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Investigation of MEK activity in COS7 cells entering mitosis
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Abstract. Although the mitogen-activated protein
kinase (MAPK) pathway has been extensively investigated,
numerous events remain unclear. In the present study, we
examined mitogen-activated protein kinase kinase (MEK)
expression from interphase to mitosis. Following nocodazole
treatment, COS7 cells gradually became round as early as
4 h after treatment. Cyclin Bl expression gradually increased
from 4 to 24 h in the presence of nocodazole. When cells
were treated with nocodazole for 4 h, the level of epidermal
growth factor (EGF)-mediated MEK phosphorylation did
not significantly change between nocodazole-untreated
and -treated (4 h) cells (P>0.05). However, EGF-mediated
MEK phosphorylation was significantly inhibited upon
treatment with nocodazole for 8 and 24 h compared to
nocodazole-untreated cells (P<0.05). MEK phosphorylation
levels were comparable between 1, 5, 10 and 50 ng/ml EGF
treatments. Phorbol 12-myristic 13-acetate (PMA) did not
activate MEK in mitotic cells. Following treatment of COS7
cells at the interphase with AG1478 or U0126, MEK phos-
phorylation was blocked. In addition, the investigation of the
expression of proteins downstream of MEK demonstrated
that EGF does not significantly affect the phosphoryla-
tion level of extracellular-signal-regulated kinase (ERK),
ribosomal protein S6 kinase (RSK) and Elk in mitotic cells
(P>0.05). The results showed that MEK expression is gradu-
ally inhibited from cell interphase to mitosis, and that MEK
downstream signaling is affected by this inhibition, which
probably reflects the requirements of cell physiology during
mitosis.

Introduction

Mitogen-activated protein kinase kinase (MEK), also known as
MAP2K, is a kinase enzyme that phosphorylates mitogen-acti-
vated protein kinases, for example the mitogen-activated
protein kinase (MAPK), or the extracellular-signal-regulated
kinase (ERK). When MEK is inhibited, cell proliferation is
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blocked and apoptosis (controlled cell death) is induced. The
small-molecule MEK inhibitor trametinib displayed substan-
tial clinical activity in melanoma (1), which suggests that MEK
is a valid therapeutic target.

The cell cycle is a series of events that takes place in a
cell, leading to its division and replication. The cell cycle is
divided into two brief periods in eukaryotes: the interphase
and the mitotic phase. At the interphase, distinct signaling
events in the Ras-ERK pathway facilitate the progression
through G1/S and survival in GI, via nuclear transcription
factor phosphorylation, immediate-early gene induction,
expression of cell cycle genes that direct DNA synthesis, and
regulation of translational initiation (2,3). However, a number
of studies on cell mitosis have shown that protein traffic
through the membrane is inhibited, and the transmembrane
signals emitted by mitotic cells are likely blocked (4-8).
For example, the epidermal growth factor receptor (EGFR)
is hyperphosphorylated in cell mitosis, which decreases
its binding affinity to EGF (9).Eventually, EGF-mediated
signaling is attenuated (9-12). The Ras-ERK pathway, one of
the EGF-mediated signaling pathways, has been extensively
investigated for its important physiological roles in the cell
cycle (13-15). This pathway comprises a number of important
signaling proteins such as Ras, Raf, MEK and ERK. Raf is
phosphorylated by Ras, activated Raf phosphorylates and
activates MEK, which in turn, phosphorylates and activates
ERK. Previous reports have demonstrated that MEK activity
is inhibited in mitosis (16-18). The N terminal of phosphory-
lated MEK1 was shown to be hydrolyzed in mitosis, which
attenuated its binding to ERK, and eventually to blocking of
the related signaling transduction pathways. However, MEK
was also proposed to be activated by phorbol 12-myristic
13-acetate (PMA) in mitosis (11). Therefore, MEK activity in
mitosis still remains unclear.

In this study, we analyzed MEK activity in response to
nocodazole in COS7 cells from the interphase to mitosis.
MEK phosphorylation gradually decreased with prolonged
treatment with nocodazole. The phosphorylation of the MEK
downstream proteins ERK, ribosomal protein S6 kinase (RSK)
and Elk was also inhibited by nocodazole in cell mitosis.

