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p38 MAPK-mediated phosphorylation at Ser1046/1047
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Abstract. Heat shock protein (HSP) 90 is known to be a
molecular chaperone whose association is required for the
stability and function of oncogenic protein including
epidermal growth factor receptor (EGFR) that promotes
cancer cell growth. Therefore, HSP90 is a promising target
for therapy against cancer including in the pancreas, some of
which are highly dependent on EGFR. We investigated the
effects of HSP90 inhibitors on cytotoxicity and desensi-
tization of EGFR in human pancreatic cancer cells (KP3,
BxPc3 and AsPcl). 17-allylamino-17-demethoxy-geldana-
mycin (17-AAG), an inhibitor of HSP90, caused de-
sensitization of EGFR in a time-dependent manner,
concurrently inducing phosphorylation of EGFR at Ser1046/
1047 (Ser1046/7), a site which plays an important role in
EGFR desensitization in these pancreatic cancer cells. We
also found similar effects in KP3 cells treated with other
HSP90 inhibitors, geldanamycin and 17-dimethylamino-
ethylamino-17-demethoxy-geldanamycin (17-DMAG). In KP3
cells, 17-AAG induced activation of either p44/p42 mitogen-
activated protein kinase (MAPK) or p38 MAPK. Interestingly,
whereas the inhibition of p44/p42 MAPK attenuated neither
phosphorylation of EGFR at Ser1046/7 nor desensitization
of EGFR, the phosphorylation at Ser1046/7 induced by
17-AAG was markedly attenuated by the inhibition of p38
MAPK, indicating that p38 MAPK induced this phospho-
rylation. Moreover, the inhibition of p38 MAPK significantly
attenuated 17-AAG-induced EGFR desensitization. These
results strongly suggest that EGFR phosphorylation at
Ser1046/7 via activation of p38 MAPK induced by HSP90
inhibitors plays a pivotal role in EGFR desensitization in
human pancreatic cancer cells.
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Introduction

Pancreatic cancer is a highly lethal disease that is usually
diagnosed at a late stage and is not amenable to surgery.
The overall 5-year survival rate for pancreatic cancer patients
is only 4% due to the lack of treatment options (1).
Gemcitabine is currently considered to be the standard of
care for the treatment of advanced pancreatic cancer.
Moreover, in clinical trials, combination of gemcitabine with
certain other cytotoxic drugs, including cisplatin, oxaliplatin,
capecitabine, and 5-fluorouracil have been undertaken, but
all have failed to provide substantial increases in survival
benefit (2).

The receptor tyrosine kinase (RTK) family of cell sur-
face receptors includes the epidermal growth factor receptor
(EGFR) and its relatives ErbB2/HER2, ErbB3/HER3 and
ErbB4/HER4. In general, binding of ligand to EGFR leads
to receptor dimerization, autophosphorylation and activation
of several downstream signaling pathways, which upon
activation lead to cell proliferation, motility and enhanced
survival (3). Expression of EGFR is known to be over-
expressed in pancreatic adenocarcinoma (4). EGFR activation
reportedly has the ability to transform normal cells to a
neoplastic phenotype when it is expressed at a high level or
when an activated mutation is introduced into it (5,6).
Therefore, activation of EGFR appears to have an important
role in the growth and progression of many types of cancers
including pancreas and the EGFR-mediated pathway is
one of the most promising targets for the development of
new strategies in anti-cancer treatments. Agents capable of
inhibiting EGFR activity which results in the suppression of
cell proliferation and angiogenesis have significant potential
for use in chemotherapy for the treatment of multiple
malignancies (4). Increasing evidence shows the efficacy of
EGFR-targeted agents, including monoclonal antibodies on
the one hand, which are registered for metastatic colorectal
cancer (7), and tyrosine kinase inhibitors on the other, which
have been available for advanced lung cancer (8).

It is generally recognized that heat shock proteins (HSPs)
function as molecular chaperones in protein folding, oligo-
merization and translocation and are often found to be over-
expressed in many types of cancers. Among them, HSP9O is
an abundant molecular chaperone and represents 1-2% of
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total cellular protein, which increases to 4-6% under stress
(9). HSP90 is a molecular chaperone whose association is
required for the stability and function of multiple mutated,
chimeric and overexpressed signaling proteins that promote
the growth and/or survival of cancer cells. The N-terminal
domain contains a unique nucleotide binding pocket that
binds both ATP and ADP. Conformational changes that occur
upon binding and hydrolysis of ATP regulate the ability of
the chaperone to bind its client proteins (10). HSP90 client
proteins include, HER-2 (11), p53, MAPK/Erk, Akt (12), the
transcription factor HIF-1a (13), and mutated EGFR (14).
Chaperone activity is also regulated by the binding of co-
chaperone proteins including Hsp70, Hip, Hop, CDC37/p50,
immunophilins and Ahal (10,15).

