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Abstract Resistance to chemotherapeutic agents is one of
the distinct features of cancer cells. We evaluate the role
of activated MEK-ERK signaling in Camptotecin/irinotecan
(CPT-11)-induced cell death using constitutively activated
MEK1-transfected normal rat intestinal epithelial cells (IEC-
caMEK cells). A CPT-11-induced inhibitory concentration
of 50% was determined by WST assay. Apoptosis was evalu-
ated by DNA staining and fragmented DNA analysis. Protein
expressions were analyzed by western blotting. We also ex-
amined the role of cyclooxygenase-2 in the cell systems.
IEC-caMEK cells possessed survival advantages compared
to control cells. Apoptosis was remarkably suppressed in
IEC-caMEK cells. Western blot analysis revealed increased
expression of Bcl-2, Bcl-xL, Mcl-1, and COX-2 and de-
creased expression of Bak in IEC-caMEK cells. The COX-
2 selective inhibitor ameliorated the antiapoptotic nature
of IEC-caMEK cells. MEK activation suppressed CPT-11-
induced apoptosis in IEC-caMEK cells via a COX-2- de-
pendent mechanism. Therefore, MEK-ERK signaling may
contribute to the drug-resistant nature of cancer cells.
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Introduction

Mitogen-activated protein kinase (MEK) and extracellular
signal-regulated protein kinase (ERK) are serine/threonine
kinases mainly activated by mitogens and growth factors and
involved in the regulation of various cellular responses, such
as cell proliferation and differentiation [1–3]. Several studies
have provided evidence for the activation of these kinases in
colorectal cancer, renal cancer, and lung cancer mediated by
function of these kinases [4, 5]. Therefore, it is considered
that MEK-ERK signaling might bestow a survival advantage
in cancer cells [6].

Likewise, several reports have provided evidence that in-
hibition of MEK-ERK signaling induces cell growth arrest
in some cancer cells [7, 8]. And several combination thera-
pies have been reported, such as MEK inhibitor with PPARγ

ligands [9], nonsteroidal anti-inflammatory drugs (NSAIDs)
[10], and some anticancer drugs [11, 12]. These observations
predict that MEK inhibitors may increase the sensitivity of
cancer cells to some chemotherapeutic agents.

Resistance to chemotherapeutic agents is one of the dis-
tinct features of cancer cells. Since chemotherapeutic agents
usually function as inducers of apoptosis [13], chemore-
sistance in cancer cells is assumed to acquire resistance
to chemotherapeutic agent-induced apoptosis [14, 15]. The
MEK-ERK cascade has been reported to possess resistance
to some chemotherapeutic agents [16]. Therefore, this signal-
ing pathway may contribute to the drug-resistant mechanism
in cancer cells.

Recent reports have shown that the activation of this sig-
naling pathway protects certain cancer cells from undergoing
apoptosis in response to a variety of agents [17–19]. How-
ever, the exact role of MEK-ERK signaling in chemosensi-
tivity has not been addressed well.
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On the other hand, overexpression of cyclooxygenase-2
(COX-2) frequently occurs in a variety of human malig-
nancies, including those of colon, lung, breast, skin, and
esophagus [20]. Several studies using cultured cells derived
from colorectal, pancreatic, prostatic, or lung cancer have
demonstrated that NSAIDs significantly inhibit cell prolif-
erative activity [21, 22]. MEK-ERK signaling has also been
associated with COX-2 [23, 24]. In normal rat intestinal cells,
forced expression of COX-2 provides the cells with a survival
advantage [25]. We previously reported that the constitutive
activation of MEK1 (CAMEK) signaling results in transfor-
mation of RIE and IEC-6 rat intestinal epithelial cells [23].
In this report, MEK-ERK signaling possessed some onco-
genic potential, including increased pro-cell cycle properties
and an antiapoptosis effect via COX-2 expression, in RIE rat
intestinal epithelial cells [23, 26, 27].

