared
with normal cells. In summary, the studies reported here demonstrate that siRNA provides a simple, reproducible, and highly
efficient means to demonstrate the role of the NF-B pathway in
enhancing the chemosensitivity and increased apoptosis of colon cancer cells both in cell culture and in xenografts. Our in
vivo data suggest that siRNA may have therapeutic potential for
inhibiting the expression of genes that enhance the growth of
tumors.
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