HSP90 inhibitors, by interfering ATP binding, cause the
destabilization and eventual degradation of HSP90 client
proteins. Among HSP90 inhibitors, 17-allylamino-17-deme-
thoxygeldanamycin (17-AAG), is currently in completing
phase I/IT clinical trials as a single agent cancer therapeutic
(16). As for EGFR, it has been shown that L858R and
deletion mutant EGFR proteins found in non-small cell lung
cancer cells interact with the chaperone and are more sensitive
to degradation following HSP90 inhibition than wild-type
EGFR (14).

Receptor desensitization is the most prominent regulatory
system of EGFR signal attenuation and involves the inter-
nalization and subsequent degradation of the activated
receptor in the lysosomes (17). With the current knowledge
of the mechanism underlying EGFR desensitization, this
molecular event seems to involve several important phos-
phorylation sites. One is the phosphorylation at Tyr1045,
which provides a docking site for the ubiquitin ligase c-Cbl
resulting in ubiquitination of the EGFR (18) and the others
are the phosphorylation at serine or threonine residues, which
are thought to represent a mechanism for attenuation of the
receptor kinase activity (19,20). Among the major sites of
serine and threonine phosphorylation of the EGFR, it has
previously been shown that the serine 1046/1047 (Ser1046/7)
phosphorylation sites are required for EGFR desensitization
in EGF-treated cells (21). Moreover, mutations of Ser1046/7
are reported to cause a marked inhibition of the EGF-
stimulated endocytosis and desensitization of cell surface
receptors (20). In addition, we have recently reported that
p38 mitogen-activated protein kinase (MAPK) controls
EGFR desensitization via phosphorylation at Ser1046/7
(22), suggesting that serine phosphorylation of EGFR or
p38 MAPK activation might be considered a new therapeutic
target especially to counter cancer cells of the colon, lung,
pancreas and breast that highly express EGFR.

In this study, we investigated the anti-cancer effects of
HSPO90 inhibitors, focusing on the EGFR desensitization
and its mechanism in human pancreatic cancer cells. HSP90
inhibitors caused desensitization of EGFR mediated by its
phosphorylation at Ser1046/7 via activation of p38 MAPK in
these cells.

Materials and methods

Cell culture and chemicals. Human pancreatic cancer cells
were grown in Roswell Park Memorial Institute (RPMI)-1640
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(Invitrogen, San Diego, CA), containing 10% fetal calf serum
(FCS) as described previously (23). Geldanamycin was
purchased from Invivogen, Sigma Chemicals Co. (St. Louis,
MO). SB203580, PD98059, 17-AAG and 17-dimethylamino-
ethyl-amino-17-demethoxygeldanamycin (17-DMAG) were
purchased from Calbiochem-Novabiochem Corporation (La
Jolla, CA), respectively. They were solubilized in DMSO.
BIRB0796 was obtained from Dr Philip Cohen (University
of Dundee, UK).

Cell viability assays. Cell viability assay was performed using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell proliferation kit I (Roche Diagnostics
Co., Indianapolis, IN), according to the instructions of the
manufacturer. In brief, pancreatic cancer cell lines were plated
onto 96-well plates (3x10° cells/well) and 24 h later, the cells
were treated with the indicated doses (0-1000 nM) of the
indicated compounds for 72 h in RPMI-medium containing
10% FCS. The medium and drugs were not changed during
this time period. All assays were done in triplicate.

Western blot analysis. The cells were lysed in lysis buffer
[20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,
50 mM NaF, 50 mM HEPES, I mM Na;VO, and 2 mM
phenylmethylsulfonyl fluoride (PMSF)] and scraped from the
Petri dishes. Protein extracts were then examined by Western
blot analysis as previously described (24). The antibodies
used in these studies were anti-EGFR, anti-GAPDH (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-phospho-EGFR
(Ser1046/7), anti-p44/p42 MAPK, anti-phospho-p44/p42
MAPK, anti-phospho-p38 MAPK, anti-p38 MAPK, anti-
phospho-stress-activated protein kinase/c-Jun-N-terminal
kinase (SAPK/INK) and anti-SAPK/JNK (Cell Signaling,
Beverly, MA). Anti-mouse IgG or anti-rabbit IgG antibodies
(Amersham Pharmacia Biotech, Buckinghamshire, UK)
were used as the secondary antibodies. Each membrane was
developed using an enhanced chemiluminescence detection
system (Amersham Pharmacia Biotech).

