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Introduction

Camptothecin (CPT) is among the most effective and widely 
used chemotherapeutic agents employed for the treatment of 
human cancers, including colon cancer. It has been reported 
that the antitumor activity of CPT is based on its inhibitory 
effect on topoisomerase activity. CPT stabilizes a transient 
intermediate of the topoisomerase reaction. In doing so, CPT 
causes DNA damage, which is generally considered to be the 
basis for its cytotoxicity.1 Several anti-neoplastic agents that are 
strong inducers of apoptosis, including cisplatin, etoposide, and 
CPT, also activate the mitogen-activated protein kinase (MAPK) 
pathway,2-4 but the specific mechanism by which these agents 
trigger the apoptotic program remains unclear. In an effort to 
understand the mechanism by which CPT induces cell death, 

we studied the role of several molecules that are assumed to be 
involved in apoptosis.

MAPKs play important roles in diverse cellular processes such 
as cell proliferation and apoptosis.5 There are three major families 
of MAPKs: extracellular signal-regulated kinases (ERK), c-Jun 
N-terminal kinases (JNK), and p38 MAP kinases (p38).6,7 These 
enzymes are activated through a sequential phosphorylation 
cascade that amplifies and transduces signals from the cell 
membrane to the nucleus.8 Whereas p38 and JNK are typically 
activated by stress-inducing agents, ERK is generally activated by 
mitogenic agents.9

It has been reported that the ERK pathway, one of the more 
ubiquitous cellular signaling cascades, is involved in mediating 
the induction of apoptosis in response to stress stimuli.10-14 The 
proapoptotic function of the Ras/Raf/ERK pathway in response 
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Camptothecins are commonly used chemotherapeutics; in some models, they enhance signaling via the mitogen-
activated protein kinase (MAPK) pathway through effects on upstream kinases. To evaluate the impact of camptothecin 
(CPT) on MAPKs in human colon cancer, we studied HCT116 and CaCo2 colon cancer cells. We found that HCT116 cells 
highly express mitogen-activated protein kinase phosphatase-1 (MKP1), which selectively inactivates extracellular signal-
regulated kinase (ERK), whereas MKP1 levels were undetectable in CaCo2 cells. CPT did not affect ERK activity in CaCo2 
cells, but did induce a striking increase in ERK activity in HCT116 cells in association with a corresponding decrease in 
MKP1. The reduction in MKP1 expression occurred at a posttranscriptional level and was blocked by the proteasome 
inhibitor MG132, whereas that CPT-induced downregulation of MKP1 was not due to proteasome-mediated degradation. 
Treatment of HCT116 cells with CPT induced a sustained activation of nuclear ERK, which was required for CPT-induced 
apoptosis. P38 and JNK activity were unaffected by CPT, suggesting that the effects of CPT are mediated specifically 
by ERK. These results suggest that targeting dual-specificity MAPK phosphatases in colon cancer cells may be a viable 
strategy for optimizing camptothecin-based therapeutic protocols.
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DNA-damaging agents such as etoposide,12,15 doxorubicin,12,16,17 
UV,12 and gamma irradiation18 is well documented. ERK 
activity has also been implicated in cell death induced by various 
other antitumor compounds, including resveratrol, quercetin, 
phenethyl isothiocyanate, betulinic acid, apigenin, oridonin, 
miltefosine, shikonin, and paclitaxel.8 DNA-damaging agents 
and antitumor compounds that are associated with ERK 
activation are often described as inducing the intrinsic pathway 
of apoptosis. These findings are paradoxical when considered in 
light of the originally postulated association of the ERK cascade 
with cellular proliferation, differentiation, and survival.19-21 The 
regulatory features upstream of the ERK cascade that assign an 
apoptotic role to ERK in response to DNA damage-associated 
stress have remained unclear.

Activation of MAPKs requires phosphorylation of both 
threonine and tyrosine residues in a conserved T-X-Y motif within 
the activation loop of MAPK.3,22-24 A growing family of MAPK 
phosphatases (MKPs), also called dual-specificity phosphatases 
(DUSPs), are able to dephosphorylate both the threonine and 
tyrosine residues in this motif. Specific MKPs tightly regulate 
subcellular ERK activity.9 MKP1 (DUSP1), PAC-1 (DUSP2), 
MKP-2 (DUSP4), and DUSP5 are mainly nuclear, whereas 
MKP-3 (DUSP6), MKP-X (DUSP7), and MKP-4 (DUSP9) 

are cytoplasmic.8 Once activated, MAPK family members can 
be rapidly inactivated through dephosphorylation by MKPs. 
Among these phosphatases, MKP1, encoded by an immediate 
early gene, is equally effective in dephosphorylating all three 
MAPK isoforms.25–27

