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Mechanisms for DNA-damaging agent-induced inactivation of
ErbB2 and ErbB3 via the ERK and p38 signaling pathways
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Abstract. Cisplatin (CDDP) and doxorubicin (DOX) are
chemotherapeutic drugs that trigger apoptosis by inducing
DNA-damage. A previous study using breast cancer cells
demonstrated the negative feedback modulation of the
epidermal growth factor receptor (EGFR) and receptor
tyrosine-protein kinase erbB-2 (ErbB2) via extracellular
signal-regulated kinase (ERK)-mediated phosphorylation
of conserved Thr-669 and Thr-677 residues, respectively,
in the juxtamembrane domain. In addition, CDDP has been
identified to cause negative feedback inhibition of activated
EGFR in lung cancer cells. In the present study, the role of
phosphorylation in the feedback control of the ErbB2/ErbB3
heterodimer in human breast and gastric cancer cells was
investigated. Phosphorylation of ErbB2 at Thr-677 was induced
by CDDP and DOX, which in turn reduced tyrosine autophos-
phorylation of ErbB2 and ErbB3. Treatment with trametinib,
a mitogen-activated protein kinase inhibitor that blocks
ERK-mediated Thr-677 phosphorylation, and substitution of
Thr-677 to alanine, blocked the feedback inhibition of ErbB2
and ErbB3. In addition, these agents caused the degradation of
ErbB proteins through the activation of p38 mitogen-activated
protein kinase (p38) and ERK. These results demonstrate
that chemotherapeutic agents trigger ERK- and p38-mediated
post-translational downregulation of ErbB receptors.

Introduction
The receptor tyrosine-protein kinase erbB (ErbB) family of

receptor tyrosine kinases (RTKSs) consists of four members,
ErbB1 [also known as epidermal growth factor receptor
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(EGFR)/HERI1], ErbB2 (also known as proto-oncogene
Neu/HER?2), ErbB3 (also termed HER3) and ErbB4 (also
termed HER4) (1). Upon activation, ErbB family members
form homodimers or heterodimers that serve important roles
in biological processes associated with differentiation, prolif-
eration and apoptosis, primarily through mitogen-activated
protein kinase and the phosphoinositide-3 kinase/R AC-alpha
serine/threonine-protein kinase signaling pathways (2-6).
ErbB mutations are frequently identified in human cancer,
leading to aberrant ErbB expression and subsequent survival
signals (7). Therefore, drugs targeting the ErbB receptors have
been a central focus of cancer research (8.,9).

RTKSs are non-canonically regulated by phosphorylation at
their serine and threonine residues. For example, extracellular
signal-regulated kinase (ERK)-mediated phosphorylation
of a conserved threonine in the juxtamembrane domain of
EGFR (Thr-669) and ErbB2 (Thr-677) is a typical negative
feedback mechanism of ErbB dimers (10,11). Tumor necrosis
factor-a-induced and p38 mitogen-activated protein kinase
(p38)-mediated phosphorylation of EGFR (Ser-1046/1047) at
the C-terminal tail is associated endocytosis of the receptor.
A previous study demonstrated that cisplatin (CDDP), a well
known DNA-damaging agent, induces the non-canonical
phosphorylation of EGFR proteins harboring an activating
mutation in lung cancer cells, resulting in negative feedback
inhibition and endocytosis (12).

ErbB2, which has been demonstrated to be expressed in
20-30% of breast cancer cases (13), is usually co-expressed
with ErbB3, and together they form a heterodimer that
transmits survival signals (14). A typical strategy for treating
ErbB2-overexpressing breast cancer is to block its signaling
using targeted therapies, including trastuzumab and lapa-
tinib (15); however, resistance to these agents is emerging in
clinical settings (15,16). Chemotherapeutic DNA-damaging
agents, including doxorubicin (DOX), are frequently used to
treat breast tumors (17); therefore, in the current study the
effects of CDDP and DOX on the non-canonical regulation
of ErbB2/ErbB3 activation were investigated in breast cancer
cells.

