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Abstract
Background & Aims—Dopamine and cAMP-regulated phosphoprotein, Mr 32000
(DARPP-32), is overexpressed during gastric carcinogenesis. Gastric tumors can become resistant
to gefitinib, an inhibitor of the epidermal growth factor receptor (EGFR). We investigated the role
of DARPP-32 in gastric tumor resistance to gefitinib.

Methods—Cell survival was determined by clonogenic survival and ATP-Glo viability assays.
Apoptosis was assessed by Annexin-V and immunoblot analyses. The association between
DARPP-32 and EGFR was evaluated by immunofluorescence and co-immunoprecipitation assays.
Findings were validated in mice with gastric xenograft tumors. DARPP-32 expression was
reduced using small hairpin (sh)RNAs in the human gastric cancer cell lines SNU-16 and
MKN-45 cells.

Results—Overexpression of DARPP-32 in MKN-28 cells, which do not normally express
DARPP-32, blocked gefitinib-induced apoptosis and increased the drug’s IC50 10-fold, compared
to that of control cells (P<.01). Reduced expression of DARPP-32 in SNU-16 cells increased the
sensitivity to gefitinib (P<.01). DARPP-32 activated PI3K-AKT signaling, increased stability of
the EGFR, and suppressed EGF- or gefitinib-induced degradation of the EGFR. DARPP-32 co-
localized with EGFR on the cell membrane in a complex with EGFR and the EGF receptor
ERBB3. DARPP-32-mediated resistance to gefitinib resulted from increased phosphorylation of
and interaction between EGFR and ERBB3, which led to phosphorylation of AKT (at serine 473).
Knockdown of DARPP-32 in gastric cancer cells reduced the mean size of tumors in mice and
increased their response to gefitinib.

Conclusions—DARPP-32 promotes resistance of gastric cancer cells to gefitinib by promoting
interaction between EGFR and ERBB3 and activating PI3K-AKT signaling.
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Introduction
Gastric cancer is one of the most common cancers worldwide1. Moreover, the prognosis for
gastric cancer patients remains poor, especially in more advanced stages2. Although several
chemotherapeutic drugs have been used to treat gastric cancer patients, drug resistance
remains a challenging clinical problem3, 4.

Dopamine and cAMP-regulated phosphoprotein, Mr 32000 (DARPP-32), is abundantly
expressed in spiny neurons of the neostriatum5. We have previously shown that DARPP-32
was amplified and overexpressed in approximately two-thirds of gastric cancers6, 7.
Additionally, DARPP-32 was shown to be overexpressed in several types of cancers
including breast and colorectal adenocarcinomas8, 9. The expression of DARPP-32 is
associated with a potent anti-apoptotic advantage for gastric cancer cells through a p53-
independent mechanism that involves preservation of mitochondrial membrane potential and
increased BCL2 levels10.

The human epidermal growth factor receptor (EGFR) plays a prominent role in tumor
growth and metastasis11. It has become increasingly evident that EGFR works as an
oncogene in concert with other ERBB family members, particularly ERBB2 and ERBB3.
Upon ligand binding, these receptors homodimerize or heterodimerize leading to
autophosphorylation and subsequent activation of downstream MAPK and PI3K/AKT
signaling cascades, which regulate cell proliferation, angiogenesis, invasion and
metastasis12, 13. Aberrant expression or activity of EGFR resulting from amplification and
mutations are identified in many human epithelial cancers. Today, many EGFR-targeted
agents are either available or in clinical development, including the small-molecule inhibitor
gefitinib (Iressa, AstraZeneca Pharmaceuticals). Gefitinib disrupts EGFR kinase activity by
binding the ATP pocket within the catalytic domain, and selectively inhibits EGF-stimulated
tumor cell growth14. Despite clinical success the vast majority of patients receiving these
agents eventually develop resistance.

There are two major forms of drug resistance; primary resistance and acquired resistance.
One characterized mechanism of primary resistance to gefitinib is the insertion point
mutations in exon 20 of the EGFR gene that render transformed cells less responsive to
gefitinib15. Other markers for primary resistance to gefitinib include EGFR mutations
(T790M, D761Y, L747S, T854A), c-Met amplification and PI3K/AKT activation16, 17. The
first identified mechanism of acquired resistance to gefitinib was the EGFR (T790M)
mutation in non-small cell lung carcinomas (NSCLC)18. MET (met proto-oncogene)
amplification or activation of IGF1R was reported as an alternative mechanism for acquired
resistance to gefitinib19, 20.