MKP1 dephosphorylates and inactivates MAPK substrates 
and has been implicated in neoplasia. The lack of readily 
available, selective, small-molecule inhibitors of MKP family 
members has severely limited interrogation of their biological 
role. However, it has been found that MKP1 protects cells from 
apoptosis induced by cisplatin, UV irradiation, and proteasome 
inhibitors. Taken together with the association of MKP1 with 
human neoplasia, this makes MKP1 an attractive potential 
therapeutic target.3,28–30

In normal cells, the subcellular localization of ERK is tightly 
regulated by scaffold proteins and docking phosphatases that 
allow dephosphorylated ERK to accumulate in the nucleus and 
terminate signaling. Thus, in addition to sustained ERK activity, 
aberrant subcellular localization might contribute to the outcome 
of ERK-mediated cell death. Active ERKs phosphorylate, and 
thereby regulate, many cytoplasmic and nuclear targets that 
perform important biological functions. Indeed, the apoptotic 
response to estradiol, tamoxifen, doxorubicin, resveratrol, and 
dominant-negative Rac and Cdc42 mutants is correlated with 
sustained nuclear ERK activity.8,31,32

In this study, we test the hypothesis that CPT activates ERK 
in colon cancer cells, in part, by suppressing MKP1. Moreover, 
we propose that this mechanism is a major contributor to CPT-
induced apoptosis. We found that CPT promoted nuclear 
accumulation of active ERK and prolonged ERK activity through 
inhibition of MKP1, implicating the function of the Ras/Raf/
ERK pathway in cell death. Collectively, our results suggest that 
inhibition of MKP1 activity in tumor cells might improve the 
therapeutic response to CPT in human colon cancers.

Results

Expression of MAPKs and MKP1 in human colon cancer 
cell lines

To assess the relative expression of the MAPK kinases, JNK, 
ERK, and p38, and the phosphatase, MKP1, in colon cancer, we 
evaluated their expression in four human colon cancer cell lines 
(CaCo2, WiDr, LoVo, and HCT116). This analysis revealed high 
basal levels of active (phosphorylated) forms of JNK and ERK, 
but not p38, suggesting that JNK and ERK are constitutively 
activated in colon cancer cells. In addition, CaCo2 cells possessed 
very high basal levels of the active form of ERK and virtually 
undetectable levels of MKP1 protein; this latter observation 
might account for the constitutive ERK kinase activity (Fig. 1A). 
Reverse transcription-polymerase chain reaction (RT-PCR) 
analyses revealed no differences in MKP1 mRNA levels 
normalized to those of GAPDH in the four colon cancer cell 
lines (Fig. 1B). This suggests that differences in MKP1 protein 
levels among the four colon cancer cells are independent of the 
transcriptional regulation of MKP1.

Figure 1. Human colon cancer cell lines exhibit differential activation of 
MAPKs and expression levels of MKP1. (A) Western blot analysis of total 
cell extracts from WiDr, LoVo, CaCo2, and HCT116 cells using primary 
antibodies to phospho-JNKs (P-JNK), JNKs (JNK), phospho-ERKs (P-ERK), 
ERK1/2 (ERK), phospho-p38 (P-p38), p38 (p38), MKP1 (MKP1), and actin 
(Actin). (B) RT-PCR analysis of MKP1 mRNA expression normalized to that 
of GAPDH.
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CPT differentially induces growth inhibition in human 
colon cancer cell lines

CPT is a well-known anticancer drug; however, its 
mechanism has not been well studied in human colon cancer cell 
lines. To determine the effects of CPT on cancer cell growth, 
we screened the four colon cancer cell lines using the MTT 
(3-[4,5-dimethythiazol-2-yl]-2,5-diphenyl tetrazolium bromide) 
assay. Table 1 shows growth inhibition assay data after a 24 h 
exposure to CPT. Data are expressed as half-maximal inhibitory 
concentration (IC

50
) values corresponding to the concentration 

of CPT that produced 50% inhibition of cell growth. The cell 
lines exhibited inherent differences in sensitivity to CPT. LoVo 
and HCT116 cells were very CPT-sensitive, with IC

50
 values of 

50 ± 13.21 and 100 ± 12.34 nM, respectively. WiDr cells were 
resistant, with an IC

50
 value of 325 ± 12.13 nM. CaCo2 cells were 

very resistant, with an IC
50

 value greater than 1000 nM. Taken 
together with the virtual absence of MKP1 in CaCo2 cells, 
this suggests that differences in MKP1 protein levels could be 
important in regulating CPT effects on colon cancer cell growth.