Materials and methods

Antibodies and reagents. The following antibodies were
used; phosphorylation (phospho)-specific antibodies
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against ERK (Thr-202 and Tyr-204, cat. no. 9101, 1:2,000
dilution), p38 (Thr-180 and Tyr-182, cat. no. 9211, 1:2,000
dilution), ErbB2 (Tyr-1196, cat. no. 6942, 1:2,000 dilution)
and ErbB3 (Tyr-1289, cat. no. 4791, 1:2,000 dilution) (Cell
Signaling Technology, Inc., Danvers, MA, USA). In addi-
tion, antibodies against ErbB2 (cat. no. sc-284, 1:2,000
dilution), ErbB3 (cat. no. sc-285, 1:2,000 dilution) and actin
(cat. no. sc-1615, 1:2,000 dilution) were obtained from Santa
Cruz Biotechnology, Inc., Dallas, TX, USA. A monoclonal
recombinant antibody against phospho-ErbB2 Thr-677
(clone no. 18-4, 1:1,000 dilution) was generated using the
rabbit immunospot array assay on a chip, as described
previously (11,18,19). Trametinib (AdooQ BioScience LLC,
Irvine, CA, USA) and SB203580 (Merck KGaA, Darmstadt,
Germany), CDDP, DOX and G418 (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) were also used. All chemical
agents were dissolved in dimethylsulphoxide (DMSO), and
the final concentration of DMSO was <0.1%.

Cell culture and treatment. Human BT474, MDA-MB-453
and 293 cells were maintained in Dulbecco's modified Eagle's
medium (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) supplemented with 10% fetal calf serum (FCS), 2 mM
glutamine, 100 U/ml penicillin and 100 gg/ml streptomycin.
Human MKN45 gastric cancer cells were maintained in
RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FCS, 2 mM glutamine, 100 U/ml
penicillin and 100 gxg/ml streptomycin. Cells were incubated
at 37°C with 5% CO,. 293 cells were cultured to maintain
the transfection stably expressing ErbB2/ErbB3 maintained
in media containing 0.5 mg/ml G418 (11). Cells were treated
with CDDP (100 M) for 3-12 h or DOX (10 #M) for 12-24 h
with or without pretreatment with Trametinib (0.03 xM) or
SB203580 (10 xM) for 30 min.

Transfection. 293 cells were transfected with plasmid
DNA (11), encoding human ErbB2 and ErbB3 complementary
DNA sequences using Lipofectamine® 2000 according to
manufacturer's protocol (Invitrogen; Thermo Fisher Scientific,
Inc.). The KOD FX neo kit (Toyobo, Co., Ltd., Osaka, Japan)
was used for substitution of Thr-677 to Ala (T677A) in ErbB2,
as previously described (11).

Western blotting. BT474, MDA-MB-453, 293, and
MKN45 whole cell lysates, prepared as described previ-
ously (20,21), were resolved using SDS-PAGE (8 or 10%
gel; 15-20 ug protein loaded per lane) and transferred
to an Immobilon-P nylon membrane (EMD Millipore,
Billerica, MA, USA). The membrane was treated with
100% BlockAce (Dainippon Sumitomo Pharma Co.,
Ltd., Osaka, Japan) and probed with primary antibodies
aforementioned for 2-3 h at room temperature. Antibodies
were detected using horseradish peroxidase-conjugated
anti-rabbit (cat. no. P0448; 1:2,000) and anti-goat immu-
noglobulin G (cat. no. P0449, 1:2,000) (Dako; Agilent
Technologies, Inc., Santa Clara, CA, USA) and incubated
for 1 h at room temperature. Proteins were visualized using
the Pierce™ enhanced chemiluminescence western blotting
substrate (Thermo Fisher Scientific, Inc.). Actin was used as
a loading control.
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Results

CDDP induces feedback inhibition of ErbB2 and ErbB3
phosphorylation at Thr-677. A previous study demonstrated
that 12-otetradecanoylphorbol-13-acetate (TPA) induces
ERK-mediated Thr-677 phosphorylation of ErbB2 (11).
Given the role of CDDP in the ERK-mediated phosphory-
lation of EGFR at Thr-669 in lung cancer cells (22), in the
present study the role of CDDP-induced activation of ERK
on ErbB2 and ErbB3 phosphorylation in breast cancer cells
was investigated. CDDP caused a time-dependent induction
of ERK activation and subsequent Thr-677 phosphorylation
in BT474 cells (Fig. 1A). Concomitantly, tyrosine phosphory-
lation of ErbB2 and ErbB3 was markedly reduced (Fig. 1A).
Similarly, DOX stimulated ERK activation and Thr-677
phosphorylation, which in turn led to suppression of ErbB2
and ErbB3 tyrosine phosphorylation (Fig. 1B). Similar phos-
phorylation patterns were observed for ErbB2 and ErbB3 in
293 stably transfected cells (Fig. 1C) and in MDA-MB-453,
another ErbB2/ErbB3-overexpressing breast cancer cell line
(Fig. 1D). Since CDDP is commonly used for treating gastric
cancers (23), the effect of CDDP on ErbB2/3 phosphorylation
in the ErbB2-expressing MKN45 gastric cancer cells was
examined. As predicted, CDDP induced feedback control of
ErbB2 and ErbB3 tyrosine phosphorylation (Fig. 1E). Notably,
total ErbB2 and ErbB3 expression was downregulated by
either CDDP or DOX treatments in all cell lines (Fig. 1).

