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Cancer cells have different characteristics due to the genetic
differences where these unique features may strongly influence
the effectiveness of therapeutic interventions. Here, we show
that the spontaneous reactivation of extracellular signal-
regulated kinase (ERK), distinct from conventional ERK
activation, represents a potent mechanism for cancer cell
survival. We studied ERK1/2 activation in vitro in SW4380
colorectal cancer cells. Although ERK signaling tends to be
transiently activated, we observed the delayed reactivation of
ERK1/2 in epidermal growth factor (EGF)-stimulated SW4380
cells. This effect was observed even after EGF withdrawal.
While phosphorylated ERK1/2 translocated into the nucleus
following its primary activation, it remained in the cytoplasm
during late-phase activation. The inhibition of primary ERK1/2
activation or protein trafficking, blocked reactivation and
concurrently increased caspase 3 activity. Our results suggest
that the biphasic activation of ERK1/2 plays a role in cancer
cell survival; thus, regulation of ERK1/2 activation may
improve the efficacy of cancer therapies that target ERK
signaling. [BMB Reports 2016; 49(4): 220-225]

INTRODUCTION

Extracellular signal-regulated kinase (ERK) participates in the
regulation of pivotal cell processes, including proliferation,
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differentiation, survival, and apoptosis. It is well established
that when epidermal growth factor (EGF) binds to its cognate
receptor, Ras recruits Raf to the inner surface of the plasma
membrane. Then, phosphorylated Raf stimulates MEK1/2 to
phosphorylate ERK1/2 within a conserved Thr-Glu-Tyr (TEY)
motif in its activation loop. Phosphorylated ERK1/2 (pERK1/2)
subsequently translocates to the nucleus, where it modulates
the activity of transcription factors such as Elk-1, Fos, and Myc
leading to the induction of a range of cellular responses (1).

Recent findings suggest that monomeric pERK1/2 and
ERK1/2 dimers in the cytoplasm play significant roles in cell
signaling. A nuclear translocation sequence (Ser-Pro-Ser, SPS)
in ERK2 was identified as a general nuclear translocation
signal (2) and this sequence is concealed by binding with
scaffold proteins such as KSR1, IQGAP, and PAXIL, which
results in the cytoplasmic retention of ERK2. However, the
mechanisms underpinning these processes and the cyto-
plasmic functions of pERK1/2 remain to be elucidated.

Although the ERK pathway is transiently activated in many
cells, researchers have demonstrated the spontaneous re-
activation of ERK signaling in periodontal ligament (PDL) cells
(3) and the osteoblastic cell line, MG-63 (4). Biomolecular
approaches suggest that fibroblast growth factor (FGF)
stimulation leads to the reactivation of ERK signaling through
reactivation of Ras (5) and stimulation with thrombin induced
biphasic activation of ERK in vascular smooth muscle (VSM)
cells as a result of intermediate heparin-binding protein
expression (6). However, the details of the mechanism and
outcome of this event are unknown.

The high frequency of mutations in ERK signaling
intermediates in various cancers reveals the importance of this
pathway in proliferation and differentiation. In colorectal
cancer, ERK mutations may drive cancer progression (7). More
than 50% of colorectal cancers harbor Ras mutations and 10%
show mutations in B-Raf (8), indicating that continuous ERK
activation as a result of mutation, results in uncontrolled
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proliferation and differentiation. These findings confirm the
essential role of ERK signaling in the development of colorectal
cancer. Therefore, clear understanding of ERK pathway in
colorectal cancer is fundamental to establish therapeutic
approaches on these diseases.

In this study, we found a link between a unique pattern of
ERK activation (characterized by spontaneous and delayed
reactivation) and enhanced EGF-stimulated SW480 colorectal
cancer cell survival. The delayed reactivation of ERK is
dependent on the activities of factors produced during the
primary activation phase. We further show that pERK1/2
influence cell survival during the secondary activation phase
in the cytoplasm, indicating that biphasic ERK activation is a
potential target for anti-cancer therapies.