CPT treatment induces a selective increase in ERK signaling
Prompted by the disparity in CPT sensitivity among colon 

cancer cell lines, we next sought to determine whether the 
activity of MAPKs or MAPK phosphatase was responsible for 
CPT-mediated apoptosis using both CaCo2 and HCT116 cells, 
focusing first on MAPKs. In these experiments, we assessed the 
activation status of MAPKs in each cell line by western blotting 
after incubating for various times with or without different 
concentrations of CPT. In the absence of CPT, the CaCo2 cell line 
displayed high levels of activated ERK1/2, as evidenced by dually 
phosphorylated (Thr202/Tyr204) p44 and p42. In contrast, only 
a low level of basal ERK1/2 phosphorylation was observed in the 
HCT116 cell line. A western blot analysis using phospho-specific 
antibodies revealed that CPT effectively increased the activation 
of ERK1/2 in HCT116 cells (Fig.  2). Neither JNK nor p38 
protein levels were affected by CPT, indicating that these MAPK 
pathways are not involved in CPT-induced cytotoxicity.

MKP1 is downregulated by CPT
Phosphorylation and activation of ERK typically occurs 

through stimulation of the Ras/Raf/MEK protein kinase cascade. 
Because the mitogen-activated protein kinase kinase, MEK, is 
highly specific for phosphorylation and activation of ERK,9,33 we 
considered the possibility that increased phospho-ERK1/2 levels 
reflected an increase in dually phosphorylated (Ser217/Ser221), 
activated MEK. An analysis of HCT116 cells exposed to different 
concentrations of CPT by western blotting using anti-phospho-
MEK antibodies showed no significant increase in MEK activity, 
indicating that this mechanism does not likely contribute to CPT-
induced increases in phospho-ERK1/2 levels (Fig.  3A). CPT 

increased phospho-ERK1/2 levels in a concentration-dependent 
fashion, producing a maximal effect in the 500 to 1000 nM 
range. Time-course experiments revealed that phospho-ERK 
levels increased as early as 1 h after the addition of CPT, reached 
their maximum at 3 h, plateaued between 6 and 9 h, and then 
increased further with prolonged incubation. Total levels of 
ERK1/2, normalized to those of actin, were unaffected under 
these conditions, indicating that CPT indeed changed the 
phosphorylation status of ERK-1/2. Moreover, HCT116 cells 
express relatively high levels of MKP1, which could account for 
their low basal levels of phospho-ERK1/2. Changes in MKP1, 
like those of ERK1/2 phosphorylation, were time dependent, 
although the loss of MKP1 was somewhat delayed, reaching 
a nadir 12 h after exposure to CPT (Fig.  3B). To determine 
whether these changes in MKP1 protein were due to changes 
at the transcriptional level, we performed a semi-quantitative 
RT-PCR analysis. After treatment with CPT, MKP1 transcript 
abundance relative to that of GAPDH was unchanged (Fig. 3C), 
indicating that CPT-induced changes in MKP1 expression were 
likely posttranscriptional.

CPT dose not downregulate MKP1 by promoting its 
proteasome-mediated degradation

Notably, recent work has suggested that the level of 
phosphorylated ERKs is decreased by proteasome inhibition,33,34 

Table 1. Growth inhibition of camptothecin on colon cancer cell in vitro

Cell line IC50 (nM)

WiDr 325 ± 12.13

LoVo 50 ± 13.21

CaCo2 >1000

HCT116 100 ± 12.34

Figure 2. CPT-induced apoptosis in HCT116 cells, but not CaCo2 cells, is 
associated with decreased expression of MKP1. HCT116 and CaCo2 cells 
were treated with 500 nM and 1000 nM CPT for 24 h respectively, and 
total cell extracts were prepared and subjected to western blot analysis 
using anti-MKP1 (MKP1), anti-phospho-p38 (P-p38), anti-phospho-JNKs 
(P-JNK), anti-phospho-ERKs (P-ERK), and anti-PARP antibodies. Variations 
in protein loading among samples were controlled by monitoring actin 
levels.
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thus, it is possible that the CPT-induced increase in 
phosphorylated ERKs reflects increased proteasome-mediated 
degradation of MKP1. To determine the role of the proteasome 
pathway in CPT-induced ERK signaling in human colon cancer 
cells, we evaluated activated ERK1/2 and MKP1 in CaCo2 and 
HCT116 cells by western blotting after treating with CPT and 
then adding the proteasome inhibitor MG132. Proteasome-
mediated degradation of MKP1 in CaCo2 and HCT116 cells 
were blocked by MG132, whereas co-treatment of CPT-treated 
cells with MG132 resulted in a decrease in the levels of MKP1 in 
both cells without a change in actin-normalized, total ERK1/2 
protein levels. Exposure of these cells to the proteasome inhibitor 
MG132 alone also slightly decreased phospho-ERK1/2 levels in 
both cell lines. Cleaved poly ADP-ribose polymerase (PARP) 
was detected in CPT-treated HCT116 cells and co-treatment of 
CPT-treated cells with MG132 in both cells (Fig. 4). Consistent 

