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Inhibition of NF-kB Signaling by Quinacrine Is Cytotoxic
to Human Colon Carcinoma Cell Lines and Is Synergistic
in Combination with Tumor Necrosis Factor-related
Apoptosis-inducing Ligand (TRAIL) or Oxaliplatin
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Colorectal cancer is the third most common malignancy in
the United States. Modest advances with therapeutic ap-
proaches that include oxaliplatin (.-OHP) have brought the
median survival rate to 22 months, with drug resistance remain-
ing a significant barrier. Tumor necrosis factor-related apopto-
sis-inducing ligand (TRAIL) is undergoing clinical evaluation.
Although human colon carcinomas express TRAIL receptors,
they can also demonstrate TRAIL resistance. Constitutive
NF-«kB activation has been implicated in resistance to TRAIL
and to cytotoxic agents. We have demonstrated constitutive
NF-kB activation in five of six human colon carcinoma cell lines;
this activation is inhibited by quinacrine. Quinacrine induced
apoptosis in colon carcinomas and potentiated the cytotoxic
activity of TRAIL in RKO and HT29 cells and that of L.-OHP in
HT29 cells. Similarly, overexpression of IkBa mutant (IkBaM)
or treatment with the IKK inhibitor, BMS-345541, also sensi-
tized these cells to TRAIL and L.-OHP. Importantly, 2 h of quina-
crine pretreatment resulted in decreased expression of c-FLIP and
Mcl-1, which were determined to be transcriptional targets of
NF-«B. Extended exposure for 24 h to quinacrine did not further
sensitize these cells to TRAIL- or L.-OHP-induced cell death; how-
ever, exposure caused the down-regulation of additional NF-«B-
dependent survival factors. Short hairpin RNA-mediated knock-
down of c-FLIP or Mcl-1 significantly sensitized these cells to
TRAIL and .-OHP. Taken together, data demonstrate that NF-«xB
is constitutively active in colon cancer cell lines and NF-kB, and its
downstream targets may constitute an important target for the
development of therapeutic approaches against this disease.

Colorectal cancer continues to be the third most common
malignancy in the United States. In 2009 more than 140,000
new cases of colorectal cancer resulting in 50,000 deaths were
expected (1, 2). 5-Fluorouracil combined with leucovorin
(FUra/LV)? remains the basis of treatment strategies, targeted
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to the enzyme thymidylate synthase, thereby inducing DNA
damage-dependent cell death in tumor cells.

Topoisomerase I inhibitors such as irinotecan (CPT-11) as
well as platinum-based compounds such as oxaliplatin (L-OHP)
have more recently been employed in the treatment of colorec-
tal cancer. L-OHP is an analogue of cisplatin that has achieved
modest success in the treatment of colorectal cancer. It has
been found to have some activity as a single agent, but its anti-
tumor effects are further enhanced when it is used in combina-
tion with other drugs thatinclude FUra/LV, CPT-11, or taxanes
(3-9). In addition to the increased efficacy, these combinations
have resulted in decreased gastrointestinal toxicity as well as
neurotoxicity, which are usually accompanied with L-OHP
treatment (10). Of significant limitation is that these empiri-
cally derived current therapeutic approaches result in survival
of only 22 months for patients with advanced colorectal cancer,
demonstrating the continuing problems with drug resistance,
thereby necessitating an urgent need for substantive changes in
treatment strategies. New approaches in chemotherapy that
combine cytotoxics with anti-tumor agents that modify the
function of tumor-dysregulated apoptotic genes are being eval-
uated using rational research-based design to address these
problems in the modification of therapeutic approaches for
colon carcinoma.