RESULTS

EGF-stimulated SW480 cells display biphasic
phosphorylation of ERK1/2

In SW480 cells, EGF rapidly induced phosphorylation and
subsequent nuclear translocation of ERK1/2 (within five min).
The levels of pERK1/2 gradually declined thereafter, returning
to near-basal levels within 60 min (Fig. 1A and B). Although it
is reported that activation of the ERK pathway is a transient
event (9), researchers illustrate that sustained ERK1/2 activation
influences cell fate as well. Traverse et al. showed the
prolonged activation of ERK by nerve growth factor (NGF) is
required for the differentiation of PC12 neuronal cells (10).
Therefore, we tested long-term activation of the ERK pathway
in EGF-treated SW480 cells. After the initial peak at 5-10 min,
the level of pERK1/2 gradually declined until 100 min after the
initial peak, then increased again, between 200 and 400 min
after initial stimulation (Fig. 1C). Suspecting that this
phenomenon may have resulted from EGF retained in the
culture media, we washed EGF-stimulated cells with PBS five
min after stimulation (after the initial peak in ERK activation),
then cultured them in EGF and serum-free medium. Again, we
observed the reactivation of ERK1/2 at 200-400 min after
stimulation, even following the total withdrawal of EGF at five
min after stimulation (Fig. 1D), indicating that sustained
activation of the ERK pathway by EGF treatment dose not
result from EGF retained in culture media.

Phosphorylated ERK1/2 at the secondary activation phase
stays in the cytosol, not in the nucleus of EGF-stimulated
SW480 cells

The nuclear translocation of activated cytosolic signaling
proteins, including pERK1/2, initiates various cellular responses.
Thus, we investigated the distribution of pERK1/2 during the
second activation phase. Within the experimental period, we
assessed whether the observed reactivation resulted from an
oscillation in ERK1/2 activation prior to the achievement of
equilibrium. After stimulation with EGF, phosphorylated
ERK1/2 rapidly entered into the nucleus within 10 min.
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However, pERK1/2 at the late activation phase (around 300
min) did not enter into nucleus, but stayed in the cytoplasm
(Fig. 2A). Confocal microscopy revealed the presence of
PERK1/2 in the nuclei of EGF-stimulated SW480 cells at five
min after stimulation. However, It was not detected in the
nucleus at the later activation phase, although the overall
pERK1/2 levels increased (Fig. 2B).

We next examined whether the retained pERK1/2 in the
cytoplasm at the later activation phase influence the expression
of IL-8, an ERK target gene (11). The patterns of /L8 mRNA
expression (Fig. 2C) was consistent with the finding that
PERK1/2 does not translocate to the nucleus during the second
activation phase.

Blocking primary pERK1/2 activation and protein trafficking
prevent biphasic ERK1/2 activation

Until now, our key findings included the biphasic activation of
ERK1/2 in SW480 cells and the differential intracellular
localization of pERK1/2 in the two activation phases. The
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Fig. 1. Patterns of ERK activation in EGF-stimulated SW480 cells.
(A) SW480 cells were treated with EGF (10 ng/ml) for the
indicated time periods and the levels of ERK1/2 and pERK1/2 were
measured by Western blot analysis. (B) SW480 cells treated with
10 ng/ml EGF for five min were labeled with anti-pERK1/2
antibodies (red) and DAPI (blue). Then, the localization of pERK1/2
was monitored by confocal microscopy. Scale bar, 10 um. (C, D)
Following stimulation with EGF for five min, either EGF stimulation
continued (C) or the EGF-containing medium was replaced with
serum-free medium (D). Protein extracts were immunoblotted with
anti-pERK1/2 and anti-ERK1/2 antibodies.
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Fig. 2. Localization of pERK1/2 during the second activation phase
and its effects on IL-8 expression. (A) SW480 cells were
stimulated with EGF (10 ng/ml) for the indicated periods of time,
then split into nuclear and cytosolic fractions using Nuclear and
Cytoplasmic Extraction Reagents as described in the Materials and
Methods section. The extracts were then immunoblotted with
anti-pERK1/2 and anti-ERK1/2 antibodies. (B) SW480 cells were
stimulated with EGF (10 ng/ml) for the indicated periods. pERK1/2
was detected using anti-phospho ERK1/2 antibodies and Alexa
Fluor® 647-conjugated anti-rabbit 1gG. Cell nuclei were stained
with DAPI. (C) SW480 cells were stimulated with EGF (10 ng/ml)
and the induction of IL-8 RNA was analyzed by RT-PCR assay as
described in the Materials and Methods section.