Statistical analysis. Quantitative analysis of the indicated
protein band was calculated as follows; the background was
first subtracted from the signal intensity (total optical density)
of each protein signal and then each value was normalized
with GAPDH or total protein and expressed as relative signal
intensity with respect to the respective control. The data are
presented as the mean + SEM of triplicate determinations, and
analyzed by ANOVA followed by the Bonferroni method for
multiple comparisons between pairs. A p<0.05 was considered
statistically significant.

Results

HSP90 inhibitors exert anti-proliferative effects in human
pancreatic cancer cells. It has previously been reported
that overexpression of EGFR in pancreatic cancers has an
important role in its aberrant growth and progression (4).
We first performed cell proliferating assay using MTT to
examine the anti-cancer effects of 17-AAG, an HSP90
inhibitor, in BxPc3, AsPcl and KP3 pancreatic cells. As
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Figure 1. (A) Inhibition of cell growth by 17-AAG in pancreatic cancer
cells. Cell viability assay was performed using the MTT cell proliferation kit I.
Results are expressed as percentage of growth with 100% representing
control cells treated with vehicle alone. Bars designate SD of triplicate
assays. (B-C) 17-AAG caused desensitization of EGFR and phosphorylation
of EGFR at Ser1046/7 in KP3 (A), BxPc3 (B) and AsPcl (C) pancreatic
cancer cells. The indicated cells were treated with 17-AAG at a dose of
100 nM, respectively, for the indicated periods and protein extracts were
then harvested and examined by Western blotting using anti-EGFR, anti-
phospho-EGFR at Ser1046/7 and anti-GAPDH antibodies.

shown in Fig. 1A, the IC, values of 17-AAG in KP3 cells
was 70 nM, whereas those in BxPc3 and AsPcl were 300
and 400 nM, respectively. These results suggest that 17-AAG
has potent anti-cancer effect in pancreatic cancer cells.

17-AAG caused desensitization of EGFR, concurrently
inducing phosphorylation of EGFR at Ser1046/7 in pancreatic
cancer cells. We next examined the effect of 17-AAG on the
desensitization of EGFR in these pancreatic cancer cells.
As shown in Fig. 1B-D, when the cells were treated with
17-AAG, the protein level of EGFR was time-dependently
decreased, respectively (Fig. 1B-D, upper panels). In addition,
we examined the effects of 17-AAG on the phosphorylation
of EGFR at Ser1046/7, since this phosphorylation has been
reported to play an important role in EGFR desensitization
(20,25). Interestingly, 17-AAG induced phosphorylation of
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Figure 2. (A) Geldanamycin and 17-DMAG caused inhibition of cell growth
in KP3 pancreatic cancer cells. Cell viability assay was performed using
the MTT cell proliferation kit I. Results are expressed as percentage of
growth with 100% representing control cells treated with vehicle alone. Bars
designate SD of triplicate assays. (B) Geldanamycin and 17-DMAG caused
desensitization of EGFR and phosphorylation of EGFR at Ser1046/7 in
KP3 pancreatic cancer cells KP3 cells were treated with the indicated com-
pounds at a dose of 100 nM, respectively, for the indicated periods and protein
extracts were then harvested and examined by Western blotting using anti-
EGFR, anti-phospho-EGFR at Ser1046/7 and anti-GAPDH antibodies.

EGFR at Ser1046/7 at a peak of 30 min to 1 h (Fig. 1B-D,
middle panel, respectively). Significant effect by 17-AAG on
this phosphorylation was observed within 10 min in these
types of pancreatic cancer cells. Since EGFR proteins were
concurrently decreased, it seems that phosphorylation of
EGFR at Ser1046/7 induced by 17-AAG correlates with its
desensitization in these pancreatic cells.