Several studies on chemotherapeutic agents have been
performed using cancer cells. However, it is possibile that
many other antiapoptotic signaling pathways could be acti-
vated and differ from normal cells. The exact role of MEK-
ERK signaling in chemo-sensitivity in normal cells has not
been addressed well. The current study sought to evalu-
ate the role of activated MEK-ERK signaling in sensitivity
to chemotherapeutic agents using CAMEK-transfected rat
normal intestinal epithelial cells (IEC-caMEK cells). These
cells may be a better model to evaluate the real role of
MEK-ERK signaling than experimental models using cancer
cells.

Materials and Methods

Cells and Culture Conditions

IEC-6 cells were purchased from Japan Health Sciences
(Tokyo) and were grown in Dulbecco’s minimal es-
sential medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (Hyclone, Logan, UT),
2 mM l-glutamine, and 1% penicillin-streptomycin (Invit-
rogen, Carlsbad, CA) in a humidified 5% CO2 atmosphere
at 37◦C

Stable Transfection

IEC-caMEK cells contain constitutively expressed MEK1
phosphorylation site mutant complementary DNA under the
control of a cytomegalovirus promoter (pCMV-CA-MEK),
and IEC-mock cells contain an empty vector (pcDNA3.1Zeo;
Invitrogen). The details of expression of plasmid pCMV-
CA-MEK were described previously. IEC-6 cells were
transfected with pcDNA3.1Zeo or pCMV-CA-MEK using
FuGENE 6 transfection reagent (Roche, Indianapolis, IN)
according to the manufacturer’s protocol, and clones were

selected by growth in culture medium containing 100 µg/ml
Zeocin (Invitrogen).

Chemicals

Camptothecin/irinotecan (CPT-11) was purchased from
Sigma (St. Louis, MO), and NS-398, a selective COX-2
inhibitor, was purchased from Cayman (Ann Arbor, MI).

Cell Viability Assay

Cells were seeded into 96-well plates at a density of
8 × 104 cells/well at 48 hr before serum starvation from
media. Following changing the media without serum, cells
were additionally cultured up to 72 hr and then mea-
sured viability. Cell viability was determined using the
cell proliferation reagent WST-1 assay kit (Roche) accord-
ing to the manufacturer’s protocol. This assay is based
on the cleavage of 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-
(disufopheneyl)-2h-tetrazodium, monosodium salt (WST-1),
by mitochondorial dehydrogenase in variable cells. The per-
centage of cells surviving is expressed as a percentage rela-
tive to that obtained from untreated controls.

Drug Sensitivity Assay

Cells were seeded into 96-well plates at a density of
8 × 104 cells/well at 48 hr before exposure to CPT-11.
Following changing the media with various concentrations of
CPT-11, cells were additionally cultured up to 24 hr and then
viability was measured by WST assay as described above.
The concentration of CPT-11 yielding 50% inhibition of cell
growth (IC50) was calculated using a curve-fitting algorithm.

4,6-Diamidino-2-phenylindole (DAPI) Staining

To distinguish apoptotic cells among dead cells, DAPI
(Roche) staining was performed. Cells were seeded into six-
well plates at a density of 6 × 105 cells/well and were
cultured for 24 hr. Then cells were treated with 15 mM CPT-
11 for 1, 3, or 6 hr and fixed in ice-cold acetone and methanol
(1:1). After washing with PBS, the cells were stained with
DAPI for 60 min. The stained cells were examined under
a digital confocal microscopy with a WU filter and pho-
tographed.