with this interpretation, inhibition of 
proteasome-mediated degradation of 
MKP1 by MG132, which decreased 
phosphorylated ERK levels and 
attenuate apoptosis in HCT116 
cells, sensitized CaCo2 cells to CPT-
induced apoptosis.

CPT-induced repression of MKP1 
alters the nuclear-cytoplasmic 
location of activated ERK1/2

Using western blot analyses on 
subcellular fractions, we examined 
MKP1 and phospho-ERK1/2 
expression after 24 h CPT treatment 
in HCT116 cells. The purity of 
nuclear fractions was verified by 
determining the levels of the nuclear 
protein, U1 snRNP 70 (U1–70) 
(Fig. 5A). These experiments showed 
that the abundance of phospho-
ERK1/2 in the nucleus was increased 
by CPT treatment compared 
with vehicle-treated controls. To 
visualize CPT-induced nuclear 
accumulation of active ERK1/2 in 
intact HCT116 cells, we conducted 
immunofluorescence assays using 
confocal microscopy. HCT116 
cells were first stained for MKP1 to 
confirm that CPT inhibited MKP1 
protein expression. Under normal 
growth conditions, MKP1 was 
located in both the cytoplasm and 
nucleus (Fig. 5Bb and c). Treatment 
of cells with 500 nM CPT for 24 h 
reduced MKP1 levels in both cellular 
compartments (Fig.  5Bf). Under 
basal conditions, active ERKs were 
distributed in both the cytoplasm 

and nucleus (Fig.  5Cb and c). Consistent with the results of 
western blotting, after treatment with CPT, phospho-ERK1/2 
was mainly localized to the nucleus (Fig. 5Cf). Thus, enhanced 
nuclear phospho-ERK1/2 levels (Fig. 5C) were associated with 
correspondingly suppressed MKP1 levels (Fig.  5B). Taken 
together with the results of proteasome-inhibition experiments, 
these data imply that CPT-induced MKP1 protein degradation 
prevents inactivation of phospho-ERK1/2 by nuclear MKP1, 
allowing ERK1/2 activity to be sustained in the nucleus. 
Additional support for sustained activity of nuclear ERK1/2 
is provided by the observation that the expression of p21, a 
target of ERK signaling that is known to be induced by CPT 
treatment, was increased in parallel at both protein (Fig. 3B) 
and mRNA (Fig. 3C) levels.

Suppression of ERK1/2 activity by MEK inhibition decreases 
CPT-induced apoptosis

Figure 3. MEK1 does not contribute to CPT-induced downregulation of MKP1. (A) HCT116 cells were 
treated with the indicated concentrations of CPT and the total cell extracts were prepared. The levels of 
phosphorylated MEK1/2 (P-MEK1/2), ERKs (P-ERK), total ERKs (ERK), and PARP in total cell extracts were 
determined by western blot analysis. (B) HCT116 cells were exposed to 500 nM CPT for the indicated 
times, and analyzed by western blotting using anti-MKP1 (MKP1), anti-phospho-ERKs (P-ERK), anti-ERKs 
(ERK), anti-p53 (p53), and anti-p21 (p21) antibodies. (C) HCT116 cells were exposed to 500 nM CPT for 
the indicated times. MKP1, p53, p21 mRNA expression, normalized to that of GAPDH, was analyzed by 
RT-PCR.
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Although CPT does not increase ERK activity by acting on 
its upstream kinase (Fig. 3A), if MEK is central to the induction 
of ERK acitvity, then partially suppressing its basal activation 
by inhibiting MEK should produce a measurable decrease in 
CPT-induced apoptosis. To further investigate this possibility, 
we analyzed HCT116 cells by fluorescence-activated cell sorting 
(FACS) after treatment with (or without) CPT in the presence 
or absence of the MEK inhibitors, PD98059 and U012. The 
effects of CPT and MAPK inhibitors on MEK and ERK1/2 
expression and activation were assessed by western blotting. Cells 
were incubated with or without CPT (500 nM) as indicated, 
and 1 h later PD98059 (30 µM) or U0126 (10 µM) was added 
to the media. After an additional 24 h, cells were analyzed by 
western blotting and FACS. As expected, CPT stimulated an 
increase in ERK1/2 phosphorylation; it also occasionally induced 
a modest decrease in phosphorylated MEK (Fig. 6A, top panel). 
Incubation of HCT116 cells with the specific MEK inhibitors 
PD98059 and U0126 effectively attenuated both basal and CPT-
stimulated ERK1/2 phosphorylation, but the levels of phospho-
ERK1/2 in these cells was still greater than those in cells treated 
with PD98059 or U0126 alone (Fig.  6A, middle panel). To 
determine the proportion of cells undergoing cell death, we 
performed a cell-cycle analysis using propidium iodide (PI) and 
FACS to identify cells with a sub-G