Our previous studies have demonstrated that the Fas death
receptor and its signaling pathway are critical components of
thymidylate synthase-dependent DNA damage-induced cell
death mediated by FUra/LV (11-16). Fas is frequently down-
regulated in human colorectal cancer and is up-regulated after
treatment with the cytokine interferon-vy, which is synergistic
with Fas-mediated FUra/LV-induced cytotoxicity in cultured
human colon carcinoma cell lines and in xenograft models; fur-
thermore, FUra/LV/interferon-v, in combination, has success-
fully completed Phase I (17) and Phase II (18) clinical trials.
Although stimulation of Fas receptor as well as tumor necrosis
factor receptor efficiently induces apoptosis in tumor cells,
severe hepatotoxicity of Fas ligand and TNF« has limited their
use as anticancer agents (19-22). The discovery of tumor
necrosis factor-a-related apoptosis inducing ligand (TRAIL)
and its receptors TRAIL-R1 (DR4) and TRAIL-R2 (DR5) has
given rise to a new opportunity for therapeutic intervention by
specifically targeting death receptors (23, 24). It has been
observed that TRAIL selectively induces apoptosis in cancer
cells as opposed to normal cells (23-27), resulting in the selec-
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tive elimination of cancer cells without life threatening toxicity
in vivo. The application of TRAIL or TRAIL agonist mono-
clonal antibodies (targeting DR4 or DR5) are approaches to
such therapy, which is currently undergoing intensive clinical
evaluation (25-27). Ligation of TRAIL receptors in conjunction
with the induction of DNA damage by FUra/LV/interferon-y
results in a highly synergistic combination (FUra/LV/interfer-
on-y/TRAIL) in xenograft models.> However, where almost all
of the colon carcinoma cell lines express TRAIL receptors DR4
and DR5, they can also demonstrate TRAIL resistance (28).
Current treatment approaches in the clinical management of
colorectal cancer is de novo or acquired resistance to the che-
motherapeutic agents used in the treatment of this malignancy.
It is becoming increasingly evident that several anti-apoptotic
pathways including those regulated by nuclear factor kB (NF-
kB) are critical in modulating the effects of TRAIL and other
chemotherapeutic agents including L-OHP in cancer cells (29 —
38). NF-«B is a transcription factor that regulates the expres-
sion of numerous genes that are critical for survival. It is
activated by diverse stimuli (35, 39—42) that include pro-in-
flammatory cytokines and cellular stress as well as growth fac-
tors; its activation is tightly regulated by inhibitor of kB (IkB).
Phosphorylation of IkB proteins by the IKK kinase complex
leads to proteasomal degradation of the inhibitory protein,
thereby allowing active NF-kB (p65-p50 subunits) to translo-
cate into the nucleus where it binds with NF-kB-specific DNA
binding sites to transcriptionally activate the expression of sev-
eral survival genes. In this manner activation of NF-«B leads to
increased expression of the inhibitor of apoptosis proteins
(IAPs), namely c-IAP1, c-IAP2, XIAP and survivin. Further-
more, NF-kB transcriptionally up-regulates the expression of
FLICE-inhibitory protein, c-FLIP, which inhibits caspase-8
activation and the Bcl-2 family of proteins, including Bcl-2,
Mcl-1, and Bcl-xL, which counteract the action of pro-apo-
ptotic proteins including Bid, Bad, and Bax (35, 43—47). Consti-
tutive activation of NF-«kB has been detected in several cancers
including colorectal, prostate, and pancreatic cancers, neuro-
blastoma, T cell leukemia, multiple myeloma, and hepatocellu-
lar carcinoma as well as breast cancer (48 —54) and has been
implicated in imparting resistance to TRAIL as well as to
L-OHP. Furthermore, NF-«B is also known to be activated
by chemotherapeutic drugs, including FUra/LV, CPT-11,
L-OHP, and carboplatin as well as cisplatin. Therefore, inhi-
bition of NF-«B signaling may serve as a critical target for
enhancing the efficacy of these agents. Recently quinacrine,
a derivative of 9-aminoacridine and an anti-inflammatory
drug used extensively to treat malaria and rheumatoid
arthritis, has been identified as a potential anticancer agent
that inhibits NF-kB (55). Studies by Gurova et al. (55) have
demonstrated that quinacrine up-regulates p53 and down-
regulates NF-«kB, thereby causing a decrease in the survival
of renal cell carcinoma cells. In the current study we have
demonstrated high frequency of constitutively active NF-«B
expression in human colon carcinoma cell lines and have
evaluated the role of quinacrine as an inhibitor of constitu-
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tive NF-kB activation as well as for its synergistic interaction
with TRAIL and with L-OHP.

Data demonstrate that inhibition of constitutively activated
NE-kB by quinacrine is cytotoxic to human colon carcinoma
cell lines independent of p53 and that down-regulation of this
NE-kB activity by either quinacrine, the IKK inhibitor BMS-
345541, or by overexpression of the super-repressor IkBaM
sensitizes cells to TRAIL- or to L-OHP-mediated apoptosis,
demonstrating the involvement of NF-«kB in conferring resis-
tance to these agents in colon carcinoma cells. Inhibition of
NE-«B by quinacrine led to a marked decrease in the expression
of ¢-FLIP and Mcl-1 levels within 2 h of exposure with other
NE-kB-dependent survival factors, namely, survivin, XIAP,
Bcl-2, and Bcl-xL, down-regulated by 24 h. Data demonstrate
that the early down-regulation of c-FLIP and Mcl-1 expression
alone can account for the quinacrine-induced sensitization to
TRAIL and to L-OHP. Thus, constitutively activated NF-«B
occurs in high frequency in colon cancers and may constitute
an important target for therapeutic intervention in the devel-
opment of rational research-based targeted approaches in ther-
apy of colorectal cancer.

MATERIALS AND METHODS

Cell Culture and Reagents—HCT8 and HT29 cell lines were
obtained from the ATCC; RKO cells were obtained from Dr.
Michael Kastan, St. Jude Children’s Research Hospital. The
GC3/cl cell line was previously established in our laboratories
(14). Cell lines were maintained in the presence of folate-free
RPMI 1640 containing 10% dialyzed fetal bovine serum and 80
nM  6-(R,S)-5-methyltetrahydrofolate. Antibodies against
p-IKKa/B, IKK, p-IkBe, IkBa, Bcl-xL, c-FLIP, phospho-p65,
and p65 were purchased from Cell Signaling Technology (Bos-
ton, MA); antibodies against Bcl-2 and Mcl-1 were obtained
from BD Biosciences; the survivin antibody was purchased
from R&D systems (Minneapolis, MN); the FLIP(vy/5) antibody
was from Calbiochem; the B-actin antibody was from Santa
Cruz Biotechnology (Santa Cruz, CA). Quinacrine dihydrochlo-
ride and BMS-345541 were obtained from Sigma. c-FLIP
(CFLAR) and Mcl-1 shRNA were obtained from Origene
(Rockville, MD). Recombinant human TRAIL (Apo2L) was
produced in our laboratories using cDNA of the extracellular
domain of TRAIL corresponding to amino acids 114-281,
which was subcloned into the pET17/b bacterial expression
vector and expressed in the BL21(DE3)pLysE bacterial host
(57). Reagents used for Annexin V/PI assays were purchased
from BD Biosciences.