Apoptosis Assay

Apoptotic cells were quantified using a Cell Death ELISA kit
(Roche). Cells were seeded into 96-well plates at a density
of 8 × 104 cells/well and cultured for 48 hr. The medium
was replaced with 15 mM CPT-11-containing medium, and
the cells were cultured for up to 6 hr. Then the cells were
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Fig. 1 Establishment of caMEK-expressing IEC-6 rat intestinal ep-
ithelial cells. (A) Morphological findings of constitutively activated
MEK1 (caMEK)-expressing IEC-6 cells (IEC-caMEK cells) under
phase-contrast microscopy. Pictures show IEC-6 cells transfected with
the empty vector (Mock) or caMEK expression vector (IEC-caMEK

cells; clones CAMEK1 and CAMEK2). (B) Western blot analysis of
EE-tagged caMEK, phosphorylated-ERK1/2, ERK1/2, and β-actin pro-
tein levels in cultured cells as described previously. (Original magnifi-
cations: × 40.)

harvested and 1 µg of cell lysate was applied for the assay.
The assay procedure was done according to the manufac-
turer’s protocol.

Immunoblot Analysis and Antibodies

Cells were washed with ice-cold PBS and lysed with cell lysis
buffer [50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA,
0.1% Triton X-100, Complete protease inhibitor cocktail
(Roche), and Phoaphates inhibitor cocktail I and II (Sigma)]
at 4◦C for 10 min, then cell debris was removed by centrifu-
gation at 16,000 rpm for 2 mins. The protein concentration
of the supernatant of cell lysates was measured with the
Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA) accord-
ing to the manufacturer’s instructions. The supernatant of
cell lysates (10–30 µg/lane) was denatured and fractionated
by sodium dodecyl sulfate/polyacrylamide (SDS-PAGE) gel
electrophoresis [28]. After electrophoresis, the proteins were
transferred electrophoretically to a polyvinylidene difluo-
ride transfer membrane (Nihon Millipore Kogyo, Tokyo)
and the filters then probed with the indicated antibodies
and developed by enhanced chemiluminescence (Amersham,
Piscataway, NJ) [29]. Anti-GluGlu (EE) antibody was pur-

chased from Chemicon (Temecula, CA). Anti-phospho-ERK
(Thr202/Tyr204), anti-ERK, and anti-Bcl-XL antibodies were
purchased from Cell Signaling Technology (Beverly, MA).
Anti-Bax, anti-Bcl-2, anti-Bak, anti-COX-2, and anti-Mcl-1
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-β-actin antibody was purchased from
Sigma.

Statistical Analysis

Data were analyzed by Student’s t test using the Stat-View
software program (SAS Institute, Inc., Cary, NC). Data were
considered significant if P < 0.05, and individual P values
are indicated in the figure legends.

Results

Establishment of CAMEK-Expressing IEC-6 Rat Intestinal
Epithelial Cells

To address the role of MEK-ERK signaling in intestinal ep-
ithelial cell survival, we generated IEC-6 cells that stably
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Fig. 2 caMEK-expressing cells possess survival advantages following
serum starvation from medium. Each 8 × 104 cells were seeded into 96-
well microplates and cultured with 10% fetal bovine serum-containing
medium. After 48 hr, the medium was replaced without serum. The
cells were cultured for an additional 72 hr, and then the cells were
supplied for the WST assay according to the manufacture’s protocol.
The cell viability was determined by values that were expressed as a
percentage relative to those obtained from serum unstarved controls.
Values are the mean ± SD of three separate experiments performed in
triplicate. ∗P < 0.05 compared with control cells (Mock).

express caMEK, and used two clones for further study (IEC-
caMEK cells; clones CAMEK1 and CAMEK2). Distinct
features of IEC-caMEK cells were that the cells showed
a fibroblast-like shape, were highly retractile, and could
pile up to the other cells as seen in transformed cells
(Fig. 1A). Western blot analysis revealed elevated levels
of EE-tagged caMEK and phosphorylated ERK1/2 expres-
sion in IEC-caMEK cells compared with Mock control cells
(Fig. 1B). Because we generated these cells by stably ex-
pressing an epitope-tagged caMEK, elevated levels of EE
signal represented the level of cellular transgene expression.
Thus, IEC-caMEK cells showed higher MEK activity and
changed their shape compared to empty vector-transfected
control cells (Mock) or IEC-6 parental cells (data not shown).