In absence of frequent mutations of EGFR in gastric cancer21, little is known about the
mechanisms of gefitinib resistance in this cancer. In the present study, we have uncovered a
novel mechanism of gefitinib resistance and report, for the first time, that overexpression of
DARPP-32 enhances survival of gastric cancer cells and increases resistance to gefitinib.
We have demonstrated that DARPP-32 promoted EGFR protein stability, thus enhancing the
EGFR/ERBB3 interaction leading to increased activation of the PI3K/AKT pathway.
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Materials and Methods
Cell Culture and Reagents

Human gastric cancer cell lines including AGS, MKN-28, MKN-45, SNU-16, and the
immortalized human embryonic kidney epithelial cell line (HEK-293) were maintained in
culture using either F12 medium or Dulbecco’s modified Eagle’s medium (GIBCO,
Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen Life Technologies,
Carlsbad, CA) and 1% penicillin/streptomycin (GIBCO). Gefitinib, LY294002 and EGF
were purchased from LC laboratories and Gibco. Mouse anti-DARPP-32 and Rabbit anti-
DARPP-32 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and
Abcam (Cambridge, MA), respectively. Horseradish peroxidase-conjugated mouse and
rabbit secondary antibodies; ERBB3, EGFR, pEGFR(Y845), AKT, pAKT (S473), GSK-3β,
pGSK-3β (S9), and β-actin antibodies were obtained from Cell Signaling Technology
(Danvers, MA).

DARPP-32 expression and shRNA vectors
The flag-tagged coding sequence of DARPP-32 was cloned in pcDNA3.1 mammalian
expression construct (Invitrogen). AGS and MKN-28 cells stably expressing cells were
developed as previously described10. Flag-tagged DARPP-32 was cloned into the adenoviral
(pACCMV) shuttle vector, and the adenovirus was generated by co-transfecting HEK-293
cells with the shuttle and (pJM17) backbone adenoviral plasmids using the Calcium
Phosphate Transfection Kit (Applied Biological Materials Inc., Richmond, BC). EGFR
siRNA and scrambled siRNA were obtained from Santa Cruz Biotechnology. Lentivirus
particles expressing DARPP-32 shRNA or control shRNA were produced by GeneCopoeia
(Rockville, MD) and then utilized to transduce cells.

Clonogenic survival and ATP-Glo cell viability assay
Cells were rinsed with PBS, trypsinized, and harvested in single cell suspension. Cells (1000
cells per well) were seeded in 6-well plates. The next day, cells were treated overnight with
gefitinib or vehicle. After incubation for 1–2 weeks, colonies were fixed with 2%
paraformaldehyde and stained with 0.05% crystal violet. Colonies with ≥50 cells were
counted. For the quantitative estimation of cell growth and survival, we have used the
CellTiter-Glo Cell Viability Assay (Promega, Madison, WI). Cells were plated in 96-well
microplates at 4000 cells per well, and vehicle (DMSO) or various concentrations of
gefitinib were administered for 24h. Measurements using a Luminometer (Turner Designs,
Sunnyvale, CA) were conducted following the manufacturer’s protocol.

Apoptosis analysis
MKN-28 cells were treated with vehicle or gefitinib (25 μM) overnight. Cells were then
collected and stained with Annexin V-FITC and PI (BioVision, Exton, PA). The samples
were washed with PBS and resuspended in binding buffer for subsequent fluorescence-
activated cell sorting (FACS) analysis. Apoptotic cell death was assessed by counting the
numbers of cells that stained positive for Annexin V-FITC and negative for propidium
iodide.

Immunofluorescence and Immunohistochemistry
Following cell fixation and permeabilization, immunofluorescence was performed with both
DARPP-32 (1:400) and EGFR (1:400) antibodies. The cells were then washed with cold
PBS three times for 3 min each, and incubated with both rabbit FITC-conjugated and mouse
TRITC-conjugated secondary antibodies (1:800) (Invitrogen) at room temperature for 1h.
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The cells were examined by fluorescence microscopy (Olympus America Inc., Center
Valley, PA).