Clonogenic Assay—Cells were plated at a density of 700
(RKO), 1500 (HT29 and HCTS), or 3000 (GC3/c1) cells/well in
6-well plates. After overnight attachment wells were treated in
triplicate with quinacrine (0-20 uM) for 24 h followed by
replacement with fresh media containing (thymidine 20 um) for
a period of 7 cell doublings (4 days for RKO, 5 days for HCTS, 6
days for HT29, and 7 days for GC3/c1 cells). Cells were washed
with 1X Dulbecco’s PBS (without calcium or magnesium) and
allowed to dry overnight. The following day cells were stained
with crystal violet and analyzed using an Alpha Innotech
imager and software.
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Flow Cytometry for Annexin V/PI (Cell Death)—Cells were
treated as described in the figure legends, after which they were
collected and incubated with Annexin V/fluorescein isothio-
cyanate and propidium iodide (PI) for analysis of cell death
using a FACSCalibur flow cytometer and CellQuest software
(FACS).

Western Blot Analysis—Total cellular lysates were prepared
using radioimmune precipitation assay lysis buffer (Cell Signal-
ing Technology); 50 ug of protein were loaded and separated on
a 10% or 4—20% gradient Tris-HCI gel. Proteins were trans-
ferred to polyvinylidene difluoride membranes through semi-
dry transfer and blotted in blotting buffer for 1 h. Membranes
were washed in washing buffer, blotted in primary antibody
overnight at 4 °C, and subsequently washed and blotted with
the secondary antibody for 1 h. Visualization of the signal was
via Super Signal Pico substrate from Pierce.

Electrophoretic Mobility Shift Assay (EMSA)—Nuclear
lysates were prepared using the nuclear extraction kit from
Panomics and were then analyzed (5 ug) by EMSA using the
non-radioactive EMSA kit from Panomics as per the manufac-
turer’s protocol.

Reporter Constructs—The NF-«kB-dependent reporter plas-
mid p5XIP10«kB (provided by Dr. Bryan Williams, Cleveland
Clinic) contains five tandem copies of the NF-«B site from the
IP10 gene. HT29 and RKO cells were transfected transiently
using Lipofectamine 2000 (Invitrogen) with 4 ug of p5XIP10«B
and 0.4 ug of pRLTK (renilla luciferase driven by thymidine
kinase promoter). Twenty-four hours post-transfection cells
were treated with quinacrine for 2 h or TNFa (10 ng/ml) for 1 h
and harvested using the dual luciferase kit (Promega) according
to the manufacturer’s protocol. Luciferase activity was normal-
ized to Renilla luciferase activity as a control for transfection
efficiency.

Transient Transfection with c-FLIP, Mcl-1 shRNA, or IkBaM
c¢DNA—HT?29 and RKO cells were plated at 200,000 cells/ml in
6-well plates and allowed to attach overnight. Media were
removed, and cells were transfected with shRNA plasmids
(c-FLIP or Mcl-1) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Cells were trans-
fected for 72 h with TRAIL or L.-OHP added during the last 24 or
48 h of the transfection, respectively. Cell death was subse-
quently analyzed by Annexin V/PI staining. The conditional
expression vector super repressor IkBaM was employed as pre-
viously described (42, 58).

Chromatin Immunoprecipitation—HT29 and RKO cells
were expanded in 15-cm tissue culture plates to near conflu-
ence. Cells were detached by trypsinization and washed X1
with ice-cold PBS. Cellular proteins were cross-linked to DNA
by treating with 1% formaldehyde in PBS for 10 min at 37 °C and
terminating the reaction in 125 nM glycine, PBS. Cells were
washed in PBS, and nuclear extracts were prepared. Nuclei
were sonicated to generate chromatin fragments of ~500 — 800
bp. Sonicated chromatin (30 ul) was treated with RNase A and
Proteinase K followed by de-cross-linking; the DNA was iso-
lated and quantified. Chromatin was precleared using a mixture
of protein A-Sepharose and protein G-Sepharose. The chroma-
tin fragments were immunoprecipitated with 2 ug of rabbit
polyclonal antibody (Abcam ab7970) to NF-«kB, 2 ug of IgG
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FIGURE 1. Human colorectal carcinoma cell lines express constitutively
active NF-kB. A, Western analysis of cell lysates for determination of the
expression levels of p-IKKa/B, total IKKa/B, total p65-NF-«B, or activated
phospho-p65-NF-«B (S536) as well as p-lkBa and total IkBa is shown. B-Actin
was used as the loading control. B, shown is a tabulated form for the ratios of
the band intensity for p-p65/p65 and p-lkBa/B-actin from A. C, nuclear lysates
of human colon carcinoma cell lines were prepared using a nuclear and cyto-
plasmic extraction kit from Panomics as described under “Materials and
Methods.” Nuclear lysates (5 ng) were labeled with NF-«B oligonucleotides,
and DNA-protein binding was analyzed by EMSA (as described under “Mate-
rials and Methods”).

(negative control), or 2 ug of histone H3 antibody (Abcam,
ab1791; positive control). The RNase A and proteinase K treat-
ments and subsequent immunoprecipitation, de-cross-linking,
and DNA isolation were performed as described previously (59,
60). The resulting chromatin was resuspended in 200 ul of
PCR-grade H,O. Quantitative real-time-PCR was performed
by using primers flanking the promoter regions of c-FLIP and
Mcl-1 putative NF-kB binding sites using a 96-well plate 7500
real-time PCR system and 1X SYBR Green PCR master mix
(Applied Biosystems). The bound DNA was calculated as a frac-
tion of the input.

