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Abstract

Development of new therapeutic agents for colon cancer is
highly desirable. To this end, we screened a chemical library
for new anticancer agents and identified a synthetic com-
pound, 5-(2,4-dihydroxybenzylidene)-2-(phenylimino)-1,3-
thiazolidin (DBPT), which kills cancer cells more effectively
than it kills normal human fibroblasts. The molecular
mechanism of the antitumor action of DBPT was further
analyzed in three human colorectal cancer cell lines. DBPT
effectively inhibited the growth of colorectal cancer cells,
independent of p53 and P-glycoprotein status, whereas
normal fibroblasts were unaffected at the same IC50. Over
time, DLD-1 cancer cells treated with DBPT underwent
apoptosis. The general caspase inhibitor benzyloxycarbonyl-
valine-alanine-aspartate-fluoromethylketone partially blocked
DBPT-induced apoptosis in a dose-dependent manner. DBPT-
induced apoptosis, including cytochrome c release and
caspase activation, was abrogated when c-Jun NH2-terminal
kinase (JNK) activation was blocked with either a specific JNK
inhibitor or a dominant-negative JNK1 gene. However,
constitutive JNK activation alone did not replicate the effects
of DBPT in DLD-1 cells, and excessive JNK activation by
adenovirus encoding MKK7 had little influence on DBPT-
induced apoptosis. Our results suggested that DBPT induces
apoptosis in colorectal cancer cell lines through caspase-
dependent and caspase-independent pathways and that JNK
activation was crucial for DBPT-induced apoptosis. DBPT and
its analogues might be useful as anticancer agents. (Cancer Res
2005; 65(14): 6380-7)

Introduction

Use of chemotherapeutic agents has been shown to improve the
outcomes of patients with advanced colorectal cancer (1, 2).
Moreover, numerous new antineoplastic agents have been shown
to have anticancer activity, either alone or in combination with
other anticancer agents (3–5). However, for most cancer patients,
currently available therapies have been only temporarily successful
because they frequently lead to resistance or unacceptable levels of
toxicity. Consequently, colorectal cancer is one of the leading
causes of cancer-related death worldwide (6). It is therefore
important to develop alternative therapeutic agents with improved

efficacy and tolerability. Thus, agents that induce apoptosis
selectively in cancer cells are highly desirable.
c-Jun NH2-terminal kinase (JNK) is an important mediator of

apoptotic signaling (7). It is a member of the mitogen-activated
protein kinase (MAPK) family, which also includes extracellular
signal-regulated kinase (ERK) and p38 (8). JNK has at least 10
isoforms that are encoded by three genes, JNK1, JNK2 , and JNK3 (9).
JNK1 and JNK2 are expressed in various tissues and play crucial roles
in many cellular events, including growth control, development, and
apoptosis (10), whereas JNK3 is expressed only in neuronal tissue
and is essential for stress-induced neuronal cell death (11). JNK
activation is required for induction of apoptosis by a number of
stress stimuli such as UV radiation, growth factor withdrawal,
inflammatory cytokines, and chemotherapeutic agents (12–15). The
exact molecular mechanism by which JNK mediates apoptotic
signals remains unclear, although several recent reports have shown
that JNK activation is required for stress-induced release of
mitochondrial cytochrome c or Smac/DIABLO and for apoptosis
mediated by the mitochondrial caspase-9 pathway (16–19).
To develop new anticancer agents that are cytotoxic to cancer

cells, but not to normal cells, we screened a chemical library from
Chembridge, Inc. (San Diego, CA) and identified a synthetic
compound, 5-(2,4-dihydroxybenzylidene)-2-(phenylimino)-1,3-
thiazolidin (DBPT), which kills cancer cells more effectively than
it kills normal human fibroblasts. The molecular mechanism of the
cytotoxic effect of DBPT was further characterized on human
colorectal cancer cells. We found that DBPT induced JNK-mediated
apoptosis in colon cancer cells through caspase-dependent and
caspase-independent pathways. Our results also suggest that DBPT
and its analogues might be useful as anticancer agents.