1
 DNA content (apoptotic 

cells). HCT116 cells were treated with (or without) CPT in the 
presence or absence of PD98059 or U0126. At baseline, most cells 
had at least a diploid DNA content, with only 2% ± 0.5% of cells 
undergoing apoptosis. CPT increased the proportion of apoptotic 
cells to 50% ± 3.03%. This increase was blunted by PD98059, 
which reduced the sub-G

1
 to 33% ± 2.4%. PD98059 alone 

induced a small increase in the size of the apoptotic population 
(6% ± 0.6%). Similar results were obtained for U0126, which 
reduced the CPT-induced sub-G

1
 population to 39% ± 2.07%, 

but modestly increased this compartment (to 6% ± 0.51%) when 
added alone (Fig.  6A, bottom panel). Notably, a substantial 
apoptotic population remained following CPT treatment, even 
with the MAPK pathway inhibited by PD98059 (sub-G

1
, 33% 

± 2.4%) or U0126 (sub-G
1
, 39% ± 2.07%), consistent with the 

presence of functionally significant amounts of active ERK1/2 in 
the nucleus (Fig. 6Bh, i, k, and l).

Discussion

Among the more ubiquitous cellular signal transduction 
cascades are the p38, JNK, and ERK1/2 MAPK pathways, which 
play important roles in cell development, growth, differentiation, 
and apoptosis.35 Investigations of the role of MAPK cascades 
in the regulation of apoptosis have led to the general view that 
activation of the ERK pathway constitutes a survival signal. 
Inhibition of ERK signaling has indeed been shown to increase 
the sensitivity of cytotoxic agents in a variety of cellular contexts. 
Despite this, clear evidence exists that the ERK pathway can 
mediate apoptosis in response to different stimuli in different 
tissues.31 In the present study, we provide evidence that activation 
of ERK is important for mediating CPT-induced apoptosis in 
human colon cancer cell lines. As reported previously, we found 

that CPT activates ERK, which is linked with the induction of 
apoptosis in a variety of cell lines.4 In addition to CPT, many 
other chemotherapeutic agents also show similar ERK-mediated 
responses in various cell lines.1 Our observations, taken together 
with these reports, suggest a pro-apoptotic role of ERK that 
contrasts with the general view that the ERK pathway confers 
a survival advantage to cells. The mechanisms by which ERK 
mediates apoptosis have remained poorly understood and may 
be multi-faceted. We report here that CPT activates ERK1/2 
in HCT116 cells through a novel mechanism that involves 
inactivation of the ERK1/2 phosphatase, MKP1.

Protein phosphatases play an important role as negative 
regulators of the Ras/Raf/ERK signaling pathway through 
actions at different levels.8 Upregulation of MKP1 at both mRNA 
and protein levels is detected in early stage carcinomas and in 
various stages of breast and prostate carcinoma. These findings 
support the idea that upregulation of MKP1 could result in 
increased resistance to chemotherapy in various human tumors. 
In cases where MKP1 was specifically suppressed or inactivated, 
resulting increases in apoptosis were correlated with enhanced 
phospho-ERK levels.29

Given the ability of MKP1 to inhibit active ERK1/2, we 
considered the possibility that inhibition of this phosphatase 
might activate ERK-mediated cell death. However, we first 
sought to determine whether MAPK signaling was involved in 
CPT-induced cell death in colon cancer cells. We observed that 
ERK1/2 was activated by CPT stimulation and this activation was 
necessary for CPT-induced apoptosis in HCT116 cells. We also 
found an inverse correlation between the basal activity of ERK1/2 
and MKP1 protein expression levels in both CaCo2 and HCT116 