RESULTS

Human Colorectal Carcinoma Cell Lines Express Constitu-
tively Active NF-kB—A panel of human colon carcinoma cell
lines (HT29, RKO, GC3/cl, VRC5/cl, HCT116, HCT8) was
examined for the expression of constitutively active NF-kB by
determining the expression of p-p65 and p-IkBa by Western
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FIGURE 2. Quinacrine decreases constitutively active NF-kB in human
colon carcinoma cell lines. A, RKO or HT29 cell lines were treated with quin-
acrine T um (Q7) or 5 um (Q5), respectively, for 2 h followed by TNFa (10 ng/ml)
for 1 h. DNA-protein binding was analyzed by EMSA (as described under
“Materials and Methods”). Data are representative of three separate experi-
ments. B, RKO and HT29 were either left untreated (UT) or were transiently trans-
fected with the NF-kB-dependent p5X1P10kb reporter plasmid for 24 h and sub-
sequently treated with quinacrine 2 um (Q2) or 5 um (Q5), respectively, for 2 h
followed by TNFa (10 ng/ml) for 1 h. Lysates were prepared using a dual luciferase
reporter assay kit (Promega), and NF-«B-luciferase activity was measured as per
the manufacturer’s protocol. Data represent the -fold change in relative lucifer-
ase units and are the mean = S.D. of triplicate determinations. C, RKO and HT29
cells were treated with increasing concentrations of quinacrine (0-10 um) for 2 h,
after which total cellular lysates were prepared and analyzed by Western for the
determination of activated NF-«B. B-Actin was used as the loading control. This
figure is representative of three separate experiments.
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FIGURE 3. Inhibition of constitutively active NF-kB elicits cytotoxic activ-
ity in human colon carcinoma cell lines. RKO, HT29, GC3/c1, and HCT8 cell
lines were treated with increasing concentrations of quinacrine (0-20 um) for
2 h. Percent survival was analyzed by clonogenic survival assay (as described

under “Materials and Methods”), and the data represent the mean = S.D. of
triplicate determinations.

analysis (Fig. 1A4), and the ratios of the band intensity were
measured by Image] software (Fig. 1B). In addition, NF-«B
DNA binding in these cell lines was determined by EMSA anal-
ysis (Fig. 1B). Constitutive NF-«B activation (p-p65, p-IkBa)
was observed in 5 of 6 cell lines (RKO, HT29, VRC5/c1, GC3/cl,
HCT116); HT29 exhibited the highest level of constitutive
NE-kB expression, whereas negligible expression was deter-
mined in HCTS8. These results indicate that constitutive NF-«B
activation occurs in high frequency in human colon carcinoma
cell lines.

Quinacrine Decreases Constitutively Active NF-kB in Human
Colon Carcinoma Cell Lines—RKO and HT29 cells were
treated with their respective IC, concentrations of quinacrine
(5 uMm and 1 um, respectively) for a period of 2 h; TNFa (10
ng/ml) treatment for 1 h was employed as a positive control.
Nuclear lysates were prepared and analyzed for NF-kB DNA
binding by EMSA (Fig. 24). In addition, the effects of quina-
crine on NF-kB-dependent luciferase reporter activity (Fig. 2B)
or on cellular levels of p-IKKa/B, IKK, p-p65 (S536), p65,
p-IkBa, and IkBa were also examined. Quinacrine decreased
constitutively active as well as TNF-inducible NF-kB DNA
binding in both cell lines (Fig. 24). Corresponding with the
down-regulation of DNA binding activity, a significant de-
crease in constitutive as well as TNF-inducible NF-«B-depen-
dent luciferase reporter activity was also observed (Fig. 2B).
Furthermore, cellular levels of p-IKKa/B, p-p65 (Ser 536), and
p-IkBa were also significantly decreased after quinacrine treat-
ment (Fig. 2C). Data demonstrate that quinacrine inhibits con-
stitutively expressed (and inducible) NF-«B in human colon
carcinoma cell lines.

Inhibition of Constitutively Active NF-«kB Elicits Cytotoxic
Activity in Human Colon Carcinoma Cell Lines—To examine
the cytotoxic activity of quinacrine in human colon carcinoma
cell lines, HCT8, GC3/c1, HT29, and RKO cells were treated
with increasing concentrations of quinacrine (0—-20 uMm) for a
period of 2 h; clonogenic survival was determined as described
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FIGURE 4. Quinacrine sensitizes RKO and HT29 cells to TRAIL- and L-OHP-induced cell death. A, RKO and
HT29 cell lines were pretreated with IC,5 concentrations of quinacrine (2 or 0.75 um, respectively) for 2 h
followed by treatment with increasing concentrations of TRAIL (0-100 ng/ml) for 24 h, and cell death was
analyzed by FACS using Annexin V/Pl staining as described under “Materials and Methods.” Data represent the
mean = S.D. of triplicate determinations. B, HT29 cells were pretreated with IC, 5 concentrations of quinacrine
(0.75 um) for 2 h followed by treatment with increasing concentrations of L-OHP (0.10 um) for 72 h. Cell death
was analyzed by FACS using Annexin V/Pl staining as described under “Materials and Methods.” Data represent