Materials and Methods

Cells and culture conditions. The human colon cancer cell lines DLD-1,

LoVo, and HCT116 (p53 wild-type and p53�/�, generously provided by Dr.

Bert Vogelstein, The Johns Hopkins University, Baltimore, MD; ref. 20) were

routinely cultured in RPMI 1640 supplemented with 10% heat-inactivated
FCS, 100 units/mL penicillin, and 100 mg/mL streptomycin. Normal human

fibroblasts were maintained in DMEM with the same supplements. All cells

were maintained in the presence of 5% CO2 at 37jC.
Chemicals and antibodies. A chemical library with 10,000 compounds,

DBPT, and DBPT analogue 2-[(4-methylphenyl)amino]-5-(phenylmethy-

lene)-4(5H)-thiazolone (MAPT) were obtained from ChemBridge (San

Diego, CA). The chemical structures of DBPT and MAPT are shown in

Fig. 1. The compounds were dissolved in DMSO to a concentration of
10 mmol/L and stored at 4jC as a master stock solution. The JNK-specific

inhibitor SP600125, the ERK inhibitor PD98059, and the p38 inhibitor

SB202190 were purchased from Calbiochem (La Jolla, CA), dissolved in
DMSO, stored at �20jC, and protected from light. The general caspase

inhibitor benzyloxycarbonyl-valine-alanine-aspartate-fluoromethylketone

(z-VAD-fmk) was obtained from R&D Systems (Minneapolis, MN). Antibodies
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to the following proteins were used for Western blot analysis: caspase 3 and

P-glycoprotein (Santa Cruz Biotechnology, Santa Cruz, CA); caspase 8 (MBL

International, Woburn, MA); cyclooxygenase-4 (COX-4), poly(ADP-ribose)
polymerase, and cytochrome c (BD PharMingen, San Diego, CA); JNK,

phosphorylated JNK, ERK, phosphorylated ERK, p38, phosphorylated p38,

phosphorylated c-Jun, and caspase 9 (Cell Signaling, Beverly, MA); and

hemagglutinin and h-actin (Sigma, St. Louis, MO).
Cell proliferation assay. The antiproliferative effects of DBPT on

various cancer cell lines and normal human fibroblasts were examined

using cell proliferation assays. Cells were seeded in 96-well flat-bottomed

plates (5-10 � 103 in 100 AL of culture medium per well) and treated the
next day with the indicated concentrations of compounds. An equal volume

of DMSO was used as a control. Cell viability was determined 72 hours later

by 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide

inner salt (XTT) assay using a Cell Proliferation Kit II (Roche Molecular
Biochemicals, Indianapolis, IN) according to the protocol of the manufac-

turer. The experiments were done at least thrice for each cell line. The

concentrations of DBPT that inhibited absorbance by 50% and 80% (IC50

and IC80, respectively) were calculated by using the CurveExpert Version 1.3

program.

Apoptosis assay. For detection of apoptosis, fixed cells were suspended

in PBS containing 10 Ag/mL propidium iodide (Roche Diagnostics,
Indianapolis, IN) and 10 Ag/mL RNase A (Sigma-Aldrich) at 37jC for 30

minutes. Cell cycle analysis was done using an epics Profile II flow

cytometer (Beckman Coulter, Fullerton, CA) with MultiCycle software

(Phoenix Flow Systems, San Diego, CA). Accumulation of sub-G1 cells, a
known indicator of DNA fragmentation and apoptosis, was used to quantify

apoptosis. The percentage of cells undergoing apoptosis was also

determined by Annexin V staining by using the Annexin V-FITC Apoptosis
Detection Kit (PharMingen). Stained cells were analyzed using the flow

cytometer and software described above. All experiments were repeated at

least thrice.