Figure  4. CPT dose not downregulate MKP1 by promoting its protea-
some-mediated degradation. Cells were first pretreated with or without 
the proteasome inhibitor MG132 (10 μM) for 1 h, then co-treated with 
CPT for 24 h. Total cell extracts were prepared and analyzed by western 
blotting using anti-MKP1 (MKP1), anti-phospho-ERKs (P-ERK), anti-ERKs 
(ERK), and anti-PARP antibodies. Variations in protein loading among 
samples were controlled by monitoring actin levels.
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cells (Fig. 1), suggesting that changes in ERK1/2 activity might be 
related to reciprocal changes in MKP1. To investigate this further, 
we probed CPT effects on MKP1. We found that stimulation of 
HCT116 cells with CPT decreased MKP1 expression. Importantly, 
this decrease in MKP1 was accompanied by an increase in the 
phosphorylated, activated form of ERK1/2 (Fig.  2). Consistent 
with this, lower levels of MKP1 in CPT-treated cells were 
associated with higher levels of phospho-ERK1/2, and a western 
blot analysis of the kinetics of MKP1 and ERK responses to CPT 
treatment in HCT116 cells showed that MKP1 levels remained 
suppressed through at least 3 h of CPT treatment, during which 
phosphorylated ERK1/2 levels remained elevated (Fig. 3B). These 
results show that MKP1 is a target of CPT action and suggest that 
the CPT-induced loss of MKP1 contributes to the increase in ERK 
phosphorylation/activation. CPT-induced downregulation of  
MKP1 protein also occurred much earlier than the strong 
activation of ERK. Collectively, these results imply that the 
upstream signal for CPT-induced activation of ERK is independent 

of MEK1/2-mediated signaling; instead, the increased ERK1/2 
phosphorylation is likely due to a decrease in MKP1 phosphatase.

These results raise the question of how CPT decreases 
MKP1 expression. An analysis of MKP1 expression by RT-PCR 
showed no changes in MKP1 mRNA levels in response to CPT, 
suggesting that CPT-induced downregulation of MKP1 was a 
posttranscriptional event. Previous studies have shown that 
MKP1 degradation can be mediated by the proteasome,29 and 
proteasome inhibition has recently been linked to a decrease in 
the level of phosphorylated ERKs.33,34 As expected, inhibition of 
MKP1 proteolysis with the proteasome inhibitor MG132 resulted 
in diminished activation of ERK in both CaCo2 and HCT116 
cells whereas that CPT-induced downregulation of MKP1 was 
not due to proteasome-mediated degradation (Fig. 4).

The kinetics and duration of ERK activation may play an 
important role in influencing its effect on cell fate. It has been 
reported that prolonged ERK activation is necessary for ERK-
induced cell death,36 whereas a transient activation of ERK 

Figure 5. Subcellular localization of MKP1 and phosphorylated ERK after CPT treatment. (A) HCT116 cells were incubated for 24 h with CPT (500 nM), 
then cytoplasmic and nuclear fractions were collected and analyzed by western blotting using anti-MKP1 (MKP1), anti-phospho-ERKs (P-ERK), anti-ERKs 
(ERK), and anti-U1–70 antibodies. (B) HCT116 cells were incubated in the absence or presence of 500 nM CPT. After 24 h, cells were fixed with 4% (v/v) 
paraformaldehyde and immunostained for MKP1 using a FITC-conjugated secondary antibody and counterstained with PI. (a and d) Staining for PI 
(red). (b and e) Localization of MKP1 (green). (c and f) Merged images of MKP1 and PI. (C) Cells were stained as described in (B) except that the antibody 
against MKP1 was replaced with an antibody against phosphorylated ERKs. (a and d) Staining for PI (red). (b and e) Localization of phosphorylated ERKs 
(green). (c and f) Merged images of phosphorylated ERKs and PI.
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protects cells from death.37 Accordingly, we postulated that, 
if active ERKs were important for CPT-mediated apoptosis, 
eliminating the additional activation of ERK due to MEK 
activity should weaken the programmed cell death response to 
CPT. This was indeed the case, as evidenced by the fact that the 
MEK inhibitors PD98059 and U0126 attenuated CPT-induced 
apoptosis in HCT116 cells (Fig. 6). In each case, MEK inhibition 
diminished CPT-induced apoptosis by ~20–30% (from 50% ± 
3.03% to 33% ± 2.43% and 39% ± 2.07% for PD98059 and 
U0126, respectively). Thus, these results are consistent with 
the idea that ERK activity contributes directly to CPT-induced 
apoptosis in HCT116 cells and support the hypothesis that 
downregulation of MKP1 by CPT is a significant contributor 
to preserving sustained levels of nuclear phospho-ERK1/2 
(Fig. 5). That CPT induces apoptosis, at least in part, through 
downregulation of MKP1 is consistent with the identification of 
MKP1 as a mediator of inducible chemoresistance.29,34