Paraffin-embedded tissue was pretreated at 65°C for 2h, followed by deparaffinization using
standard procedures. Antigen retrieval was performed using a solution of 10 mmol/L Tris, 1
mmol/L EDTA, pH 9.0 before applying the primary Ki-67 antibody (Invitrogen). Slides
were then incubated for 2h at room temperature followed by extensive washes with PBS
plus 0.1% Tween 20, and further incubated for 1h at room temperature with the secondary
antibody conjugated with horseradish peroxidase. Horseradish peroxidase activity was
detected using a Histostain Plus kit (Invitrogen) according to the manufacturer’s instruction.
Tumor tissue sections were counterstained with hematoxylin and mounted.

Human EGFR phosphorylation antibody array
Human EGFR Phosphorylation Antibody Array (RayBiotech Inc., Norcross, GA) was
subjected to total lysates from MKN-28/pcDNA or MKN-28/DARPP-32 stable cells
following treatment with gefitinib (25 μM) overnight. The detection and analysis of protein
signals were performed according to the manufacturer’s instructions.

Immunoprecipitation and Western blotting
Cells were lysed with 0.5% Triton X-100, 150 mM NaCl, 5 mM EDTA, and 50 mM Tris
supplemented with protease and phosphatase inhibitors. Immunoprecipitations of equivalent
total protein amounts were performed at room temperature for 1h by using a primary
antibody previously bound to 50 μl of Protein A Dynabeads per sample. The beads were
washed four times with wash buffer. The beads in each tube were heated to 100°C for 5 min
in 20 μl of sample buffer, and then clarified by magnet. Proteins were separated on 12.5%
SDS-PAGE and transferred to Immobilon PVDF membrane (Millipore, Billerica, MA).
Membranes were probed with specific antibodies, and proteins were visualized by using
horseradish peroxidase (HRP)-conjugated secondary antibodies and Immobilon Western
Chemiluminescent HRP Substrate detection reagent (Millipore). Gel loading was
normalized for equal β-actin.

Real-time RT-PCR analysis
Total RNA was isolated from cell lines by using the RNeasy Mini Kit (Qiagen, Valencia,
CA). Total RNA (1 μg) was reverse transcribed by an iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA). The qRT-PCR was performed in an iCycler (Bio-Rad), with the threshold
cycle number determined by iCycler software version 3.0. Reactions were performed in
duplicate and results of three independent experiments were subjected to statistical analysis.
cDNA (100 ng) was amplified and relative mRNA expression levels were quantified using
the ΔΔC(t) method22. The results of the EGFR gene were normalized to HPRT1.

In vivo experiments
Five-week-old female Sprague Dawley nude mice were purchased from Harlan
Laboratories, Inc (Frederick, MD) and maintained under specific pathogen-free conditions.
SNU-16 cells stably expressing lentiviral DARPP-32-shRNA or scrambled-shRNA control
were injected s.c. (2×106 cells per site) into the flanks. After 2 weeks, the mice were
randomized into two groups (10 xenografts per group) and given gefitinib (50 mg/kg/d) or
vehicle (0.1% Tween 80) thrice weekly for 18 days by oral gavage. To determine tumor
volume by external caliper, the greatest longitudinal diameter (length) and the greatest
transverse diameter (width) were measured. Tumor volume was calculated by the formula:
Tumor volume = 1/2 (length × width2). All mice were sacrificed on day 24, and tumors were
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collected. The Vanderbilt Institutional Animal Care and Use Committee approved all animal
work.

Statistical analyses
Data were expressed as mean ± SD of three independent experiments. Statistical
significance of the in vitro studies was analyzed by a Student’s t test and ANOVA.
Differences with p values ≤0.05 are considered significant.