Plasmid transfection and adenovirus vector transduction. The
plasmids pLNCX-3X HA-p46JNK1a (dnJNK1; encodes a hemagglutinin-

tagged, dominant-negative JNK1 mutant) and pLNCX-3X HA-p54JNK2a

(dnJNK2; encodes a hemagglutinin-tagged, dominant-negative JNK2 mu-

tant; ref. 21) were provided by Dr. L.E. Heasley (University of Colorado
Health Sciences Center, Denver, CO). Plasmid transfection was done using

FuGENE6 reagent (Roche Diagnostics), and cells were selected for growth in

the presence of 500 Ag/mL G418. The adenoviral vector AdMKK7DN, which

encodes a dominant-negative, constitutively active MKK7 mutant, was
provided by Dr. Yibin Wang (University of California, Los Angeles, CA;

ref. 22). The vector encoding green fluorescence protein (AdGFP) has been

reported previously (23).

Western blot analysis. For preparation of whole-cell extracts, cells were
washed twice in cold PBS, collected, and lysed in lysis buffer [62.5 mmol/L

Tris (pH 6.8), 2% SDS, and 10% glycerol] containing 1� proteinase-inhibitor

cocktail (Roche Diagnostics). The lysates were spun at 14,000 � g in a
microcentrifuge at 4jC for 10 minutes, and the resulting supernatants were

used as whole-cell extracts. For preparation of cytosolic and mitochondrial

extracts, cells were washed twice in cold PBS, collected, and lysed in lysis

buffer from the ApoAlert Cell Fractionation Kit (Clontech, Palo Alto, CA).
Cytosolic and mitochondrial extracts were isolated according to the

protocol of the manufacturer. Protein concentrations were determined

using the BCA Protein Assay Kit (Pierce, Rockford, IL). Equal amounts

(30-50 Ag) of proteins were used for immunoblotting as described
previously (24).

Statistical analysis. Differences among the treatment groups were

assessed by ANOVA using StatSoft statistical software (Tulsa, OK). P < 0.05
was considered significant.

Results

DBPT Inhibited Proliferation of Human Colon Cancer
Cells
In a primary screen of 10,000 compounds, we tested cytotoxic

effects of these compounds on human colon cancer cell lines
DLD-1 and LoVo, human lung cancer cell lines H1299 and H460,
and normal human fibroblasts. Cells seeded in 96-well plates were
treated with each compound at a final concentration of about
5 Ag/mL. Cells treated with solvent (DMSO) were used as
controls. Cytotoxic effects were then determined by observation
under microscope and by cell viability assay. This screening led us
to identify DBPT as an agent that had cytotoxic effects in the four
cancer cell lines tested and but not in normal human fibroblasts.
We then treated human colon cancer cells with DBPT at various
concentrations for 72 hours and examined its effect on cell
viability using XTT assays. DBPT effectively inhibited the growth
of DLD-1 and HCT116 cells with IC50 values ranging from 1.6 to

Figure 1. Chemical structure of DBPT and its analogue MAPT.

Table 1. IC50 and IC80 for DBPT in human colorectal cancer cell lines and normal human fibroblasts

Cell line P-glycoprotein status DBPT concentration

IC50 (Amol/L) IC80 (Amol/L)

DLD-1 +++ 1.6 F 0.3 2.7 F 0.3

HCT116 (p53+) F 4.9 F 0.3 ND

HCT116 (p53�) F 5.9 F 0.3 ND
NHFB ND 22.9 F 7.2 ND

NOTE: Cells were grown in the presence of DBPT for 72 hours, and cell viability was determined by XTT assay. P-glycoprotein levels were evaluated by