IEC-caMEK Cells Possess Survival Advantages Following
Serum Starvation

To determine whether or not MEK-ERK signaling possesses
a survival benefit, we examined the cell viability of IEC-
6 cells following serum starvation from media. At 72 hr

Fig. 3 Concentrations of CPT-11 yielding 50% inhibition of cell vi-
ability (IC50) in IEC-caMEK cells. Cells were seeded at a density of
8 × 104 cells/well in 96-multiwell plates and exposed to various con-
centrations (0–50 mM) of CPT-11 for 24 hr. The number of viable cells
was measured by WST assay. The IC50 was calculated using a curve-
fitting algorithm, and the data indicate the mean ± SD for triplicate
determinations. ∗P < 0.05 compared with control cells (Mock).

after serum starvation, the percentage of surviving cells was
determined by the WST assay. The percentage of surviving
cells was significantly higher in IEC-caMEK cells (clone
CAMEK1 and CAMEK2), whereas the majority of Mock
control cells were dead (Fig. 2).

MEK Signaling Suppresses CPT-11-Mediated Apoptosis

As the next step, we evaluated the sensitivity of the cells to
an antitumor agent, camptotecin/irinotecan (CPT-11). The
IC50 values of CPT-11 were examined. After 24-hr exposure
to CPT-11, caMEK-expressing cells showed a significant
increase in the IC50 of CPT-11 compared to Mock control
cells: sixfold in CAMEK1 cells and threefold in CAMEK2
cells (Fig. 3). Thus, activated caMEK signaling enhanced the
resistance of intestinal cells to CPT-11-mediated cytotoxity.

To investigate whether the protective effect seen in
caMEK-cells during CPT-11-induced cytotoxity is medi-
ated via an antiapoptotic mechanism, we performed nuclear
staining and quantitation of DNA fragmentation following
CPT-11 treatment of the cells. At 3 hr following treatment
with 15 mM CPT-11, Mock control cells resulted in the
appearance of typical morphological changes of apoptosis
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Fig. 4 IEC-caMEK cells are resistant to CPT-11-induced apoptosis.
(A) Evaluation of apoptosis using fluorochrome staining. IEC-caMEK
cells (clones CAMEK1 and CAMEK2) and control cells (Mock) were
cultured with 15 mM CPT-11 for 3 hr, fixed in acetone/methanol
(1:1), and stained with the DNA-specific fluorochrome 4,6-diamidino-
2-phenylindole (DAPI). (Original magnification, × 400.) (B) Evalua-

tion of apoptosis. IEC-caMEK cells and control cells were treated with
15 mM CPT11 for up to 6 hr. Then 1 µg of cell lysate was applied
for the assay. The percentage of apoptotic cells was determined us-
ing a Cell Death ELISA kit as described previously. The results are
shown as mean ± SD. ∗P < 0.05 compared with Mock (control).
Each experimental or control treatment was performed in triplicate.

upon staining the cells with the DNA-specific fluorochrome
DAPI, as demonstrated in Fig. 4A (left). These changes in-
cluded condensation of chromatin, its compaction along the
periphery of the nucleus, and segmentation of the nu-
cleus. On the other hand, only a few IEC-caMEK cells
showed these morphological changes of apoptosis follow-
ing treatment with CPT-11 (Fig. 4A, middle and right).
Quantitative analysis of fragmented DNA, which was seen
in the process of apoptotic cell death, revealed that a
significant number of Mock control IEC cells cultured
under these conditions became apoptotic (Fig. 4B). How-
ever, contrary to the results from morphological observa-
tion, very few apoptotic IEC-caMEK cells (clones CAMEK1
and CAMEK2) were detected following CPT-11 treat-
ment. These results represent additional evidence that

caMEK signaling inhibits the apoptosis induced by CPT-11
treatment.