2 h followed by TRAIL (5-100
ng/ml) for 24 h. Furthermore, HT29
cells, also resistant to L.-OHP, were
pretreated with IC,. concentrations
of quinacrine (0.75 um) for 2 h fol-
lowed by L-OHP (010 um) for 72 h.
Apoptotic cell death was deter-
mined by Annexin V/PI staining as
described under “Materials and
Methods.” Neither RKO nor HT29
exhibited >30% cell death in
response to TRAIL alone (100
ng/ml); however, pretreatment with
quinacrine for 2 h followed by
TRAIL for 24 h significantly sensi-
tized these cells to TRAIL-induced
cell death (~80-90%; Fig. 4A).
HT?29 cells, which exhibited ~45%
cell death in response to L.-OHP (2
uM), were also significantly sensi-
tized to L-OHP-mediated cell death
(~ 90% cell death; Fig. 4B) after
quinacrine pretreatment for 2 h.
Inhibition of NF-«kB by an Inhibi-
tor of IKK or by Overexpression of
IkBaM Sensitizes Colon Carcinoma
Cell Lines to TRAIL- or L.-OHP-in-
duced Cell Death—RKO or HT29
cells were either untreated or
treated with the IKK inhibitor BMS-
345541 or were transiently trans-
fected with either a control vector or
with IkBaM followed by varied
concentrations of TRAIL (0-100
ng/ml) or .-OHP (0-10 um). Simi-
lar to the results obtained with
quinacrine, pretreatment with the
IKK inhibitor BMS-345541 for 1 h
sensitized cells to TRAIL-induced

the mean = S.D. of triplicate determinations.

under “Materials and Methods.” Quinacrine induced a dose-
dependent decrease in clonogenic survival (Fig. 3) that corre-
lated with constitutive NF-«B activation. HT29 cells, which
strongly express constitutively active NF-«kB, exhibited the
greatest decrease in clonogenic survival in response to quina-
crine, whereas HCT8, which expressed negligible levels of con-
stitutively active NF-«B, demonstrated the smallest decrease in
clonogenic survival. Similar results were also observed when
the cells were treated with quinacrine for 24 h (data not shown).

Quinacrine Sensitizes RKO and HT29 Cells to TRAIL- and
1-OHP-induced Cell Death—Constitutive NF-«kB activation has
conferred resistance to TRAIL (61, 62) and to various chemo-
therapeutic agents including L.-OHP in cancer cells (33, 63— 65).
HT29 and RKO cells, resistant to TRAIL-mediated apoptosis,
were selected to elucidate whether inhibition of NF-«B signal-
ing by quinacrine could potentiate TRAIL-induced apoptosis in
these cell lines. RKO and HT29 cells were pretreated with IC,
concentrations of quinacrine (2 and 0.75 umM, respectively) for
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apoptosis (Fig. 54) or to L-OHP-me-
diated cell death (Fig. 5B). Furthermore, transient overexpres-
sion of IkBaM in RKO and HT29 caused a significant increase
in cell death in response to TRAIL (Fig. 5C) or to L-OHP (Fig.
5D). These results clearly indicate that inhibition of constitu-
tively expressed NF-«B sensitizes colon carcinoma cells to
TRAIL- or to .-OHP- mediated apoptosis, thereby demonstrat-
ing that constitutive NF-«B activity confers resistance to
TRAIL- or L.-OHP-induced apoptosis.

Effect of Inhibition of NF-kB Signaling on Expression of Down-
stream Survival Genes and TRAIL- and L-OHP-induced
Cytotoxicity—NF-kB is a critical transcription factor that reg-
ulates the expression of several survival factors, including
members of the Bcl-2 family of proteins (Bcl-2, Bcl-xL, Mcl-1)
and IAP family (c-IAP1, c-IAP2, XIAP, survivin) as well as the
c-FLIP. The effect of inhibition of NF-«kB signaling by quina-
crine on the expression of these NF-kB-dependent survival
genes was subsequently examined further. RKO and HT29 cells
were treated with increasing concentrations of quinacrine
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FIGURE 5. Inhibition of NF-kB by an inhibitor of IKK or by overexpression
of IkBaM sensitizes colon carcinoma cell lines to TRAIL- or L-OHP-in-
duced cell death. Inhibition of NF-«B activity was achieved by either using
IKK inhibitor, BMS-345541, or by overexpression of IkBaM in RKO and HT29
cell lines as described under “Materials and Methods.” A, RKO and HT29 cells
were either left untreated or were treated with 1 um BMS-345541 for 1 h
followed by increasing concentrations of TRAIL (0-100 ng/ml) for 24 h, after
which cell death was analyzed by FACS using Annexin V/PI staining as
described under “Materials and Methods.” Data represent the mean *+ S.D. of
triplicate determinations. B, HT29 cells were either left untreated or were
treated with 1 um BMS-345541 for 1 h followed by increasing concentrations
of L-OHP (0-10 um) for 72 h, after which cell death was analyzed by FACS
using Annexin V/PI staining as described under “Materials and Methods.”
Data represent the mean = S.D. of triplicate determinations. C, HT29 cells
were either left untreated or were transiently transfected with control vector
or IkBaM for 72 h with L-OHP added during the last 48 h of the transfection.
Apoptotic cell death was analyzed by FACS using Annexin V/PI staining as
described under “Materials and Methods.” Data represent the mean = S.D. of
triplicate determinations. D, RKO and HT29 cells were either left untreated or
were transiently transfected with control vector or IkBaM for 72 h with TRAIL
added during the last 24 h of the transfection. Apoptotic cell death was ana-
lyzed by FACS using Annexin V/PI staining as described under “Materials and
Methods.” Data represent the mean = S.D. of triplicate determinations.