Materials and methods

Cells lines and culture. COS7 cells were grown at 37°C in
Dulbecco's modified Eagle's medium (DMEM) containing
10% fetal bovine serum (FBS), penicillin and streptomycin,
and were maintained in a 5% CO, atmosphere.
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Antibodies and chemicals. Mouse anti-tubulin and -phos-
phorylated (p)p-ERK, rabbit anti-MEK1/2, -p-RSK, -p-Elk
and -cyclin Bl1, goat anti-p-EGFR (1086) and -p-MEK1/2
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). Horseradish peroxidase (HRP)-conjugated
secondary antibodies and nitrocellulose membranes were
purchased from Bio-Rad (Hercules, CA, USA). EGF was
obtained from Upstate Biotechnology, Inc. (Lake Placid, NY,
USA). Nocodazole, AG1478, U0126 and PMA were from
Calbiochem® (Merck KGaA, Darmstadt, Germany). DMEM
was from Gibco® (Grand Island, NY, USA). Unless otherwise
specified, all chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Cell morphology in response to nocodazole. COS7 cells at
80% confluence were treated with 0.25 pg/ml nocodazole for
0, 4, 8, 24 h, and their morphology was observed under an
inverted microscope (Nikon Diaphot; Nikon, Tokyo, Japan).
Images of COS7 cells were acquired at x10 magnification.

EGF-mediated MEK activity in nocodazole-treated cells.
COS7 cells were first treated with or without 250 ng/ml
nocodazole for different time periods (0, 4, 8, 24 h), and then
stimulated with 50 ng/ml EGF for 15 min. Finally, all cells
were collected and lysed to analyze MEK phosphorylation.

MEK activity in different concentrations of EGF.
Asynchronous cells were stimulated by treatment with 50, 10,
5 and 1 ng/ml EGF for 15 min, followed by cell lysis prior to
analysis of MEK phosphorylation.

MEK activity in cell cycle. Following treatment with or
without nocodazole, COS7 cells were stimulated by treatment
with EGF or PMA for different time periods (0, 5, 15 min).
Subsequently, asynchronous and mitotic cells were collected
and lysed to analyze the phosphorylation of EGFR and MEK.

MEK activity in response to protein inhibitors. Following
treatment of COS7 cells with 0.5 yM AG1478 for 30 min
or 10 uM UO0126 for 60 min, the cells were stimulated with
50 ng/ml EGF for 15 min, followed by cell lysis prior to
analysis of MEK phosphorylation.

Activity of MEK downstream proteins. Following overnight
treatment with nocodazole, mitotic COS7 cells were stimu-
lated by 50 ng/ml EGF for 0, 15, 30 and 60 min, followed by
detection of ERK, RSK and Elk phosphorylation levels and
data analysis.

Western blotting. Cells were lysed with radioimmunoprecipi-
tation assay buffer (50 mM Tris-HCI, pH 8.0; 150 mM NaCl,
1% Nonidet P-40, 1% sodium deoxycholate and 0.1% SDS)
supplemented with protease inhibitor cocktail (Roche Inc.,
Basel, Switzerland). Cell lysates were separated by electro-
phoresis on 7.5-10% sodium dodecyl sulfate polyacrylamide
gels, depending on the size of the studied proteins. Prestained
protein markers were used as molecular weight standards.
Proteins were electrophoretically transferred onto nitrocel-
lulose membranes. Blots were blocked with 3% skim milk in
0.05% Tween-phosphate buffered saline for 30 min.
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Figure 1. (A) COS7 cells observed under the microscope following treatment
with or without nocodazole for (a) 0, (b) 4, (c) 8 and (d) 24 h. (B) Western blot
showing cyclin Bl expression in the cells after treatment. Tubulin was used
as the loading control.

Membranes were then incubated overnight with mono-
clonal mouse anti-tubulin and -pp-ERK, polyclonal rabbit
anti-MEK1/2, -p-RSK, -p-Elk and -cyclin B1, polyclonal
goat anti-p-EGFR (1086), and -p-MEK1/2 in blocking buffer.
The membranes were then incubated with a polyclonal rabbit
anti-goat or a goat anti-mouse IgG coupled to HRP for 1 h,
and the primary antibodies were detected using enhanced
chemiluminescence (ECL), using Pierce™ SuperSignal ECL
Western Blotting Detection reagents (Pierce Chemical Co.,
Rockford, IL, USA). Light detection was performed with a
Fuji photo film (Tokyo, Japan).