In summary, our data demonstrate that CPT treatment 
induces concurrent, reciprocal changes in MKP1 expression and 
ERK activation in HCT116 cells, supporting the view that CPT-
induced downregulation of MKP1 results in increased activation 

of ERK. Moreover, we suggest that CPT-induced ERK activation 
is necessary for CPT-induced apoptosis, thereby assigning 
an apoptotic role to ERK instead of its conventional survival 
function. Further characterization of the factors that link MKP1 
to the activation of ERK may contribute to a better understanding 
of activated ERK-mediated induction of apoptosis in response to 
chemotherapeutic agents. Our results also suggest that inhibition 
of endogenous MKP1 phosphatase activity is a good strategy for 
optimizing CPT therapy. Because prolonged ERK activation 
has been shown to promote the death of human cancer cell lines 
from different origins, this pro-apoptotic property of the Ras/
Raf/ERK pathway could be used to specifically target cancer 
cells, because such strategies would only target cancer cells with 
deregulated ERK activity and not normal cells, in which ERK 
activation is transient.

Materials and Methods

Reagents and cell culture
RPMI 1640 medium, Dulbecco modified Eagle medium 

(DMEM), fetal bovine serum (FBS), and a mixed antibiotic 

Figure 6. MEK inhibitors attenuate CPT-induced apoptosis and ERK activation. (A) HCT116 cells were exposed to 500 nM CPT. One hour after treatment, 
the cells were treated with PD98059 (30 µM) or U0126 (10 µM) in the presence or absence of CPT, as indicated. After an additional 24 h, total cell extracts 
from HCT116 cells were analyzed by western blotting using primary antibodies to phospho-MEK1/2 (P-MEK1/2), phospho-ERKs (P-ERK), and total ERKs 
(ERK). Apoptosis levels were determined using PI staining and flow cytometry under the same conditions as above. (B) HCT116 cells were treated with 
CPT (500 nM), PD989059 (30 µM), or U0126 (10 µM), as indicated, using the same conditions as above. After 24 h, cells were fixed and immunostained 
for phosphorylated ERKs using a FITC-conjugated secondary antibody and counterstained with PI. (a, d, g, and j) Staining for PI (red). (b, e, h and k) 
Localization of phosphorylated ERKs (green). (c, f, I, and l) Merged images of phosphorylated ERKs and PI.
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solution were purchased from Life Technologies. Antibodies 
against ERK1/2, phospho-ERK (Thr202/Tyr705), JNK, 
phospho-JNK (Thr183/Tyr185), p38, phospho-p38 (Thr180/
Tyr182), and phospho-MEK1/2 (Ser217/221) were purchased 
from Cell Signaling Technology. Primary antibodies against 
p53, p21, U1–70, PARP, and actin, and horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit and anti-mouse secondary 
antibodies were purchased from Santa Cruz Biotechnology. 
Dimethyl sulfoxide (DMSO) and other chemicals used in 
solutions were obtained from the Sigma-Aldrich Chemical Co. 
MG132 (carbobenzoxy-l-leucyl-l-leucyl-l-leucinal) was from 
Calbiochem. Human colon cancer cell lines were purchased from 
the American Type Culture Collection. CaCo2 and WiDr cells 
were maintained in DMEM. LoVo and HCT116 cells were grown 
in RPMI 1640 medium. Cells were grown in a 37 °C incubator 
with 5% CO

2
 in culture media supplemented with 10% (v/v) 

heat-inactivated FBS, penicillin (100 U/mL), and streptomycin 
(100 μg/mL).

Western immunoblot analyses
Drug-treated cells were washed once with ice-cold 1× PBS 

(phosphate-buffered saline). Total cell lysates were prepared by 
incubation in radioimmunoprecipitation assay buffer (RIPA; 
50 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1% [v/v] 
Triton X-100, 1% [w/v] sodium deoxycholic acid, 0.1% [w/v] 
sodium dodecyl sulfate [SDS], 2 mM phenylmethylsulfonyl 
fluoride [PMSF], 30 mM Na

2
HPO

4
, 50 mM NaF, and 1 mM 

Na
3
VO

4
) containing freshly added protease inhibitor cocktail 

(Roche Applied Science). Cytoplasmic and nuclear extracts 
were prepared according to the instructions of the NE-PER 
Nuclear and Cytoplasmic Extraction Kit (Pierce). Proteins in 
the supernatants of lysates (30 μg aliquots) were mixed with 
SDS sample buffer, boiled for 5 min, then separated by SDS-
PAGE (SDS-PAGE) on 8% or 10% (w/v) gels and transferred to 
nitrocellulose membranes (Millipore). Membranes were blocked 
with 5% (w/v) non-fat dried milk in TBS-T (50 mM Tris-HCl 
[pH 7.6], 150 mM NaCl and 0.1% [v/v] Tween 20) and incubated 
with primary antibodies for 3 h. Blots were washed with TBS-T, 
incubate with appropriate HRP-conjugated secondary antibody 
for 1 h, and examined using an enhanced chemiluminescence 
(ECL) detection system (Amersham).