resulting data suggest that the early and late responses result
from different mechanisms. To distinguish these mechanisms,
we pretreated the cells with the ERK inhibitor, U0126.
Pretreatment with U0126 for 60 min completely blocked, not
only the primary induction of ERK phosphorylation, but also
the secondary activation by EGF stimulation (Fig. 3A). And
additional stimulation of U0126-pretreated SW480 cells with
FBS at 300 min induced the rapid phosphorylation of ERK1/2
(Fig. 3B, lane D), implying that ERK signaling is intact in
U0126 pretreated cells at 300 min and the abolishment of
later activation does not result from the sustained effects of
U0126. This dataset indicates that the first activation is critical
for the later ERK activation in EGF stimulated SW480 cells.
Therefore, we hypothesized that intracrine, autocrine, or
paracrine signals triggered by the initial activation, is
responsible for the subsequent reactivation of ERK signaling.
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Fig. 3. Activation of ERK signaling following the inhibition of
primary ERK activation or protein transport. (A) SW480 cells were
incubated with or without U0126 (20 uM) for 60 min and then
stimulated with EGF (10 ng/ml) for 10 or 300 min. (B) SW480
cells, pretreated with or without U0126, were stimulated with EGF
for the indicated time periods. *Media was replaced with 20%
FBS at 300 min and cells were lysed 10 min later. (C) SW480
cells were pretreated with or without monensin for 60 min and
then stimulated with EGF (10 ng/ml). Protein extracts were
immunoblotted using anti-ERK1/2 and anti-pERK1/2 antibodies.

To test this, we pretreated serum-starved SW480 cells with
monensin, a protein transport inhibitor for 60 min prior to EGF
stimulation. Although monensin did not block primary ERK
activation, reactivation of ERK1/2 at 300 min did not occur in
monensin-pretreated cells and pERK1/2 levels decreased to
basal levels (Fig. 3C). These results suggest that ERK activation
at the late phase depends on initial activation, which may
generate intracrine, autocrine, or paracrine signals.

Blocking secondary activation enhances apoptosis in SW480
cells

One hypothesis documented in the literature is that
cytoplasmic pERK1/2 activated by MEK2 promotes cancer cell
survival (12). Since phosphorylated ERK1/2 during secondary
activation also remains in the cytoplasm, we hypothesized that
biphasic activation of ERK plays a role in survival of colon
cancer cells. First, SW480 cells were starved to minimize the
effects of serum on ERK signaling. While this promoted
caspase 3 activation, EGF treatment suppressed activation of
caspase 3 in SWA480 cells. Because the mutated KRAS
driven-activation of ERK1/2 in SWA480 cells suppressed
caspase 3 activation, the inhibition of ERK activity by U0126
treatment increased caspase 3 activity. In contrast, the
stimulation with EGF for 30 min resulted in suppression of
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caspase 3 activity, suggesting survival signal activation by EGF
stimulation. However, inhibition of the primary ERK activation
through pretreatment with U0126 reduced caspase 3 activity
by about 10%. When secondary activation was solely
inhibited through treatment with U0126 for 60 min prior to
sample preparation (treated at 240 min), caspase 3 activity
significantly increased (Fig. 4A), suggesting that the reactivation
of ERK participates in anti-apoptotic signaling. Furthermore,
inhibition of both primary and secondary ERK activation
significantly increased caspase 3 activity (Fig. 4A), indicating
that the spontaneous reactivation of ERK protects cells from
serum starvation-induced apoptosis.

Since AKT is a critical signaling pathway to regulate cell
survival and death (13) and EGF activates this AKT signaling in
SW480 cells, we examined AKT activation in EGF-stimulated
SW480 in the early and late activation phases. EGF induced
phosphorylation of AKT within 10 min regardless of U0126
pretreatment, however, did not activate AKT signaling at 300
min (Fig. 4B), suggesting that AKT is not responsible for
regulation of caspase 3 at the later ERK activation phase.
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Fig. 4. Caspase 3 activity during the second activation phase and
activation of AKT signaling in EGF-stimulated SW480 cells
pretreated with U0126. (A) SW480 cells were incubated with or
without U0126 (10 uM) for 60 min and then stimulated with EGF
(10 ng/ml) for 30 or 300 min. Lanes 7 and 9: samples from cells
treated with U0126 (10 uM) for 60 min prior to protein extraction.
Protein extracts (50 pg) were incubated with Ac-DEVD-AMC at
37°C for 30 min. (B) SW480 cells were incubated with or without
U0126 (10 puM) for 60 min and then stimulated with EGF (10
ng/ml) for 10 or 300 min. Protein extracts were immunoblotted
using anti-ERK1/2, anti-pERK1/2, anti-AKT, and anti-pAKT antibodies.
*indicates P value < 0.05.

http://bmbreports.org

Biphasic activation of ERK in SW480 cells
Donghyun Joo, et al.