(0-10 M) for 2 h after which whole cell lysates were prepared
for Western analyses, as described under “Materials and Meth-
ods.” Data demonstrate a dose-dependent decrease in expres-
sion of c-FLIP (c-FLIPL, c-FLIPS) and Mcl-1 protein (Fig. 64),
whereas no significant changes were observed in the expression
of other NF-kB-dependent survival proteins (survivin, Bcl-xL,
Bcl-2, XIAP, c-IAP1, c-IAP2; Fig. 6B). Although c-FLIP and
Mcl-1 are known to be regulated by NF-«B, direct interaction
had not been described before. We identified putative NF-«B-
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binding sites on both c-FLIP and Mcl-1 promoters using the
MatInspector transcription factor binding site analysis tool
(Genomatix software). Subsequently, chromatin immunopre-
cipitation analyses demonstrated the c-FLIP and Mcl-1 are
direct NF-«B transcriptional targets and that NF-«B physically
interacts with its cognate DNA elements on both c-FLIP and
Mcl-1 promoters in colon cancer cells (Fig. 6C). It was also
determined that subsequent treatment of cells with quinacrine
for 24 h not only down-regulated the expression of c-FLIP and
Mcl-1 but also decreased expression of other NF-kB-depen-
dent survival proteins including survivin, Bcl-xL, Bcl-2, and
XIAP (Fig.6D). Although decreased expression of other NF-KB-
dependent genes in addition to c-FLIP and Mcl-1 was observed
at 24 h after quinacrine exposure, sensitization to TRAIL or to
L-OHP after IC, concentrations of quinacrine pretreatment
for 24 h was similar to the sensitization obtained with IC,
concentrations of quinacrine pretreatment for 2 h (Fig. 6E).
These results indicate that the early down-regulation of c-FLIP
and Mcl-1 by quinacrine plays a primary important role in
increasing the efficacy of TRAIL or L.-OHP in human colon
carcinoma cell lines.

To further confirm the effect of NF-«B inhibition on expres-
sion of c-FLIP and Mcl-1, RKO and HT29 cells were treated
with the IKK inhibitor BMS-345541 (1 um) for 2 h, or IkBaM
was transiently overexpressed, after which total cellular lysates
were examined for the expression of c-FLIP and Mcl-1 by West-
ern analysis (Fig. 6F). Similar to the results obtained with
quinacrine-induced inhibition of NF-kB, NF-«B inhibition by
either overexpression of IkBaM or by inhibition of IKK by
BMS-345541 also demonstrated down-regulated c-FLIP and
Mcl-1 expression in these cells.

ShRNA Knockdown of Endogenous c-FLIP or Mcl-1 with
ShRNA Significantly Potentiates TRAIL- or r-OHP-induced
Apoptosis in Human Colon Carcinoma Cell Lines—To deter-
mine the effect of c-FLIP or Mcl-1 down-regulation on TRAIL-
or L-OHP-mediated apoptosis in RKO or HT29 cells, transient
shRNA knockdown of endogenous c-FLIP or Mcl-1 was per-
formed as described under “Materials and Methods.” RKO or
HT?29 cells were either untreated or were transiently trans-
fected with the respective sShRNA or with a control vector. A
significant decrease in the expression of c-FLIP and Mcl-1 was
observed in shRNA-transfected RKO or HT29 cells compared
with the vector control or wt cells (Fig. 7A). Importantly, this
down-regulation of c-FLIP or Mcl-1 significantly enhanced
TRAIL-induced cell death (Fig. 7B) as well as L-OHP-mediated
cell death (Fig. 7C). Data demonstrate that inhibition of NF-«B
and its downstream target genes c-FLIP and Mcl-1 are critical
for TRAIL- or L.-OHP-induced apoptosis.

DISCUSSION

Colorectal cancer remains a major contributor to cancer-
related deaths in the United States, with currently employed
therapeutic regimens yielding an expected median survival rate
of 22 months for patients with advanced metastatic colorectal
cancer. These regimens have not only been empirically derived,
but drug resistance also compounds the problems involved in
the discovery and implementation of new and effective thera-
peutic approaches. Of agents currently under development,
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TRAIL has gained importance as an anti-tumor agent due toits ~ 27). Studies conducted in preclinical models using TRAIL have
specificity in the induction of cell death in cancer cells in pref- demonstrated potent anti-tumor activity both in vitro and in in
erence to normal cells, without inducing hepatotoxicity (23— vivo cancer models (26, 66, 67). Significant efficacy has also
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FIGURE 7. shRNA knockdown of endogenous c-FLIP or Mcl-1 facilitates
TRAIL-induced apoptosis in RKO and HT29 cells. A, RKO and HT29 cell lines
were either untreated or transiently transfected with c-FLIP, Mcl-1, or control
vector for 72 h. Total cellular lysates were prepared for the detection of c-FLIP
or Mcl-1 protein expression in these cells. B-Actin was used as the loading
control. This figure is representative from three separate experiments. KD,
knock-down. B, RKO and HT29 cell lines were either untreated or transiently
transfected with c-FLIP, Mcl-1 shRNA, or control vector for 72 h followed by
treatment with TRAIL (25-100 ng/ml) for 24 h. Cell death was analyzed by
FACS using Annexin V/PI staining as described under “Materials and Meth-
ods.” Data represent the mean = S.D. of triplicate determinations. C, HT29
cells were either untreated or transiently transfected with c-FLIP, Mcl-1
shRNA, or control vector for 72 h with L-OHP added during the last 48 h of the
transfection. Cell death was analyzed by FACS using Annexin V/PI staining as
described under “Materials and Methods.” Data represent the mean = S.D. of
triplicate determinations.