Statistical analysis. Three independent experiments were
performed in all cases. The data from western blots were
expressed as means + SE of triplicate measurements, and were
analyzed with the software package SPSS 16.0 (SPSS Inc.,
Chicago, IL, USA). In data graphs, different letters among bars
indicate a significant difference (P<0.05) between values.

Results

Cell morphology. Following treatment with nocodazole, the
COST7 cell morphology changed. At 4 h, a few cells became
round. At 8 h, more cells were round. Up to 24 h, almost
all of cells had become round, which suggests that cells
distinctly enter and stay in mitosis (Fig. 1A). Cell morphology
changes indicated that cellular signaling may be gradually
altered. Therefore, the expression of cyclin Bl, which is a
marker of mitosis, was investigated by western blotting.
The results demonstrated that the expression of cyclin Bl
prominently changed upon nocodazole treatment (Fig. 1B).
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Figure 2. Effects of COS7 cell treatment with or without EGF (50 ng/ml) for 15 min following treatment with or without nocodazole (250 ng/ml) for 4, 8 and
24 h. (A) The levels of phosphorylated EGFR and MEK (p-EGFR and p-MEK) were evaluated by immunoblotting. Tubulin was used as the loading control.
(B) Quantified data of MEK phosphorylation from three independent experiments. EGFR, epidermal growth factor receptor; MEK, mitogen-activated protein

kinase kinase; sf, serum free.

In nocodazole-untreated cells, cyclin Bl was nearly undetect-
able from O to 24 h. By contrast, cyclin Bl was detected in
nocodazole-treated cells, and its level gradually increased
from 4 to 24 h, which indicates that an increasing number of
COST7 cells entered and were subsequently arrested in mitosis.

MEK phosphorylation in the transition of cell phases. MEK is
animportant signaling protein of the MAPK pathway. Following
treatment with nocodazole for 4, 8 and 24 h, COS7 cells were
treated with EGF for 15 min, and were collected to investigate
MEK phosphorylation. The p-EGFR level was increased when
cells were stimulated by EGF in both nocodazole-treated and
untreated cells (Fig. 2A), and no difference in p-EGFR levels
was observed betweeen these cells. These results indicated
that EGFR is activated during the cell cycle, which possibly
initiates the MAPK pathway. When cells were treated with
nocodazole for 4 h and EGF for 15 min, MEK was signifi-
cantly phosphorylated in nocodazole-treated cells, with the
p-MEK level being similar to that of nocodazole-untreated
cells (Fig. 2B). In COS7 cells treated with nocodazole for
longer periods, MEK phosphorylation was significantly
(P<0.05) inhibited after 15 min of EGF stimulation, especially
following a 24-h nocodazole treatment (Fig. 2B). These results

indicate that MEK phosphorylation is blocked from interphase
to mitosis.

MEK phosphorylation in response to EGF. Although
EGF-mediated MEK phosphorylation was inhibited when
cells entered mitosis, the effects of different EGF doses on
this inhibition remained unclear. The level of p-MEK was
revealed to be similar among asynchronous cells treated with
different EGF concentrations (50, 10, 5 and 1 ng/ml) (Fig. 3A),
which indicates that the dose of EGF does not affect MEK
phosphorylation. In addition, we collected mitotic cells and
detected EGFR expression by western blotting. EGFR phos-
phorylation was induced by EGF, but not by PMA, alone or in
combination with nocodazole treatment (Fig. 3B). By contrast,
MEK was not phosphorylated by EGF or PMA in the presence
of nocodazole (Fig. 3B). These results indicated the presence
of a yet unidentified mechanism inhibiting MEK phosphoryla-
tion in mitosis.