Cytotoxicity assay
The MTT colorimetric assay38 was used to screen for cytotoxic 

activity. Briefly, cells were seeded at a density of 1 × 104 cells per 
well in 96-well plates in culture medium containing 10% (v/v) 
FBS. Following 24 h incubation and attachment, the cells were 
treated with different concentrations of CPT for 24 h. IC

50
 values 

were obtained by assessing cell survival over a CPT concentration 
range of 25 to 1000 nM. After washing and incubating with 
MTT solution (20 μL of 5 mg/mL) at 37 °C for 1 h, cells were 
lysed with DMSO. The absorbance in each well was measured 
at 540 nm using an ELISA reader (Bio-Rad Laboratories). The 
results were generated from three independent experiments; each 
experiment was performed in triplicate.

RT-PCR
Total RNA was isolated using the TRIzol reagent according 

to the manufacturer’s instructions. The quality of total RNA 

was tested by formaldehyde-agarose gel electrophoresis. Single-
strand cDNA was synthesized from equal amounts of RNA 
(2 μg) using 0.5 μg of random primers and MMLV reverse 
transcriptase, following the manufacturer’s instructions. Each 
cDNA fragment was PCR-amplified using the following specific 
primer pairs: MKP1, 5 -́AAAGGAGGAT ACGAAGCGTT-3ʹ 
(sense) and 5 -́ATAAGGTAAG CAAGGCAGAT-3ʹ (antisense); 
p21, 5 -́CTTCGGCCCA GTGGACAGCG-3ʹ (sense) 
and 5 -́TCTGCCGCCG TTTTCGACCC-3ʹ (antisense); 
p53, 5 -́TGGGACAGCC AAGTCTGTGA-3ʹ (sense) and 
5 -́ACTGGAGTCT TCCAGTGTGA-3ʹ (antisense); and 
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 
5 -́TGCTGAGTAT GTCGTGGAGT CTA-3ʹ (sense) and 
5 -́AGTGGGAGTT GCTGTTGAAG TCG-3ʹ (antisense).

Apoptosis assay
Apoptosis was evaluated by determining the proportion 

of cells with sub-G
1
 DNA content. Cells were trypsinized at 

specific times after treatment with chemicals and collected 
by centrifugation at 200 × g for 10 min at room temperature. 
The supernatant was discarded and the precipitated cells were 
washed twice with PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM 
Na

2
HPO

4
 and 1.4 mM KH

2
PO

4
 [pH 7.4]). Pelleted cells were 

carefully suspended in 500 μL PBS buffer and fixed in 4 mL of 
ice-cold 70% (v/v) ethanol overnight. Fixed cells were washed 
twice with PBS, then resuspended in PBS (5 × 105 cells/500 μL) 
and treated with 100 μg/mL of RNase A at 37 °C for 30 min. PI 
was next added to a final concentration of 50 μg/mL for DNA 
staining, and 10 000 fixed cells were analyzed on a FACSCalibur 
Flow fluorescence-activated cell sorter (Becton Dickinson). 
Cell-cycle distribution was analyzed using the Modifit program 
(Becton Dickinson).

Immunofluorescence analysis
Immunofluorescence analyses were done as described 

previously38 with slight modifications. Briefly, cells were seeded 
on coverslips and grown for 2 d in culture medium, rinsed with 
PBS, and immersed in 70% (v/v) ethanol overnight. Coverslips 
were rinsed with PBS and fixed in 4% (v/v) paraformaldehyde 
for 15 min at room temperature. This was followed by 
permeabilization in 0.1% (v/v) Triton X-100 for 10 min and 
rinsing with PBS. The cells were blocked in sterile PBS with 
2% (w/v) bovine serum albumin (BSA) for 1 h. Subsequently, 
cells were rinsed with PBS/0.1% (w/v) BSA and incubated with 
primary antibody (1:200) for 3 h at room temperature. Cells were 
next rinsed five times with PBS/0.1% (w/v) BSA and incubated 
with FITC-conjugated secondary antibody (Invitrogen) for 1 h at 
room temperature in the dark. Cells were rinsed three times with 
PBS and treated with 2 μg/mL PI in PBS for 5 min to stain the 
chromosomes. Coverslips were rinsed in PBS and mounted on 
glass slides. Cells were observed using a Zeiss LSM 510 META 
confocal microscope (Carl Zeiss).
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