Results
DARPP-32 inhibits gefitinib-induced cell death

We first evaluated the IC50 and DARPP-32 protein expression in a panel of 4 gastric cancer
cell lines. The results indicated that the cell lines that have a high level of DARPP-32 are
more resistant to gefitinib than the cell lines that have a low level of DARPP-32 (Sup Figure
1). The ATP-Glo cell viability assay results revealed a 10-fold increase in the gefitinib IC50
in MKN-28 cells stably expressing DARPP-32 (10 μM) as compared to empty vector
control (1 μM) (Figure 1A). For increased stringency, we used gefitinib (25 μM) for an
overnight treatment and long-term (14 days) clonogenic survival assay. The results indicated
that MKN-28 cells stably expressing DARPP-32 were more resistant to gefitinib (3-fold
survival increase, p<0.01) as compared to control cells (Figure 1B). Using the SNU-16 cells
that are resistant to gefitinib, the knockdown of endogenous DARPP-32 by lentiviral shRNA
system led to a 4-fold reduction in the IC50 from 20 μM in scrambled shRNA cells to 5 μM
in DARPP-32 shRNA cells (Figure 1C). The cell survival was decreased by 70% relative to
scrambled shRNA control cells (p<0.01) (Figure 1D). Consistent with these results, the
Annexin V-FITC apoptosis assay showed that overexpression of DARPP-32 inhibited
gefitinib-induced apoptosis by approximately 2.5-fold relative to control cells (p<0.01)
(Figure 2A). Western blot analysis indicated that DARPP-32 expression in MKN-28 cells
blocked activation of caspases 3 & 9 and cleavage of PARP (Figure 2B). In contrast, the
knockdown of endogenous DARPP-32 in SNU-16 cells increased activation of caspases 3 &
9 and cleaved PARP (Figure 2C). Taken together, these results have established an
important role of DARPP-32 in gefitinib resistance in gastric cancer cells, raising the
question about the mechanism by which DARPP-32 suppresses gefitinib-induced apoptosis.

DARPP-32 induces EGFR-regulated PI3K-AKT pathway
The results showed that stable and transient overexpression of DARPP-32 led to increased
p-AKT(S473) and its downstream substrate p-GSK-3β (S9) protein levels in MKN-28 cells
(Figure 3A & 3B). In contrast, knockdown of endogenous DARPP-32 expression by shRNA
resulted in decreased p-AKT (S473) and p-GSK-3β (S9) protein levels in SNU-16 cells
(Figure 3C). These findings indicate that DARPP-32 positively regulates the PI3K/AKT
survival pathway in gastric cancer cells. Because of the role of ERBB family members of
growth factor receptors in regulating the PI3K/AKT pathway, we next utilized a human
EGFR antibody array, which comprises spotted antibodies specific for total and
phosphorylated proteins of EGFR, ERBB2, ERBB3, and ERBB4 receptors. Following the
treatment with gefitinib (25 μM) overnight, MKN-28 cells stably expressing DARPP-32 had
significantly higher levels of both total EGFR (5-fold) and p-EGFR(Y845) (4-fold) as
compared to empty vector controls (Figure 3D). Western blot analysis confirmed these
findings, following the treatment with gefitinib (25 μM) overnight (Figure 3E). In contrast,
knockdown of endogenous DARPP-32 resulted in a significant decrease of total EGFR and
p-EGFR (Y845) levels in SNU-16 cells (Figure 3F). These results suggested that DARPP-32
expression can significantly up-regulate expression and phosphorylation of EGFR receptor,
which may be involved in activating the PI3K/AKT survival pathway in response to
gefitinib in gastric cancer cells.
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DARPP-32 enhances EGFR/ERBB3 heterodimerization in a protein complex
We next investigated whether the DARPP-32 protein could bind EGFR and ERBB3 thereby
affecting downstream PI3K/AKT signaling. We transiently expressed exogenous DARPP-32
and EGFR or DARPP-32 and ERBB3 in HEK-293 cells. We found that both EGFR and
ERBB3 co-immunoprecipitated independently with the DARPP-32 protein (Figure 4A). In
order to confirm that endogenous DARPP-32, EGFR, and ERBB3 proteins are present in the
same complex, we carried out a 3-way immunoprecipitation with specific antibodies in
MKN-45 cells that express high levels of endogenous DARPP-32. The results indicated that
DARPP-32 co-exists in the same protein complex with both EGFR and ERBB3 (Figure 4B).
Using immunofluorescence, we confirmed the co-localization of DARPP-32 and EGFR on
the cell membrane (Figure 4C). We next tested the possibility that DARPP-32 enhances the
interaction between EGFR and ERBB3, thereby promoting the activation of the PI3K-AKT
pathway. The co-immunoprecipitation experiments showed a stronger interaction between
EGFR and ERBB3 in DARPP-32-expressing cells than in control cells (Figure 4D & 4E).
These results were validated using shRNA knockdown of endogenous DARPP-32 in the
SNU-16 cell model (Figure 4F). This enhanced interaction in DARPP-32 expressing cells
could explain the increase in AKT phosphorylation and resistance to gefitinib in DARPP-32
expressing cells.