MEK phosphorylation and the roles of inhibitors. Two impor-
tant inhibitors of signaling proteins were employed to treat
COS7 cells. AG1478, a specific inhibitor of EGFR, was used to
block EGFR phosphorylation. Following treatment with 0.5 uM
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Figure 3. (A) MEK phosphorylation in COS7 cells at the interphase following
treatment with or without different concentrations of EGF (50, 10, 5, 1 ng/ml)
for 15 min. (B) Phosphorylation of EGFR and MEK in asynchronous and
mitotic COS7 cells, collected after overnight treatment with or without
nocodazole, followed by stimulation with EGF and PMA. (C) MEK phos-
phorylation in COS7 cells at the interphase after treatment with AG1478 and
U0126. Tubulin was used as the loading control in all experiments. MEK,
mitogen-activated protein kinase kinase; EGFR, epidermal growth factor
receptor; PMA, phorbol myristic acid; p, phosphorylated.

AG1478 for 30 min, COS7 cells were treated with 50 ng/ml EGF
for 15 min. The results demonstrated that MEK phosphorylation
was decreased (Fig. 3C), which suggests that EGFR activity is
important for MEK phosphorylation. Because AG1478 only
indirectly affects MEK phosphorylation, U0126, which is a
specific MEK inhibitor, was used to treat COS7 cells. Following
treatment with 10 xM UO0126 for 60 min, COS7 cells were
treated with 50 ng/ml EGF for 15 min. EGF-mediated MEK
phosphorylation was again reduced (Fig. 3C), which confirmed
the ability of U0126 to inhibit MEK phosphorylation.

MEK signaling in mitosis. Since MEK phosphorylation
was impaired in mitotic cells, the phosphorylation of the
downstream signaling proteins ERK, RSK and Elk was next
investigated. ERK is a downstream protein of MEK, and
RSK is a downstream protein of ERK. Elk is a transcription
activator which also acts downstream of ERK. Following
overnight treatment with nocodazole, COS7 cells were treated
with EGF. Elk phosphorylation was increased by nocodazole
treatment compared to the control (P<0.05, Fig. 4C). However,
stimulation of COS7 cells with EGF during 15, 30 and 60 min
did not significantly enhance the phosphorylation levels of
ERK, RSK and Elk in the mitotic cells (P>0.05, Fig. 4). While
RSK phosphorylation dropped after 30 min of EGF stimula-
tion (Fig. 4B), Elk and ERK phosphorylation steadily increased
with prolonged EGF treatment in mitotic cells (Fig. 4A and C).

Discussion

In the present study, we demonstrated that COS7 cells are
gradually arrested in mitosis in response to nocodazole. MEK
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Figure 4. Phosphorylation of (A) ERK, (B) RSK and (C) Elk in COS7 mitotic
cells after overnight treatment with nocodazole, followed by stimulation with
EGF for 15, 30 and 60 min. EGF, epidermal growth factor; ERK, extracel-
lular-signal-regulated kinase; RSK, ribosomal protein S6 kinase.

activity was also gradually inhibited in these conditions. At
24 h, MEK phosphorylation was significantly inhibited by
nocodazole compared to the control. Nocodazole treatment
significantly increased the phosphorylation of the MEK
downstream protein Elk, while an increase in ERK phosphory-
lation was also observed. However, RSK phosphorylation was
decreased by nocodazole treatment, and the phosphorylation
levels of all three proteins were not significantly (P>0.05)
increased in the presence of EGF in the mitotic cells. These
results suggest that the activity of MEK protein is blocked in
response to nocodazole treatment.

An increasing number of studies has provided evidence
that cellular innate molecular events change at the transition
from the interphase to mitosis (10,19,20). The MAPK pathway
has been shown to be affected by changes in the regulation
and control of signaling proteins during mitosis (16,21). Here,
we used COS7 cells as experimental models to analyze MEK
activity from the interphase to mitosis.

As previously reported, cells became round in the pres-
ence of nocodazole (22). Cell morphology was gradually
altered: After nocodazole treatment for 4 h, a few cells reacted
and their shape was round. More cells were round after
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treatment with nocodazole for 24 h. Moreover, the expression
of cyclin B1, a marker of mitosis, in nocodazole-treated cells
was increased with prolonged nocodazole treatment compared
to nocodazole-untreated cells, which further supports that
COS7 cells are arrested in the mitosis and are a suitable model
for the study of changes in cell-cycle proteins.