MEK Activation Modulates Bcl-Family Homologues in
CPT-11-Mediated Apoptosis

In light of the above results, we investigated the expression
profile of the Bcl-2 family proteins in IEC-caMEK cells
following treatment with CPT-11. caMEK expression did
not alter the expression levels of Bcl-2 and Bax but did
induce Bcl-XL and Mcl-1 (Fig. 5). Notably, the proapoptotic
protein Bak was significantly induced in the Mock control
IEC cells following CPT-11 treatment, but only nominally
in IEC-caMEK cells. Therefore, overexpressed Bcl-XL in
IEC-caMEK cells could block Bak induction, and that could
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Fig. 5 Expression profiling of Bcl-homologue proteins during CPT-
11-induced apoptosis. Western blot analysis of Bcl-2 family proteins
in IEC-caMEK cells and Mock control cells at 0, 3, and 6 hr following
treatment with 15 mM CPT-11. β-Actin indicates equal loading of
protein in each samples.

result in the prevention of apoptosis in IEC-caMEK cells
induced by CPT-11 treatment.

COX-2 Expression Increases Resistance to
CPT-11-Mediated Cell Death in IEC-caMEK Cells

We also investigated the role of COX-2 in IEC-caMEK cells
following treatment with CPT-11. Consistent with our previ-
ous report, COX-2 protein was overexpressed in IEC-caMEK
cells compared to Mock control cells (Fig. 6A). The addi-
tion of a COX-2 selective inhibitor (NS-398) did not alter
cell viability in Mock control IEC cells following CPT-11
treatment (Fig. 6B). However, COX-2 inhibition significantly
enhanced cell death in IEC-caMEK cells following CPT-11
treatment (Figs. 6C and D).

Discussion

The MEK-ERK signaling pathway is known to be an im-
portant mediator of cell growth and differentiation [1–3].
In this study, to address the role of this signaling path-
way in CPT-11-induced cell death, we generated caMEK
permanently expressing IEC-6 rat intestinal epithelial cells
(IEC-caMEK cells). Recent reports have shown that the ac-
tivation of this signaling pathway protects certain cancer
cells from undergoing apoptosis in response to a variety of
agents [17–19]. Consistent with those reports, our data indi-
cate that caMEK signaling bestows a survival advantage and
inhibits the cytotoxity induced by CPT-11 treatment in IEC-
caMEK cells. CPT-11 is well known to induce apoptosis in
a wide variety of cells and is used as an anticancer reagent
clinically. These results represent additional evidence that
the caMEK signaling pathway may also play a role in

drug-resistant activity to some antitumor reagents in cancer
cells.

Induction of apoptosis following exposure to chemother-
apeutic agents in cancer cells was generated through modu-
lation of Bcl-2 family proteins [30]. Several reports suggests
that ERK-stimulated enhancement of cell survival might be
mediated through its effects on the expression of Bcl-2 or
other Bcl-2 family members [17, 31, 32]. Also, Bcl-2 fam-
ily members represent critical checkpoints in most apoptotic
pathways acting upstream of irreversible damage to cellular
constituents [17, 18]. In addition, up-regulation of antiapop-
totic proteins such as Bcl-2 and Bcl-XL contributes to tu-
morigenesis and resistance to drug treatment in certain type
of cancers [33, 34].

Therefore we investigated the expression profile of the
Bcl-2 family of proteins in IEC-caMEK cells following treat-
ment with CPT-11. In this study, caMEK expression did not
alter the levels of Bcl-2 and Bax but did induce Bcl-XL and
Mcl-1 (Fig. 5), consistent with our previous report. Notably,
the proapoptotic protein Bak was significantly induced in
Mock control IEC cells following CPT-11 treatment, but
only nominally in IEC-caMEK cells.