DARPP-32 enhances EGFR protein stability and activates ERBB3 and downstream
signaling

Using quantitative real-time RT-PCR, we could not detect a significant difference in EGFR
mRNA levels between DARPP-32-expressing cells and control cells (Sup Figure 2). This
suggested that DARPP-32-mediated up-regulation of EGFR protein expression could be due
to increased protein stability. To analyze the effects of DARPP-32 on EGF-induced EGFR
degradation, MKN-28/DARPP-32 or MKN-28/pcDNA stable cells were treated with EGF
(100 ng/ml) for 30 and 45 min, and EGFR protein levels were determined by Western blot
analysis. The data indicated that DARPP-32 significantly delayed the EGF-induced
degradation of EGFR protein in MKN-28 cells (Figure 5A). In addition, stable and transient
expression of DARPP-32 significantly blocked degradation of EGFR protein after treatment
with 25 μM gefitinib overnight (Figures 5B). The results were validated using knockdown of
DARPP-32 in the SNU-16 cell model (Figure 5C). Using immunoprecipitation and Western
blot results, we have shown that DARPP-32 stable expression significantly enhanced EGFR
phosphorylation after treatment with EGF (100 ng/ml) for 1h in MKN-28 cells (Figure 5D).
Moreover, knockdown of endogenous DARPP-32 expression significantly reduced EGFR
phosphorylation following treatment with EGF (100 ng/ml, 1h) or gefitinib (25 μM)
overnight in SNU-16 cells (Figures 5E & 5F).

To determine if DARPP-32-mediated EGFR protein stability increases phosphorylation of
ERBB3, we stably or transiently expressed DARPP-32 in MKN-28 cells followed by EGF
(100 ng/ml, 1h) treatment, p-Tyr (102) immunoprecipitation, and Western blot analysis of
ERBB3 protein. The results clearly showed that DARPP-32 substantially increased
phosphorylated ERBB3 protein levels in response to treatment with EGF (Figures 6A, left
panel, & Sup Figure 3A). The results were validated using shRNA knockdown of
endogenous DARPP-32 in SNU-16 and MKN-45 cells (Figures 6A, right panel, & Sup
Figure 3B). We also investigated if DARPP-32 is important for the regulation of gefitinib
resistance through ERBB3/PI3K/AKT signaling. Following gefitinib (25 μM) and/or
LY294002 (20 μM) treatment overnight, stable and transient DARPP-32 expression blocked
gefitinib-induced dephosphorylation of AKT (Figures 6D & 6E, Sup Figure 4A) whereas
knockdown of endogenous DARPP-32 sensitized cells to gefitinib and reduced the levels of
phospho-AKT (Figure 6F); knockdown of endogenous EGFR reduced the levels of
phospho-AKT (Sup Figure 4B).
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Knockdown of DARPP-32 inhibits tumor growth and increases response to gefitinib
treatment in the xenografted carcinoma mouse model

The results demonstrated that tumors derived from SNU-16 cells stably expressing
DARPP-32 shRNA grew substantially slower than the scrambled shRNA control tumors
(p<0.05, Figure 7A and B). Western blot analysis confirmed the lower levels of EGFR and
p-AKT in the shRNA DARPP-32 xenografts (Figure 7C). Immunostaining with the anti-
Ki-67 antibody indicated that the reduced tumor growth is likely due to a lower proliferation
rate caused by knockdown of DARPP-32, as Ki-67 staining was much weaker in DARPP-32
shRNA than the scrambled shRNA control tumors (p<0.01, Figure 7C). We also evaluated
the effects of gefitinib in combination with knocking down DARPP-32 in SNU-16 cells.
Treatment with gefitinib significantly inhibited relative growth in DARPP-32 shRNA
tumors as compared to scrambled shRNA control tumors (p<0.01, Figure 7D).

Discussion
Resistance to chemotherapeutics is a major obstacle in clinical practice leading to an overall
poor outcome and reduced patient survival. Understanding the mechanisms of
chemoresistance aims to identify possible strategies to overcome this challenging clinical
problem. Overexpression of DARPP-32 has been identified in more than two-thirds of
gastric cancers6, 7 as well as in several other malignancies such as esophageal, colon, and
breast cancers8, 9. In this study, we demonstrate a novel signaling mechanism for DARPP-32
in mediating chemotherapeutic resistance to EGFR inhibitor and gefitinib in gastric cancer.