Other HSP90 inhibitors also caused EGFR desensitization
concurrently inducing phosphorylation of EGFR at
Ser1046/7. To prove that these results (Fig. 1) are not
confined to 17-AAG, we examined the effects of geldana-
mycin and 17-DMAG as other HSP90 inhibitors on
cytotoxicity and desensitization of EGFR. We performed a
cell proliferating assay using MTT in KP3 pancreatic cells
and found that geldanamycin as well as 17-DMAG exerted
similar effects on cytotoxicity (ICs,; 30 and 100 nM, respe-
ctively) in KP3 cells (Fig. 2A). In addition, treatment of the
cells with either 100 nM of geldanamycin or 17-DMAG for
6 h resulted in significant decrease in EGFR protein level
(Fig. 2B and C, upper panel, respectively). Moreover, treat-
ment of the cells with geldanamycin or 17-DMAG induced
phosphorylation of EGFR at Ser1046/7 at a peak of 30 min
to 3 h (Fig. 2B and C, middle panel, respectively). Therefore,
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Figure 4. The inhibition of p38 MAPK, but not p44/p42 MAPK suppressed the phosphorylation of EGFR at Ser1046/7 and desensitization of EGFR induced
by 17-AAG in KP3 pancreatic cancer cells. (A) KP3 cells were pretreated with PD98059 at the indicated doses for 1 h, followed by treatment with 17-AAG
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as determined by densitometry. (B) KP3 cells were pretreated with PD98059 at the indicated doses for 1 h, followed by treatment with 17-AAG (100 nM) for
48 h. Protein extracts were then harvested and examined by Western blotting using anti-EGFR and anti-GAPDH antibodies. The lower bar graph shows
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whether activation of either p44/p42 MAPK or p38 MAPK
plays a role in the desensitization of EGFR induced by HSP90
inhibitors in pancreatic cancer cells.

Inhibition of p38 MAPK, but not p44/p42 MAPK suppressed
the phosphorylation of EGFR at Ser1046/7. As shown in
Fig. 3, 17-AAG induced the activation of p44/p42 MAPK
and p38 MAPK in KP3 cells. In addition, HSP90 inhibitors
including 17-AAG caused the phosphorylation of EGFR
at Ser1046/7 (Figs. 1 and 2). Therefore, it is of interest to
examine the effects of MEK1/2 specific inhibitor, PD98059
(27) or p38 MAPK specific inhibitor, SB203580 (28) on the
phosphorylation of EGFR at Ser1046/7 and the desen-
sitization of EGFR induced by 17-AAG. As shown in Fig. 4A,
the phosphorylation of EGFR at Ser1046/7 induced by
17-AAG was not suppressed even when the cells were pre-
treated with up to 30 uM of PD98059 (Fig. 4A), a dose of
which strongly suppressed the phosphorylation of p44/p42
MAPK induced by 17-AAG (data not shown). Additionally,
PD98059 failed to reverse the desensitization of EGFR induced
by 17-AAG (Fig. 4B). Therefore, it is unlikely that p44/p42
MAPK is involved in the desensitization of EGFR by HSP90
inhibitors. On the contrary, 17-AAG-induced phosphorylation
of EGFR at Ser1046/7 was significantly inhibited by treat-
ment with SB203580 at doses of over 10 uM (Fig. 4C).
Moreover, EGFR desensitization induced by 17-AAG was
significantly restored when the cells were pretreated with spe-
cific inhibitors of p38 MAPK, either SB203580 or BIRB0796
(29) (Fig. 4D). These results strongly suggest that phospho-
rylation of EGFR at Ser1046/7 was mediated through the p38
MAPK pathway and that the p38 MAPK pathway, at least in
part, acts in 17-AAG-induced EGFR desensitization in KP3
pancreatic cancer cells.

Discussion

The benzoquinone ansamycin antibiotic geldanamycin was
discovered as a natural product which disrupts HSP90
chaperone activities and its less toxic derivative 17-AAG has
been shown to possess strong anti-proliferative and apoptotic
activity in cancer cells, whereas 17-AAG has demonstrated
potent anti-tumor activity in several human xenograft models,
including breast, prostate and colon cancer (30). Therefore,
we examined the effect of 17-AAG on anti-proliferative effect,
especially focusing on desensitization of EGFR in various
kinds of pancreatic cancer cells. Our findings show in pan-
creatic cancer cells that: i) EGFR is targeted by HSP90
inhibitors; ii) HSP90 inhibitors induce activation of p38
MAPK; iii) the inhibition of HSP90 induces the EGFR phos-
phorylation at Ser1046/7, a site which is reported to play
an important role in its desensitization; and iv) p38 MAPK
regulates desensitization of EGFR via its phosphorylation at
Ser1046/7. Our present study in pancreatic cancer cells is
consistent with our previous report showing that p38 MAPK
directs EGFR toward desensitization via its phosphorylation
at Ser1046/7 (22), because in the present study we found that
HSP90 inhibitors induced p38 MAPK, leading to EGFR
phosphorylation at Ser1046/7.