Feedback inhibition of ErbB2 and ErbB3 phosphorylation
via ERK activation. ERK-mediated threonine phosphoryla-
tion of EGFR and ErbB2 is a negative feedback mechanism
that regulates their tyrosine autophosphorylation (10,11,24).
To confirm the role of ERK activation in ErbB2 phosphory-
lation at Thr-677, trametinib, a mitogen-activated protein
kinase (MAPK)/ERK (MEK) inhibitor approved for use in
the treatment of melanoma, was used. Trametinib suppressed
ERK activation in ErbB2/ErbB3-expressing BT474 cells and
in ErbB2/ErbB3-transfected 293 cells initially induced by
CDDP or DOX (Fig. 2). The inhibition of ERK activation was
associated with downregulation of Thr-677, and the subse-
quent restoration of tyrosine phosphorylation of ErbB2 and
ErbB3 (Fig. 2).

Role of ErbB2 Thr-677 in feedback inhibition of ErbB2 and
ErbB3. A previous study demonstrated the role of TPA-induced
ERK phosphorylation of ErbB2 at Thr-677 on the feedback
regulation of ErbB2/ErbB3 heterodimer (11). In light of
these findings, the feedback inhibition of the ErbB2/ErbB3
heterodimer by Thr-677 phosphorylation in CDDP-treated 293
cells was then investigated. Cells were transiently transfected
with either wild-type or T677A-mutated ErbB2 and wild-type
ErbB3, and then treated with CDDP for 9 h. Notably, mutated
ErbB2-T677A/ErbB3 did not notably respond to CDDP treat-
ment in terms of threonine/tyrosine modulation, yet ERK was
activated (Fig. 3).

Potential role for MAPKs in the CDDP-induced degradation
of ErbB2 and ErbB3. Western blotting results demonstrated
that ErbB2 and ErbB3 are degraded following CDDP or DOX
treatments, as demonstrated by the decreased phosphorylation
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Figure 1. DNA-damaging agents induce feedback inhibition of ErbB2 and ErbB3. Western blotting analysis of (A) BT474 cells treated with 100 xM CDDP,
(B) BT474 cells treated with 10 mM DOX, (C) 293 cells stably expressing ErbB2 and ErbB3 treated with 100 xM CDDP, (D) MDA-MB-453 cells treated with
100 M CDDP and (E) MKN45 cells treated with 100 xM CDDP for the indicated time points. ErbB, receptor tyrosine-protein kinase erbB; CDDP, cisplatin;
DOX, doxorubicin; ERK, extracellular signal-regulated kinase; p, phosphorylated; Y, tyrosine; T, threonine.
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Figure 2. ERK-mediated feedback control of tyrosine phosphorylation of ErbB2/ErbB3. BT474 cells were pretreated with trametinib (0.03 M), and then
treated with 100 uM CDDP for (A) 9 or (B) 6 h. (C) BT474 cells were pretreated with trametinib (0.03 zM), and then treated with DOX (10 zM) for 24 h.
ErbB, receptor tyrosine-protein kinase erbB; CDDP, cisplatin; DOX, doxorubicin; ERK, extracellular signal-regulated kinase; p, phosphorylated; Y, tyrosine;

T, threonine.