To analyze MEK activity from interphase to mitosis, we
collected all cells, including interphase and mitotic cells, after
nocodazole treatment. Regarding the activation of EGFR, we
found that EGFR is phosphorylated in COS7 cells following
EGF treatment. EGFR phosphorylation levels were not
different between nocodazole-treated and -untreated cells
from 4 to 24 h, which indicates that EGFR phosphorylation
is required in the cell cycle. EGFR activation initiates down-
stream signaling cascades, with a number of signaling proteins
potentially activated (23-26). Based on this, we next detected
MEK activation from interphase to mitosis using western
blotting. We demonstrated that MEK is significantly phosphor-
ylated upon EGF treatment in cells treated with nocodazole
for 4 h (P<0.05). Nevertheless, after COS7 cells were treated
with nocodazole for 8 and up to 24 h, MEK phosphorylation
was significantly inhibited compared to nocodazole-untreated
cells (P<0.05). These results probably relate to the number
of mitotic cells. Treatment with nocodazole for 4 h induced
mitotic arrest in a few cells, while most of the cells remained
at the interphase. Since MEK phosphorylation was increased
at the interphase, MEK might still have remained activated by
EGF in cells treated with nocodazole for 4 h. However, after
8 h of treatment with nocodazole, more cells were arrested in
mitosis, which is expected to decrease MEK phosphorylation.
In any case, nocodazole treatment appeared to affect the cell
cycle and related proteins. Therefore, we conclude that MEK
phosphorylation is significantly and gradually blocked by
prolonged nocodazole treatment.

Although MEK activity was shown to be stimulated by
EGTF, the effect of the EGF dose remained unclear. We thus
collected cells and detected the effect of the EGF dose on
MEK phosphorylation. MEK phosphorylation remained
unchanged in the presence of different concentrations of
EGF, not exceeding 50 ng/ml. We therefore selected the
concentration of 50 ng/ml EGF for the following experi-
ments. After cells were treated with nocodazole and EGF,
EGFR was activated in asynchronous and mitotic cells, which
possibly initiated the downstream signaling pathways. MEK
was activated in nocodazole-untreated cells but inhibited in
nocodazole-treated cells, which indicates that MAPK might
be blocked by nocodazole in mitosis. To further confirm this,
we treated the COS7 cells with PMA. MEK phosphoryla-
tion was not increased with PMA treatment in mitotic cells.
A previous study (11) demonstrated that MEK is activated
by PMA-activated protein kinase C (PKC). Since MEK was
not activated by EGF and PMA in mitotic cells, we conclude
that an unknown signaling pathway is blocked in mitosis, and
thereby MEK phosphorylation is downregulated.

Signaling transduction is blocked by protein inhibitors (27).
To further investigate MEK phosphorylation in mitosis,
AGI1478, an EGFR inhibitor, was used to treat COS7 cells.
The results demonstrated that AG1478 inhibits MEK phos-
phorylation, which indicates that EGFR activity is important
for the activation of MEK. Moreover, MEK phosphorylation
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was inhibited by U0126, a highly selective inhibitor of both
MEK1 and MEK?2 (28,29). In addition, AG1478 and U0126
displayed a synergistic effect on MEK phosphorylation. These
results indicate that there are numerous factors affecting MEK
activity.

Extracellular-signal-regulated kinases (ERKs) are widely
expressed intracellular signalling kinases that are involved
in functions such as regulation of meiosis and mitosis,
and post-mitotic functions in differentiated cells. In the
MAPK/ERK pathway, Ras activates c-Raf, followed by MEK
and then ERK1/2. ERKs are known to activate numerous
transcription factors, such as RSK and Elk1 (30,31). By inves-
tigating the expression of downstream proteins of MEK, we
found that the phosphorylation of RSK is reduced in mitotic
cells upon nocodazole treatment. Although ELK appeared to
be activated by nocodazole (P<0.05), Elk phosphorylation was
not significantly increased by EGF treatment in mitotic cells
(P>0.05). These results indicate that the activity of MEK is
downregulated in mitosis.

Overall, our study demonstrated that MEK activity is
gradually blocked from cell interphase to mitosis, which prob-
ably follows the energy requirements needed for the dynamic
structural changes occurring in mitosis. Nevertheless, certain
molecular events require further investigation.
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