Western blot analysis. p53+, wild-type; p53�, p53 deficient; NHFB, normal human fibroblasts; ND, not determined. Each value in the DBPT columns

represents the mean F SD of three independent experiments.
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5.9 Amol/L (Table 1). This cytotoxic effect is p53 independent
because DBPT inhibited the growth of both wild-type and p53-
deficient HCT116 cells.
In addition, we measured the expression level of P-glycoprotein, a

product of the human multidrug resistance MDR1 gene (25), in

three colon cancer cell lines (Table 1). The amount of P-glycoprotein
in DLD-1 cells was markedly higher than in HCT116 cells, but the
sensitivity of DLD-1 cells to DBPTwas also much higher than that of
HCT116 cells, indicating that the activity of DBPT in colon cancer
cells was not affected by P-glycoprotein status.
We also evaluated the dose-response effect of DBPT in normal

human fibroblast cells (Table 1). The IC50 in normal human
fibroblast cells was 4 to 14 times higher than in cancer cells,
indicating that DBPT may selectively induce cytotoxic effects in
cancer cells. Interestingly, MAPT, a DBPT analogue with similar
chemical structure (Fig. 1), did not induce any cytotoxic effects in
any of the cells tested, even at 31 Amol/L, the highest concentration
tested (data not shown).

DBPT Induced Apoptosis and Caspase Activation in
Colon Cancer Cells
To elucidate the mechanisms by which DBPT induces cytotox-

icity, we used flow cytometry to analyze apoptosis in DLD-1 and
HCT116 cells after DBPT treatment (Fig. 2A). DBPT induced a
marked, time-dependent increase in the percentage of Annexin V–
positive DLD-1 and HCT116 cells, with peak values of 65.2% and
44.5% 48 hours after treatment with 3 and 5 Amol/L DBPT,
respectively. To further examine the ability of DBPT to induce
apoptosis, we treated DLD-1 cells with 3 Amol/L DBPT for 6, 12, 24,
or 48 hours and evaluated caspase activation by Western blot
analysis (Fig. 2B). Cleavage of caspase 3, caspase 8, caspase 9, and
poly(ADP-ribose) polymerase was easily detectable after 48 hours.
We next investigated whether inhibition of caspase activation

affects DBPT-induced apoptosis. DLD-1 cells were pretreated with
the general caspase inhibitor z-VAD-fmk at 10, 50, or 100 Amol/L
for 30 minutes and then treated with DBPT for another 24 to 48
hours. The cells were analyzed for viability by XTT assay and for
apoptosis by flow cytometry (Fig. 2C and D). Pretreatment with
z-VAD-fmk blocked DBPT-mediated cell growth inhibition in a
dose-dependent manner. The most significant difference in cell
viability was observed between cells treated with DBPT alone
(42.6%) and those treated with 100 Amol/L z-VAD-fmk plus DBPT
for 48 hours (81.3%; P < 0.01, Fig. 2C). Consistently, pretreatment
with z-VAD-fmk markedly diminished the DBPT-mediated apopto-
tic (sub-G1) cells (Fig. 2D). These results indicate that DBPT-
induced apoptosis in DLD-1 cells was related to caspase activation
although z-VAD-fmk did not completely block apoptosis.

DBPT Activated Mitogen-activated Protein Kinase
Signaling
Many cellular stresses and stimuli induce apoptosis and

modulate MAPK signaling pathways (26, 27). However, the role of
these pathways in cell death is not completely understood.