Gefitinib, a selective EGFR-tyrosine kinase inhibitor that blocks the PI3K/AKT signaling
pathway, has shown anti-tumor activity in clinical trials against cancers such as NSCLC and
gastric cancer4, 23. However, clinical trials using gefitinib in patients with advanced
refractory gastric tumors revealed modest clinical response due to resistance3. In lung
cancer, the percentage of lung tumor cells expressing EGFR, p-EGFR, p-MAPK, p-AKT,
and Ki-67 were evaluated immunohistochemically before and after treatment with gefitinib.
A decreased proliferation was observed only in those tumors with low levels of p-AKT,
suggesting a critical role for the PI3K/AKT pathway in gefitinib resistance24. On the other
hand, little is known about molecular mechanism(s) governing gefitinib resistance in gastric
cancer patients. Our findings demonstrate that DARPP-32 promotes gefitinib resistance by
maintaining activated AKT pathways as indicated by increased phosphorylation of AKT and
its classical downstream substrate, GSK-3β. Earlier studies have shown rare incidence of
mutations of EGFR in gastric cancer21. Conversely, EGFR expression seems to be a
significant predictor of poor prognosis in gastric cancer25, 26. Consistent with this report,
relative expressions of EGFR and ERBB3 are higher in gastric cancer compared with
normal stomach27. Therefore, we tested our hypothesis that gefitinib resistance mediated by
DARPP-32 in gastric cancer cells might involve sustained signaling via EGFR/ERBB3-
dependent activation of PI3K/AKT pathway. Our findings demonstrate that DARPP-32
expression enhanced protein stability of EGFR and phosphorylation of EGFR and ERBB3 in
several gastric cancer cell models. Indeed, we have shown that DARPP-32 expression
blocked gefitinib-induced EGFR protein degradation and maintained phosphorylation of
ERBB3. Furthermore, we demonstrated that DARPP-32 up-regulated both total and p-
EGFR(Y845) protein levels in response to gefitinib treatment. This finding is in line with
earlier reports that have shown that a phosphorylated form of EGFR (Tyr845) is critical for
EGFR/PI3K signaling28.

The one critically important and well-established signaling activity of ERBB3 is its unique
and potent ability to activate downstream PI3K/AKT pathway signaling29, 30, thus
promoting resistance to gefitinib19. Of note, the kinase-dead ERBB3 acquires signaling
activity through heterodimerization with the other ERBB receptors31. EGFR is a tyrosine
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kinase that specifically phosphorylates ERBB332 which enhances the activity of PI3K/AKT
signaling pathway29. On the basis of our findings that DARPP-32 activated AKT pathways
and regulated EGFR in response to gefitinib, we hypothesized that DARPP-32 interacts with
EGFR/ERBB3 and enhances their heterodimerization. Indeed, our results demonstrated that
exogenous and endogenous DARPP-32 interacted with EGFR and ERBB3 in several cell
models. Additionally, we demonstrated that DARPP-32 enhanced EGFR/ERBB3
heterodimerization. We also confirmed that DARPP-32 maintained phosphorylation of
EGFR and ERBB3 in response to treatment with EGF or gefitinib. In addition, DARPP-32
prevented gefitinib-induced down-regulation of the PI3K/AKT pathway. In this context, our
findings support the recent observations in breast and lung cancer where persistent ERBB3
phosphorylation and PI3K/AKT activation were associated with gefitinib resistance19, 33,34.
Other reported mechanisms of gefitinib resistance included a secondary EGFR(T790M)
mutation that alters the physical biochemical properties of the EGFR, and activation of
parallel pathways (MET, IGF1R) in which the key downstream targets of EGFR are
activated independently of EGFR19, 35. Taken together, overexpression of DARPP-32
provides a plausible explanation for EGFR/ERBB3-dependent activation of the AKT
pathway and highlights a novel mechanism for gefitinib resistance in gastric cancer.

Upon EGF ligand binding to the extracellular domain, the EGFR is internalized and targeted
to a lysosomal-proteasomal degradation pathway36, 37. Furthermore, some earlier reports
suggested that gefitinib-induced EGFR degradation is cell line dependent38. We
demonstrated that DARPP-32 significantly delayed EGFR protein degradation in gastric
cancer cells. This stabilization of EGFR was maintained following gefitinib treatment.
Taken together, our findings suggest that DARPP-32/EGFR binding may lead to EGFR
sequestration and block EGFR internalization, thereby preventing its ubiquitination. As
reported for the heat shock protein (HSP90)39, it is possible that DARPP-32 may play a
similar role in maintaining the functional conformation of EGFR. Another alternative
mechanism may involve DARPP-32-mediated up-regulation of recycling of internalized
EGFR to the cell surface. However, these possibilities require further investigation to
determine the detailed mechanism(s) by which DARPP-32 regulates EGFR protein stability.