DISCUSSION

Mutations in ERK signaling components are implicated in
development of several cancers. The significance of this
pathway in colorectal cancer is well documented; however,
data related to specific features, such as biphasic activation,
are lacking. Here, we propose biphasic activation of ERK
pathway in EGF-stimulated SW480 cells. First, we observed
biphasic activation of ERK in SW480 cells upon EGF
stimulation and further, investigated whether this phenomenon
is a general characteristic in cancer cell lines. However, none
of tested cell lines displayed significant levels of pERK1/2
during the later phases after EGF stimulation (Fig. S1). Hela
and MCF7 cells do not harbor mutations in the ERK pathway,
so the ERK activation pattern in these two cell lines represents
the general activation pattern of ERK (i.e., rapid activation
followed by dephosphorylation). Other cancer cell lines
(A549, HCT116, and HT29) harboring K-Ras mutations
showed unique patterns of ERK activation indicating that
cancer cells exhibit distinct activation profiles. Although
HCT116, HT29 and SW480 cells are derived from the same
tissue (the colon), it was noting that they showed different
activation patterns of ERK signaling. These observations
suggest that patterns of EGF-dependent ERK activation vary
widely among malignant cell types. Therefore, molecular
therapies for specific cancers should consider the cellular
context of each tumor cell.

The duration of ERK activation may influence cell fate
determination. Indeed, the specific combination of early
signals and signals generated by immediate gene products
determine the ultimate biological outcome of signaling (14).
For example, two distinct activations of ERK pathway between
GO and S phase of the cell cycle are required for mitogenesis
of cells that are not continuously stimulated (15). In this
context, increased initial ERK activation leads to expression of
CD44, which functions as a co-receptor, and the induction of
CD44 isoform results in sustained ERK activation, which is
required for the successful initiation of the G1-S transition.
Moreover, other studies have implicated the function of
cellular proteins, including CD44v6, MEKs, and, scaffold
proteins in the biphasic activation of ERK (12, 16, 17).
Therefore, we tested potential involvement of these molecules
in biphasic ERK activation using our experimental setting;
however, we detected no changes in EGF-stimulated SW480
cells (Fig. S2).

Although we could not clarify the mechanism details,
previous findings suggest potential mediators may be involved.
First, protein kinase C (PKC) may play a role in the late phase
activation of ERK signaling. Because respiratory syncytial virus
(RSV) induces biphasic activation of ERK through PKC
activation, ERK activation in the late stage after EGF treatment
may be triggered through PKC signaling pathway (18).
Additionally, EGF receptor (EGFR) may regulate this
reactivation of ERK signaling since endocytosis of EGFR is
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responsible for sustained ERK activation. However, this process
is reported to induce continuous and sustained activation, not
reactivation at the later period (19). In addition, biphasic
activation is only observed in a particular cancer cell line, not a
broad range of cells. Therefore, additional studies are necessary
to elucidate the mechanisms underpinning biphasic activation.

Although we observed biphasic ERK activation only in
SWA480 cells, other evidence supports its occurrence in other
cell types. For example, an early study of pERK1/2
translocation, reported the localized pERK1/2 in the cytoplasm
of ARaf-1:ER cells after the stimulation with serum (20).
Platelet-derived growth factor (PDGF) activates PI3K and PKC
signaling, which further prolongs the activation of the ERK
pathway in Swiss 3T3 cells (21). Cell cycle studies suggest
there is a crosstalk between biphasic activation and
growth-regulatory signaling. For example, early and late
activation of PI3K and PKC by PDGF may be essential for both
G1/S progressions (22, 23); while two separate pulses of
growth factor are necessary to stimulate mitogenesis (15).
Sustained pERK1/2 in cytoplasm is reported to regulate cell
death by interacting with cytoplasmic substrates, including
cytosolic phospholipase A2 (cPLA2) and ribosomal S6 kinase
(RSK). Cytosolic pERK1/2 activates cPLA2, which suppresses
apoptosis (24). A high level of cPLA2 has been observed in
clinical colon tumor biopsies (25), indicating that cytosolic
pERK1/2 in the late activation phase regulates cell death. In
addition, the cytoplasmic interactions between pERK1/2 and
RSK play a critical role in cell survival by regulating pro- and
anti-apoptotic protein expression (26). It appears that
cytoplasmic pERK1/2 generated during the second phase
contributes to cell survival by inhibiting caspase 3 activity in
SW480 cells. However, further investigation is needed to
determine the importance of this potential regulatory
mechanism.