Figure 2. DBPT induced apoptosis in colon cancer cells by activating caspases.
A, DLD-1 and wild-type HCT116 cells were treated with 3 and 5 Amol/L DBPT,
respectively, for the indicated times and stained with FITC-labeled Annexin V
and propidium iodide. Stained cells were analyzed by flow cytometry to
determine the apoptotic ratio. Columns, mean of three independent experiments;
bars, SD. B, DLD-1 cells were treated with 3 Amol/L DBPT for the indicated
time periods, and whole-cell extracts were analyzed by Western blotting.
Activation of caspases and poly(ADP-ribose) polymerase (PARP ) was detected
24 and 48 hours after DBPT treatment. h-Actin was used as a loading control.
Arrowheads, cleavage proteins. C, DLD-1 cells were pretreated with 10, 50,
or 100 Amol/L z-VAD-fmk for 30 minutes and treated with DBPT for 24 or 48
hours. Cell growth inhibition was determined by XTT assay. Columns, mean of
three independent experiments; bars, SD. *, P < 0.01, compared with DBPT
treatment alone. D, DLD-1 cells were pretreated with 50 or 100 Amol/L z-VAD-fmk
for 30 minutes and treated with DBPT for 24 or 48 hours. The percentage of
cells in sub-G1 phase was determined by flow cytometry.
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We examined the activation of the MAPKs JNK, ERK, and p38 after
DBPT treatment (Fig. 3). Lysates of DBPT-treated cells were
analyzed by Western blotting for MAPK phosphorylation, a
hallmark of MAPK activation. Control cells were treated with
MAPT. Treatment of DLD-1 cells with DBPT increased the
amounts of phosphorylated JNK and p38, which were easily
detectable at 24 and 48 hours after the treatment. In contrast,
treatment with MAPT did not result in detectable activation of JNK
and p38. Phosphorylated ERK was slightly decreased at the early
time points (6-24 hours) but increased at 48 hours after DBPT
treatment. Phosphorylated ERK in MAPT-treated cells was only
temporarily reduced (at 24 hours). There was no obvious difference
in phosphorylated ERK levels in cells 48 hours after treatment with
either DBPT or MAPT.

c-Jun NH2-terminal Kinase Inhibitor SP600125
Blocked DBPT-induced Apoptosis
To further investigate the role of MAPK activation in DBPT-

induced apoptosis, we treated DLD-1 cells with DBPT in the
presence or absence of the p38 inhibitor SB202190 (28, 29), ERK-
specific inhibitor PD98059, or JNK inhibitor SP600125 (30) and
analyzed the sub-G1 population by flow cytometry. Western blot
analysis showed that pretreatment with SP600125 and PD98059
diminished DBPT-induced activation of JNK and ERK, respectively.
SB202190, an inhibitor that is specific for the a and h isoforms of p38
and does not inhibit p38 phosphorylation but inhibits p38 kinase
activity, had little effect on p38 phosphorylation as previously
reported by others (28, 29). Interestingly, pretreatment with JNK
inhibitor SP600125 completely blocked DBPT-induced apoptosis
(Fig. 4B). The percentages of apoptotic cells after treatment with
50 Amol/L SP600125, 3 Amol/L DBPT, or both were 7%, 38%, and 4%,
respectively. The difference between DBPT alone and DBPT plus
SP600125 was significant (P < 0.001). In contrast, the p38 inhibitor
SB202190 and ERK inhibitor PD98059 had either no effects or only
moderate effects on DBPT-induced apoptosis. Apoptotic cells after
treatment with DBPT alone, DBPT plus SB202190, and DBPT plus
PD98059 were 38%, 42%, and 27%, respectively.
The suppression of DBPT-induced apoptosis by the JNK inhibitor

was also obvious when observed under microscope. DLD-1 cells
treated with DBPT alone showed the typical morphologic changes
of cytopathies, and became rounded and detached from the plate

(Fig. 4C). Those changes were abrogated by the presence of
SP600125. SP600125 pretreatment also reduced DBPT-mediated
cleavage of caspase 8, caspase 9, and caspase 3 (Fig. 4D).
Additionally, DBPT-mediated release of cytochrome c from
mitochondria was substantially attenuated in the presence of
SP600125 (Fig. 4E). These results show that DBPT-mediated
caspase activation and cytochrome c release were JNK dependent
and that JNK activation had a key role in DBPT-mediated apoptosis.
To determine whether DBPT-induced JNK activation was

associated with p53 status, we treated wild-type and p53-deficient
HCT116 cells with DBPT at two different concentrations and
monitored the expression of phosphorylated JNK and c-Jun. DBPT
activated JNK and c-Jun after 24 hours in both cell lines, suggesting
that DBPT-mediated JNK activation was independent of p53
(Fig. 4F). Interestingly, treatment with DBPT also led to the
accumulation of p53 in HCT116 (p53+/+) cells. Whether this
accumulation of p53 also correlates with JNK activation is not clear.
Suppression of DBPT-induced c-Jun NH2-terminal kinase