been demonstrated with drug combinations (68-72), and
TRAIL is currently being evaluated in clinical trials (73-75).
Colon carcinomas express both DR4 and DR5 receptors (76);
however, they have demonstrated resistance to TRAIL-induced
apoptosis (28, 77). A cytotoxic agent currently employed in
standard therapeutic regimens is the platinum-based com-
pound, L-OHP. This is the only platinum analog that is found to
demonstrate some activity in colorectal cancer. It is, therefore,

of importance to understand the molecular mechanism(s) that
imparts resistance to TRAIL and to L.-OHP in colon cancers, in
particular in light of the findings of expression of constitutively
active NF-«B in a wide variety of human cancers (49 -52, 54),
including colorectal cancer (48, 53).

Several studies have demonstrated aberrant and constitutive
activation of NF-«kB in hematologic and solid tumors (48 —54).
Furthermore, chemotherapeutic agents including L-OHP (78,
79) as well as agents that ligate the TRAIL receptors (80— 84)
can also activate NF-«B in these cells, which may contribute
toward imparting resistance against these agents. The current
study has investigated the effect of quinacrine on inhibition of
constitutively active NF-«B, which we have demonstrated is
highly expressed in human colon carcinoma cell lines and
which potentiates both TRAIL- and L.-OHP-mediated death in
these cells. Quinacrine is a derivative of 9-aminoacridine, used
extensively for the treatment of malaria, and more recently has
been to shown to have activity in cancer cells (55). Thus, it has
been shown to activate the tumor suppressor p53 simulta-
neously with inhibition of NF-«B in renal cell carcinoma cells
(55). However, we have demonstrated that HT29 (mp53) and
RKO (wtp53) cells, which have very high levels of expression of
constitutively active NF-kB, are more sensitive to quinacrine-
induced cell death irrespective of the status of the p53 gene,
whereas HCTS cells (wtp53), with significantly lower levels of
constitutively active NF-«B, are considerably less sensitive to
quinacrine-induced cell death. Thus, the degree of constitu-
tively active NF-kB correlates with quinacrine sensitivity in
colon carcinoma cell lines, independent of p53.

NEF-«kB plays a pivotal role in cell survival and is actively
involved in the transcription of >150 genes involved in differ-
ent cellular functions. NF-«B participates in the regulation of
invasion, angiogenesis, and metastasis of tumor cells and is
involved in tumor progression through regulation of various
chemokines as well as genes that regulate cell proliferation
including cyclin D1, c-Myc, TNF, interleukin-1, and MMP-9
(43, 53, 84—86). NF-«B is also a key regulator of apoptosis,
where it suppresses apoptotic cell death by inducing the expres-
sion of several anti-apoptotic factors that include proteins
belonging to the IAP and Bcl-2 families to inhibit caspase-3
activation. NF-«kB also transcriptionally regulates the expres-
sion of c-FLIP, which inhibits TRAIL- as well as .-OHP-in-
duced apoptosis by inhibiting caspase-8 activation at the
receptor complex and can confer resistance to TRAIL or
chemotherapeutic agents in human cancers (36, 37). Mcl-1, a
survival factor that is also known to be up-regulated by NF-«B
(87), may also be a critical component of drug resistance in

FIGURE 6. Effect of inhibition of NF-«xB signaling on expression of downstream survival genes, TRAIL- and L-OHP-induced cytotoxicity. Aand B, RKO and
HT29 cells were treated with increasing concentrations (0-10 um) of quinacrine for 2 h followed by lysis and examined by Western analysis as described under
“Materials and Methods.” Data are representative of three separate experiments. C, chromatin immunoprecipitation followed by quantitative real-time-PCR
was performed on RKO and HT29 cells as described under “Materials and Methods” to identify putative NF-kB-binding sites on both c-FLIP and Mcl-1
promoters. Data represent the mean = S.E. of triplicate determinations. D, RKO and HT29 cells were treated with increasing concentrations (0-10 um) of
quinacrine for 24 h followed by lysis and examined by Western analysis as described under “Materials and Methods.” £, RKO and HT29 cell lines were pretreated
with IC,5 concentrations of quinacrine (1 or 0.3 um, respectively) for 24 h followed by treatment with increasing concentrations of TRAIL (0-100 ng/ml) for 24 h
or L-OHP (0-10 um) for 72 h. Cell death was analyzed by FACS using Annexin V/PI staining as described under “Materials and Methods.” Data represent the
mean = S.D. of triplicate determinations. F, RKO and HT29 cells were either treated with 1 um BMS-345541 or were transiently transfected with control vector
or IkBaM for 72 h. Total cellular lysates were prepared for the detection of c-FLIP or Mcl-1 protein expression in these cells. B-Actin was used as the loading