Investigators have proposed “oncogene addiction”; where
cancers rely on mutations of single signaling intermediates for
their survival, therefore, therapy which inhibits the activity of
this mutated signaling may be critical to induce apoptosis or
regression of those tumors (27). Based on this theory,
laboratory studies and clinical trials have been conducted
using agents that inhibit oncogenic components of ERK
signaling pathways including EGFR, Ras, and Raf (8, 28).
Therefore, the regulation of ERK signaling and its biphasic
activation will provide the evidence to develop a therapeutic
strategy for certain types of colorectal cancers.

MATERIALS AND METHODS

Cell lines and reagents

Human colorectal carcinoma cells (SW480, CCL-228™) were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA) and maintained in RPMI 1640 medium
(Invitrogen, Grand Island, NY) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics (Invitrogen). After serum
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starvation for 24 h, the cells were stimulated with 10 ng/ml EGF
(Sigma-Aldrich, St. Louis, MO) diluted in serum-free medium.
The inhibition of ERK phosphorylation was achieved using
U0126 (Calbiochem- Novabiochem, San Diego, CA), a selective
MEK1/2 inhibitor. The cells were pretreated with U0126 for 60
min prior to EGF stimulation followed by treatment with
GolgiStopTM (BD Biosciences, San Diego, CA), which contains
monensin, in protein trafficking inhibition experiments.

Western blotting

Total cellular protein extracts were prepared in RIPA lysis
buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1%
SDS, 50 mM Tris-HCl [pH 7.4] with a protease inhibitor
cocktail [Roche, Mannheim, Germany]). NE-PER Nuclear and
Cytoplasmic  Extraction Reagents (Pierce Biotechnology,
Rockford, IL) were used to separate the nuclear and cytoplasmic
proteins according to the manufacturer’s instructions. Target
proteins were detected using antibodies specific to ERK1/2
(Chemicon, Temecula, CA), pERK1/2, Akt, and pAkt (Cell
Signaling, Danvers, MA). Multi-Gauge software (Fujifilm,
Tokyo, Japan) was used to analyze protein signal intensity. The
probed membranes were stripped using Restore™ Western Blot
Stripping Buffer (Pierce Biotechnology) and then reprobed.

Confocal microscopy

The treated cells were fixed with 4% paraformaldehyde in PBS
for 10 min at 4°C. They were then permeabilized using 0.5%
Triton X-100 for 45 min and subsequently incubated with
anti-pERK1/2 antibodies (Cell Signaling) for 90 min at room
temperature. The cells were then incubated with anti-rabbit
IgG conjugated with Alexa Fluor® 647 for 60 min and their
nuclei stained with 4',6-diamidino-2-phenylindole (DAPI,
Invitrogen). pERK1/2 localization was assessed using a
confocal microscope (Carl Zeiss AG, Jena, Germany) from
sequential T-um images processed with LSM 510 software
(Carl Zeiss AG).

Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated from SW480 cells using TRIzol®
reagent (Invitrogen). MRNA was reverse-transcribed to
complementary DNA (cDNA) using Superscript 1l RT
(Invitrogen). Sense and anti-sense oligonucleotide primers
were designed based on sequence information from the NCBI
Genome Database. Multi-Gauge software (Fujifilm) was used
to analyze the relative intensities.

Detection of caspase 3 activity
Protein extracts prepared using RIPA lysis buffer without

protease or phosphatase inhibitors were transferred to
FluoroNunc™ plates and incubated with the caspase 3
fluorometric substrate Ac-DEVD-AMC (Upstate Biotechnology,
Lake Placid, NY) for 30 min at 37°C. Fluorescence was
measured using a Gemini XPS spectrofluorometer (Molecular
Devices, Sunnyvale, CA) (excitation, 360 nm; emission, 460

http://ombreports.org



nm). The data were analyzed using Prism 6 (GraphPad
Software, San Diego CA).

Statistical analysis

The data are presented as the mean + standard deviation (SD).
The significance was determined by Student's t-test using
Prism 6 software.
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