activation and apoptosis by dominant-negative JNK1 . To
further investigate the role of JNK activation in DBPT-induced
apoptosis, we stably transfected DLD-1 cells with plasmid
expressing either the dominant-negative mutant dnJNK1 or dnJNK2
(Fig. 5A), treated the cells with 3 Amol/L DBPT, and analyzed cell
viability and apoptosis. The expression of dnJNK1 in DLD-1 cells
markedly blocked DBPT-induced growth inhibition after 24 hours
(P < 0.01) and 48 hours (P < 0.001). In contrast, the expression of
dnJNK2 had no effect at 24 hours, but enhanced DBPT-induced cell
death at 48 hours when compared with the same treatment for
empty vector–transfected control cells (P < 0.01; Fig. 5B). Flow
cytometric analysis of cells treated with 3 Amol/L DBPT for 24
hours showed that DBPT-mediated apoptosis was markedly
reduced in two dnJNK1 transfectants (P < 0.01) but not in any
dnJNK2 transfectants as compared with an empty control vector
(Fig. 5C). We also examined the JNK activation in dnJNK1 or
dnJNK2 transfectants treated with DBPT for 24 and 48 hours.
Western blot analysis showed that dnJNK1, but not dnJNK2,
suppressed DBPT-mediated JNK activation (Fig. 5D). Similarly,
dnJNK1, but not dnJNK2, inhibited DBPT-mediated caspase-3
cleavage. These results indicate that JNK1 activation is crucial for
DBPT-mediated apoptosis and that different JNK isoforms (or their
respective genes) may have different roles in DBPT-induced
apoptosis.

Constitutive c-Jun NH2-terminal Kinase Activation
Alone did not Replicate the Effects of DBPT
To determine whether ectopic JNK activation can itself affect cell

proliferation, we treated DLD-1 cells with an expression vector
encoding MKK7, a kinase upstream of JNK. Treatment with the
AdMKK7DN vector activated JNK and c-Jun, but not ERK and p38,
after 24 and 48 hours (Fig. 6A). An XTT assay revealed that
AdMKK7DN did not inhibit the growth of DLD-1 cells after 24 and
48 hours compared with the control vector AdGFP (Fig. 6B). To
investigate whether constitutive JNK activation by AdMKK7DN will
have an effect on DBPT-induced apoptosis, DLD-1 cells were
treated with DBPT in the presence or absence of AdMKK7DN and
apoptosis was determined by flow cytometry assay. The results
showed that activation of JNK by AdMKK7DN moderately
enhanced DBPT-induced apoptosis at 24 hours (P < 0.01). However,
this effect was not observed at 48 hours (Fig. 6C), indicating that
excessive activation of JNK only had minor effect on DBPT-induced
apoptosis.

Figure 3. DBPT induces MAPK activity. DLD-1 cells were treated with 3 Amol/L
DBPT or MAPT for the indicated times. Whole-cell lysates were analyzed for
total and active (phosphorylated) JNK, ERK, and p38 by Western blot analysis.
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Discussion

We identified a synthetic compound that effectively inhibited the
growth of three human colorectal cancer cell lines in vitro . DBPT
had little effect on the growth of normal human fibroblasts at the
IC80 values used for colorectal cancer cells, suggesting that DBPT