observed (Fig. 1A and B). Previous studies have demonstrated
that CDDP can cause EGFR degradation, and suggested that
this occurs through p38 activation (25,26). In the current
study, CDDP induced Thr-677 phosphorylation of ErbB2
through the activation of ERK, and subsequently inhibited

tyrosine phosphorylation of ErbB2 and ErbB3. However,
the cause of ErbB2 and ErbB3 degradation remains unclear,
particularly in the later phase of CDDP treatment. The effects
of MAPK inhibitors on CDDP-treated cells were also exam-
ined. Degradation of ErbB2 and ErbB3 following 9 h CDDP
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Figure 3. Role of ErbB2 in CDDP-induced feedback inhibition of
ErbB2/ErbB3. 293 cells were transiently transfected with expression plas-
mids for WT and T677A ErbB2. A total of 24 h following transfection, cells
were treated with CDDP for 9 h. ErbB, receptor tyrosine-protein kinase erbB;
CDDP, cisplatin; ERK, extracellular signal-regulated kinase; p, phosphory-
lated; WT, wild-type; Y, tyrosine; T, threonine; T677A, Thr-677 to Ala.

treatment was recovered upon the inhibition of p38 with
SB203580 (Fig. 4). Notably, trametinib, which is primarily
used to inhibit ERK phosphorylation, exerted a similar effect
on recovering CDDP-induced degradation of ErbB2/3 (Fig. 4).
These results suggest that MAPK-mediated protein degrada-
tion contributes to the CDDP-induced inactivation of ErbB2
and ErbB3 in ErbB2-overexpressing breast cancer cells.

Discussion

Phosphoproteomic analyses have identified numerous
non-canonical phosphorylation sites in the intracellular
domains of RTKs (27); however, their pathophysiological roles
in cancer cells remain unclear. Recent studies have investigated
the biological significance of the serine/threonine phosphory-
lation of RTKs in human cancer cells (10,11,22,24). In addition,
a previous study demonstrated that chemotherapeutic agents
are important regulators of the non-canonical phosphorylation
of EGFR through MAPK signaling pathways (22). Therefore,
in the current study the regulation of ErbB2 and ErbB3 was
investigated.

Similar to previous findings on the feedback inhibition of
EGFR in lung cancer cells (22), the current study revealed that
the ERK-mediated phosphorylation of a conserved threonine
residue of ErbB2 in the juxtamembrane domain is a common
feedback inactivation mechanism of ErbB2/ErbB3 heterodi-
mers in breast cancer cells targeted with DNA-damaging
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Figure 4. CDDP-induced degradation of ErbB2 and ErbB3 through
p38 activation. BT474 cells were pretreated with 0.03 yM, trametinib
or 10 uM SB203580, then treated with 100 uM CDDP for 9 h. ErbB,
receptor tyrosine-protein kinase erbB; CDDP, cisplatin; ERK, extracellular
signal-regulated kinase; p, phosphorylated; p38 mitogen-activated protein
kinase.

agents. These agents induce the suppression of protein levels of
ErbB2 and ErbB3 through the ERK and p38 MAPK signaling
pathways, suggesting a novel non-canonical mechanism of
ErbB downregulation. Ahsan et al (28) previously reported
that EGFR degradation serves a role in cisplatin-induced
cytotoxicity in head and neck cancer. Preliminary results
using a Phos-tag have demonstrated that CDDP induces
phosphorylation of ErbB members at multiple non-canonical
residues (Park, unpublished); therefore, the identification of
novel serine/threonine sites that regulate the degradation of
ErbB receptors is essential for understanding the underlying
molecular mechanisms of chemotherapy-induced inactivation
of these receptors.

Notably, relatively high concentrations of CDDP and DOX
were used in the present study; however, this is similar to
previous studies, of which several also used longer treatment
durations (22,25,29-34). Data from a previous study (11), in
addition to titration data from the present study, provided
the optimum conditions for the phosphorylation of ERK in
addition to ErbB2/3. However, further research is required in
clinical models to verify these results.

In conclusion, data from the present study demonstrated
that DNA-damaging agents cause the inactivation of ErbB2
and ErbB3 via MAPK-mediated ErbB2 phosphorylation
and degradation. Trametinib suppressed the CDDP-induced
negative feedback regulation of ErbB2/3, suggesting that
MEK inhibitors affect the effectiveness of chemotherapy in
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combination with DNA-damaging agents in clinical settings.
These observations of the association between tyrosine
kinase-dependent canonical activation and serine/threonine
phosphorylation-mediated non-canonical regulation of RTKs
may aid in the establishment of more effective strategies for
cancer treatment, including ways to overcome resistance to
anticancer drugs.
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