control. This figure is representative from three separate experiments.
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colon cancer. Mcl-1 inhibits mitochondrial-dependent apopto-
sis after receptor ligation in death receptor-mediated cell death.
These NF-«kB target genes are over-expressed in colon carci-
noma cells (43, 85, 88) and can confer chemoresistance as well
as TRAIL resistance in various tumors (36, 37, 47). Thus, the
potential for L-OHP or TRAIL as anti-tumor agents may be
significantly enhanced by inhibiting not only NF-«B but also
the NF-kB-regulated downstream survival signaling pathways.
Numerous reports have shown synergistic anticancer activity
when these agents are combined together with each other or
with other chemotherapeutic agents (69 -71, 89 -92), including
NF-kB inhibitors (34, 69 -71, 93-96). Studies with inhibition
of NF-kB by proteasome inhibitors such as NPI-0052 (salinos-
poramide A) have demonstrated synergistic interaction with
various chemotherapeutic drug combinations that include
FUra/LV+ CPT-11 (irinotecan) + Avastin (bevacizumab) +
oxaliplatin in a colon cancer model (34). Inhibition of NF-«B
signaling has also augmented the anti-tumor efficacy of gemcit-
abine and L-OHP in pancreatic cancer (97). Studies using bort-
ezomib (PS-341), also a proteasomal inhibitor that inhibits
NEF-kB activation, have demonstrated enhanced sensitization
to radiation therapy in the LOVO xenograft model (98),
increased chemosensitivity to CPT-11 in colorectal cancer cells
(99), and enhancement of the cytotoxic effect of several chemo-
therapeutic agents including carboplatin and CPT-11 in glioma
cells (100). Recently, phase I studies using bortezomib in com-
bination with irinotecan (101) or with gemcitabine (102) or
with capecitabine and L.-OHP (103) in patients with advanced
solid tumors have shown that these drug combinations are safe,
with manageable toxicities, and are currently in Phase II trials,
indicating that inhibition of NF-«B may play an important role
in new developmental therapeutic approaches in cancer.
Although very recently Hideshima et al. (104) showed that
bortezomib and other proteasome inhibitors can also induce
canonical NF-«B signaling in MM cells through phosphoryla-
tion of receptor-interacting protein 2 as well as IKKS (105),
which clearly indicates that the action of bortezomib and other
proteasome inhibitors is not limited to NF-«B inhibition and
that other mechanisms may play a role in its anti-tumor
activity.

It has been demonstrated that colorectal cancers have high
constitutive NF-«B expression, and the current study has estab-
lished that the majority of colon carcinoma cell lines also dem-
onstrate constitutive NF-«B expression. Furthermore, data
demonstrate that quinacrine is cytotoxic to human colon car-
cinoma cell lines and that it inhibits this constitutive NF-«B
activity independent of p53. Importantly, at IC,. concentra-
tions, quinacrine as well as inhibiting NF-«B activation mark-
edly enhances the anticancer activity of TRAIL and .-OHP in
these cell lines. Similarly, a specific IKK inhibitor BMS-345541
or expression of IkBaM, which inhibits constitutively active
NE-«B, confers sensitivity to TRAIL- or L.-OHP-induced cell
death. Several survival factors that are transcriptionally regu-
lated by NF-«B are implicated in conferring resistance to these
agents in tumor cells. The current study demonstrates that
with a relatively short, 2-h exposure, quinacrine specifically
decreases the expression of c-FLIP and Mcl-1 without affecting
the expression of other NF-«B-dependent survival proteins
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(survivin, Bcl-xL, Bcl-2, XIAP, c-IAP1, c-IAP2) in both RKO
and HT29 cell lines. However, extended exposure to quinacrine
(up to 24 h) resulted in down-regulation of other NF-«B-depen-
dent survival proteins, namely, XIAP, Bcl-2, Bcl-xL, and sur-
vivin. Our study also demonstrates for the first time that c-FLIP
and Mcl-1 are direct targets of NF-kB. Previous reports have
suggested that c-FLIP or Mcl-1 survival factors could be tran-
scriptionally regulated by NF-«B; however, evidence of a direct
interaction between the transcription factor and promoters
of these putative targets has not been previously described. We
have used chromatin immunoprecipitation technology to
selectively immunoprecipitate NF-«B from chromatin prepa-
rations and determined the associated DNA sequences. Our
findings that NF-kB physically binds to its specific DNA ele-
ments on the promoters of c-FLIP and Mcl-1 provide strong
evidence that NF-«B directly transcriptionally regulates c-FLIP
and Mcl-1. Both c-FLIP and Mcl-1 are primarily affected by
quinacrine due to their shorter half-lives as compared with the
other NF-«kB-dependent survival proteins including c-IAP1,
c-IAP2, and XIAP as well as Bcl-2 and Bcl-xL (56, 106 —108). In
addition, shRNA knockdown of c-FLIP or Mcl-1 in HT29 and
RKO significantly enhanced TRAIL- and L.-OHP-induced cell
death. These results, verified by different agents and experi-
mental techniques, clearly demonstrate the importance of
constitutively active NF-«B in attenuating apoptosis mediated
by these agents and that both c-FLIP and Mcl-1 are the primary
contributors of NF-kB-dependent survival factors to the
TRAIL and 1-OHP resistance phenotype in colon carcinoma
cells via an NF-kB-dependent signaling mechanism.

In conclusion, constitutive NF-«B activation contributes signif-
icantly to cell survival in human colon carcinoma cells, rendering
them resistant to TRAIL as well as to other chemotherapeutic
agents including L-OHP and that inhibition of NF-«B signaling by
quinacrine is highly synergistic in the potentiation of the cytotoxic
effect of TRAIL and L-OHP, supporting the application of NF-kB
inhibitors in the development of novel and effective therapeutic
approaches for the treatment of colon cancer.
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