might selectively induce cytotoxicity in human colorectal cancer

cells. Although p53 has a crucial role in cell cycle regulation and

apoptosis induction in various types of cancer cells after treatment

with chemotherapeutic agents (31, 32), DBPT effectively inhibited

cell growth in both wild-type and p53-deficient HCT116 cells and

Figure 4. Effect of MAPK inhibitors on DBPT-induced apoptosis. A, DLD-1 cells were treated with 3 Amol/L DBPT in the presence or absence of 50 Amol/L PD98059
(ERK inhibitor), 40 Amol/L SB202190 (p38 inhibitor), or 50 Amol/L SP600125 (JNK inhibitor) for 24 or 48 hours. Whole-cell lysates were analyzed for JNK, c-Jun,
ERK, and p38 activation by immunoblotting. B, apoptotic cells after treatment as described in (A). Columns, mean of three independent experiments done in triplicate;
bars, SD. *, P < 0.01; **, P < 0.001, among the indicated groups. C, phase-contrast photomicrographs of DLD-1 cells treated with 50 Amol/L SP600125, 3 Amol/L
DBPT, or both for 24 hours. Magnification, �100. D, detection of caspase activation by immunoblotting. DLD-1 cells were treated with DBPT in the presence or
absence of SP600125 for 24 or 48 hours. Whole-cell lysates were analyzed for caspase activation. h-Actin was used as a loading control. Arrowheads, cleavage
proteins. E, DLD-1 cells were treated with DBPT in the presence or absence of SP600125 for 24 hours. Cytosolic fractions were analyzed by immunoblotting with
anti-cytochrome c . Mitochondrial fractions (M ) were used as a positive control. COX-4 and h-actin were used as loading controls for mitochondrial and cytosolic
fractions. F, wild-type (p53+) and p53-deficient (p53�) HCT116 cells were treated with 2.5 or 5 Amol/L DBPT for 24 hours. Cell extracts were analyzed for the indicated
proteins by Western blotting.
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p53-mutant DLD-1 cells, suggesting that DBPT-induced cell growth
inhibition does not depend on p53 status. However, DBPT can
induce accumulation of p53 in p53 wild-type HCT116 cells. Thus, it
is still possible that p53 may have a contribution to DBPT-
mediated cytotoxic effects in p53-positive cells.
In addition, our data showed that DLD-1 cells express moderate

levels of P-glycoprotein, a glycoprotein that confers multidrug

Figure 5. JNK1 activation has a crucial role in DBPT-induced apoptosis.
A, DLD-1 cells transfected with dnJNK1 or dnJNK2 plasmids were analyzed by
Western blot with antihemagglutinin antibody. DLD-1 cells stably transfected
with dnJNK1, dnJNK2, or an empty vector (control) were treated with 3 Amol/L
DBPT for 24 or 48 hours. Cell viability was determined by XTT assay (B ), and
apoptotic ratio was determined by flow cytometry (C). Columns, mean of three
independent experiments; bars, SD. *, P < 0.01; **, P < 0.001, among the
indicated groups. D, DLD-1 cells stably transfected with dnJNK1 or dnJNK2
were treated with 3 Amol/L DBPT for 24 and 48 hours. Whole-cell lysates
were analyzed for indicated antibodies by Western blot analysis. Arrowhead ,
cleavage protein.

Figure 6. JNK activation alone has no effect on cell proliferation. A, DLD-1 cells
were treated with either AdGFP or AdMKK7DN at the indicated multiplicity of
infection (MOI) for 24 hours, and cell lysates were subjected to Western blot
analysis for the indicated proteins. Lysate from cells treated with PBS was used
as a control. B, DLD-1 cells were treated with AdGFP or AdMKK7DN at the
indicated MOI for 24 or 48 hours. The effect of JNK activation on cell growth
inhibition was determined by XTT assay. Columns, mean of three independent
experiments; bars, SD. C, DLD-1 cells were pretreated with AdGFP or
AdMKK7DN at 2,000 MOI for 24 hours and then treated with 3 Amol/L DBPT for
additional 24 and 48 hours. The apoptotic ratio of stained cells with propidium
iodide was determined by flow cytometry. Columns, mean of three independent
experiments done in triplicate; bars, SD.
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resistance in some cell lines (Table 1). Consistently, previous report
has shown that DLD-1 cells had a higher level of P-glycoprotein
expression than other cancer cell lines and were relatively resistant
to paclitaxel in vitro (33). Notably, DLD-1 cells were more sensitive
to DBPT than HCT116 cells, which have no detectable
P-glycoprotein. Furthermore, the growth-inhibitory effect of DBPT
on P-glycoprotein–overexpressing cells was comparable to the
effect on parental cells that did not express P-glycoprotein (data
not shown). These results indicate that the effect of DBPT was not
affected by P-glycoprotein status and that DBPT might not be a
substrate of P-glycoprotein. DBPT may thus be a potent treatment
for patients who do not respond to paclitaxel therapy because of
P-glycoprotein overexpression.
Although most antineoplastic agents induce apoptosis in cancer