Recent study shows that several HSP90 client proteins
have been validated as clinically important therapeutic targets
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for treatment of cancer, and HSP90 inhibitors are recognized
as potentially beneficial anti-cancer agents (31). More than
200 signaling proteins have been found to be regulated by
HSP90. For example, BCR-ABL is degraded after HSP90
inhibition and imatinib-resistant BCR-ABL point mutants
remain sensitive to HSP90 inhibitors (32). Lung cancers are
sometimes driven by mutant HER-2, mutant B-Raf, or mutant
or overexpressed c-Met, all of which are also degraded by
HSP90 inhibition (33). Moreover, it has been reported that
HSP90 plays a unique anti-apoptotic role in small cell lung
cancer cells, so that HSP90 inhibition results in substantial
cell death in both chemosensitive and chemoresistant cell
lines (33). Since many of HSP90-regulated signaling proteins
are involved in cancer cell growth, HSP90 inhibitors are
recognized as a promising new class of anti-cancer drugs
(34). Moreover, HSP90 in human pancreatic cancer is
reportedly expressed 6- to 7-fold higher than normal tissues
(35). In addition, enhanced EGFR signaling pathway
contributes to pancreatic cancer (4). We herein showed that
HSP90 inhibitors induced EGFR desensitization in pancreatic
cancer cells (Figs. 1 and 2), thus indicating that HSP90
inhibitors might be useful for control of pancreatic cancer.

There is accumulating evidence that activation of p38
MAPK has a suppressive effect on tumorigenesis (36) and
that a variety of agents, in addition to specific ligands such as
EGF and transforming growth factor o, can induce activation
of p38 MAPK and internalization of EGFR into endosomal
vesicles. These agents include oxidative stress (37), ultra-
violet irradiation (38), gemcitabine (39) and cisplatin (40).
We have previously reported that (-)-epigallocatechin gallate
(EGCG) caused internalization of EGFR into endosomal
vesicles (23). Moreover, we have recently shown that EGCG
downregulates EGFR via phosphorylation at Ser1046/7 by
p38 MAPK in colon cancer cells (25). In the present study,
we investigated the involvement of p38 MAPK in EGFR
desensitization induced by HSP90 inhibitors and showed
that p38 MAPK activated by HSP90 inhibitors induced desen-
sitization of EGFR via its phosphorylation at Ser1046/7.
Based on these findings, it is most likely that p38 MAPK
plays a key role in EGFR desensitization.

It has previously been reported that whereas the kinase
domain of HER-2 is assembled into a stable complex with
HSP90, little or no HSP90 is recovered with EGFR (41). In
addition, mutant EGFR is reported to be one of HSP90 clients
(14). However, as far as we know, there is no report showing
that pancreatic cancer has mutant EGFR. Therefore, our
present study provides the first evidence showing that HSP90
inhibitors induced desensitization of wild-type EGFR in
pancreatic cancer cells. Our findings may suggest new
therapeutic strategies for inhibiting the proliferation of
pancreatic cancer that are highly dependent on the function
of the EGFR. As mentioned above, gemcitabine is currently
considered to be the standard of care for the treatment of
advanced pancreatic cancer. Since the potency of combination
of gemcitabine with certain other cytotoxic drugs have been
investigated in several clinical trials (2), it is of interest to
elucidate new combination of gemcitabine and HSP90
inhibitors in human pancreatic cancer. Although our present
study elucidated the mechanism underlying EGFR
desensitization induced by HSP90 inhibitors, further
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investigation is required to clarify how HSP90 inhibitors
activate p38 MAPK and how phosphorylation of EGFR at
Ser1046/7 induces desensitization of EGFR.

In conclusion, our results strongly suggest that HSP90

inhibitors cause EGFR desensitization in human pancreatic
cancer cells and that activation of p38 MAPK induced by
HSP90 inhibitors regulates the desensitization of EGFR
via its phosphorylation at Ser1046/7.
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