Bcl-2 homology (BH) domains are critical for their ac-
tivities including the induction or suppression of cell death
and the ability to heterodimerize with other family mem-
bers [35, 36]. In particular, the BH3 domain plays a critical
role in mediating the cell death and protein-binding func-
tions of Bak and related proapoptotic proteins [37]. These
peptides can bind directly to death suppressors such as Bcl-
XL [36] and block their subsequent heterodimerization with
death promoters in vitro [38]. Likewise, the BH3 peptide
may antagonize Bcl-XL and promote apoptosis by prevent-
ing Bcl-XL/Apaf-1 heterodimerization [39], leaving Apaf-1
free to participate in the activation of caspases [37]. Bcl-2
and Bcl-XL sequester BH3 domain-only molecules in stable
mitochondrial complexes, preventing the activation of Bax,
Bak [40]. The ratio between the antiapoptotic and the mul-
tidomain proapoptotic Bcl-2 members provides the suscepti-
bility of cells to a death signal [41]. Therefore, overexpressed
Bcl-XL in IEC-caMEK cells may block Bak function, and
that may result in the prevention of apoptosis in IEC-caMEK
cells following CPT-11 treatment.

Many recent studies have shown that COX-2 inhibition in-
duced apoptosis in human prostate cancer cells [21], gastric
cancer xenografts [42], and intestinal epithelial cells [25].
It has also been reported that the combined use of COX in-
hibitors and cisplatin (CDDP) increases the antiproliferative
effect in lung cancer, and that a COX inhibitor, sulindac sul-
fide, increases the sensitivity of non-small cell and small cell
lung cancer cell lines to CDDP and paclitaxel [43, 44].

In our previous study, we showed that caMEK signaling
prevented apoptotic cell death via COX-2 expression in RIE
rat intestinal epithelial cells [23]. We also investigated the
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Fig. 6 Inhibition of COX-2
ameliorates caMEK-madiated
antipoptotic effect in
IEC-caMEK cells following
treatment of CPT-11.
(A) Expression levels of COX-2
protein in cultured cells
(IEC-caMEK cells [clones
CAMEK1 and CAMEK2],
Mock control cells). Cells were
exposed to CPT11 (15 mM) for
0, 3, and 6 hr, then the cells
were harvested and cell lysates
were subjected to Western blot
analysis. (B–D) Relative
absorbance of cells following
treatment of various
concentration of NS398 with
15 mM CPT-11 detected by
WST assay. Cells were prepared
in 96-well plates, treated with
vehicle (0.1% DMSO) or
various concentrations of
NS-398 for 12 hr, and then
exposed to medium containing
NS-398 and 15 mM CPT-11 for
24 hr. Relative absorbance
shows mitochondrial
dehydrogenase activity in viable
cells determined by WST assay.
(B) Mock control cells; (C)
IEC-caMEK cells (clone
CAMEK1); (D) IEC-caMEK
cells (clone CAMEK2). Values
are the mean ± SD of three
separate experiments performed
in triplicate. ∗P < 0.05
compared with vehicle (0 µM).

role of COX-2 in IEC-caMEK cells following treatment with
CPT-11. In this study, consistent with our previous report,
COX-2 protein was overexpressed in IEC-caMEK cells com-
pared to Mock control cells (Fig. 6A) following treatment
with CPT-11. To investigate whether the protective effect
seen in caMEK-cells during CPT-11-induced cytotoxity is
mediated via COX-2 overexpression, we examined the ad-
ditional effect of a COX-2 selective inhibitor (NS-398). As

COX-2 inhibition enhanced cell death in IEC-caMEK cells
following CPT-11 treatment, the protective effect seen in
IEC-caMEK cells was dependent on COX-2.

In conclusion, MEK activation led to suppression of CPT-
11-induced apoptosis in rat intestinal epithelial cells through
COX-2-dependent mechanisms. This result suggests that
MEK-ERK signaling bestows a survival advantage and may
contribute to the drug-resistant nature of cancer cells as well
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as carcinogenesis. Also, COX-2 may play an important role
in this process. Further, MEK-ERK signaling may represent
an important target for developing a new therapy for treat-
ment of colorectal cancer.

This report is the first demonstrating the effect of MEK-
ERK signaling activation in normal intestinal epithelial cells.
Therefore, our results may be important for understand-
ing the role of MEK-ERK signaling not only in drug re-
sistance but also in carcinogenesis of intestinal epithelial
cells.
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