cells, the mechanisms by which they do so remain unclear. In this
study, we showed that caspase activation was involved in DBPT-
induced apoptosis, as is the case with numerous chemotherapeutic
agents (34–38). Caspase 3, caspase 8, and caspase 9 were activated by
DBPT in DLD-1 cells, and the general caspase inhibitor z-VAD-fmk
blocked DBPT-induced apoptosis in a dose-dependent manner.
However, even treatment with up to 100 Amol/L z-VAD-fmk did not
completely block DBPT-induced apoptosis, indicating that it in-
volved both caspase-dependent and caspase-independent pathways.
Our data also showed that JNK activation was required for

DBPT-induced apoptosis. JNK has a wide variety of biological
functions, including acceleration of cell proliferation and trans-
duction of survival signals under some stress conditions (17).
Nevertheless, many reports have focused on the roles of JNK in the
regulation of apoptosis when cells are exposed to DNA damage,
chemotherapeutic agents, or cytokines (12–14). The mechanism by
which JNK becomes activated in response to apoptotic signaling is
not completely understood. In this study, we found that DBPT-
induced apoptosis, including cytochrome c release and caspase
activation, was abrogated when cells were pretreated with either
the specific JNK inhibitor SP600125 or a dominant-negative JNK1
gene. This result is consistent with previous reports that activated
JNK regulates phosphorylation of mitochondrial proteins during
apoptosis and induces apoptosis through a mitochondrial pathway
(16, 19, 39). Interestingly, DBPT-induced cell death was slightly
enhanced in dominant-negative JNK2–transfected cells, indicating
different roles for JNK1 and JNK2 in DBPT-induced apoptosis. This
finding was not completely unexpected because it has also been

reported that JNK1 is involved in mediating apoptosis in several
cancer cells treated with UV radiation or microtubule-interacting
agents (40–42), whereas JNK2 has a more specific role in cell
survival signaling (21, 43–45).
A recent report has shown that p53-dependent JNK activity might

be a general response to chemotherapeutic agents (46). However, it
has also been shown that p53 does not seem to be required for JNK-
induced apoptosis (47). In our study, JNK activation by DBPT was
independent of p53 status in HCT116 cells. Moreover, we found that
activation of JNK signaling alone by an MKK7 expression vector was
not sufficient to induce cell death in DLD-1 cells. This is consistent
with a recent report that expression of a constitutively active JNK
kinase-2/JNK1 fusion protein does not induce apoptosis in
fibroblasts (48). Our result also showed that excessive activation
of JNK by an MKK7 expression vector had little effect on DBPT-
induced apoptosis. Together, these data suggest that JNK activation
is required but not sufficient to account for DBPT-mediated
cytotoxic effect. Other cellular events or apoptosis signaling must
be present in addition to JNK activation.
The tumor-selective cytotoxic effect induced by DBPT might be

useful in cancer therapy. However, the mechanism of selectivity of
the compound and initial targets are not yet known. The selective
cell killing observed may have been the result of cellular differences
in drug uptake and metabolism or biochemical and physiologic
differences in activation, transduction, and duration of various
signaling pathways. To determine whether DBPT and its analogues
can be used to treat human colorectal cancers, we will need to
further characterize the molecular mechanisms of the compounds
and screen for analogues with better efficacy and selectivity and
acceptable in vivo pharmacokinetic properties. Our identification
and initial characterization of apoptosis induction by DBPT is only
the first step in developing new anticancer agents.
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