In conclusion, our findings suggest that frequent overexpression of DARPP-32 in gastric
cancer underlies a chemotherapeutic resistance phenotype; a common clinical feature of
gastric cancers. The ability of DARPP-32 to bind to EGFR/ERBB3 and activate PI3K/AKT
signaling provide a novel mechanism by which DARPP-32 could modulate the response to
gefitinib and possibly several other chemotherapeutics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

NSCLC non-small cell lung carcinomas (cancer)

DARPP-32 Dopamine and cAMP-regulated phosphoprotein, Mr 32000

EGFR epidermal growth factor receptor

MET met proto-oncogene

FITC Fluorescein Isothiocynate

PI propidium iodide

PVDF Polyvinylidene Fluoride
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HRP horseradish peroxidase
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Figure 1. DARPP-32 counteracts gefitinib-induced gastric cancer cell death
A) Western blot analysis showing the levels of DARPP-32 in MKN-28 cells stably
expressing DARPP-32 or pcDNA (upper panel). The relative cell viability following
gefitinib treatment demonstrates a 10-fold increase in the IC50 in DARPP-32-expressing
cells (lower panel). B) The clonogenic survival assay demonstrates a significant increase in
relative cell survival in the MKN-28 cells stably expressing DARPP-32. The data were
normalized to untreated cells (right panel); error bars indicate SD; **, p<0.01 (ANOVA test).
C) Western blot analysis showing the levels of DARPP-32 in the SNU-16 cells following
the DARPP-32 knockdown using shRNA expressing lentiviruses (10 MOI) (upper panel).
The relative cell viability following gefitinib treatment is shown in the lower panel. D) The
knockdown of DARPP-32 in the SNU-16 cells lead to a significant reduction in cell survival
following gefitinib treatment (25 μM) overnight; error bars indicate SD; **, p<0.01 (t test).
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Figure 2. DARPP-32 blocks gefitinib-induced apoptosis in gastric cancer cells
A) The MKN-28 cells stably expressing DARPP-32 (DP01 and DP02) or empty vector were
analyzed using the Annexin V-FITC and propidium iodide (PI) following the treatment with
gefitinib (25 μM) or vehicle overnight. The early apoptotic cells, typically Annexin V
positive and PI negative were indicated in the bottom right quadrant. Summary of the data is
shown on the right panel. B) Western blot analyses of β-Actin, PARP, caspase 9 and caspase
3 proteins. C) The results in (A) and (B) were validated using the SNU-16 cells following
knockdown of DARPP-32 with lentiviral particles (10 MOI) expressing DARPP-32 shRNA
or control shRNA.
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Figure 3. DARPP-32 regulates EGFR-mediated AKT survival pathway in gastric cancer cells
A) Western blot analysis of AKT, pAKT(S473), GSK-3β, and pGSK-3β(S9) in MKN-28
stably expressing DARPP-32 (DP01 and DP02) or empty vector. B) The same as in (A)
following transient infection with different titers of adenoviruses expressing DARPP-32 or
control. C) The same as in (A) following lentiviral shRNA knockdown of DARPP-32 or
control shRNA in SNU-16. D) Human EGFR phosphorylation antibody array using lysates
from MKN-28 cells stably expressing DARPP-32 or empty vector, cultured in the presence
of gefitinib (25 μM) overnight, demonstrates up-regulation of total and phosphor-EGFR
protein in DARPP-32 expressing cells. Quantitative data are shown on the right panel. E–F)
Western blot analysis, following overexpression (E) or knockdown of DARPP-32 (F),
confirms that results in (D).
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Figure 4. DARPP-32 associates with EGFR/ERBB3 and enhances their interaction
A) HEK-293 cells were transiently transfected with the indicated constructs, and the
interaction between DARPP-32 and ERBB3 or DARPP-32 and EGFR was examined by co-
immunoprecipitation using specific antibodies. B) The protein interaction of endogenous
DARPP-32, EGFR, and ERBB3 was evaluated by a three-way co-immunoprecipitation in
MKN-45 cells. C) Immunofluorescence analysis using MKN-28 cells, following adenoviral
infection with DARPP-32 (5 MOI), demonstrates co-localization of EGFR and DARPP-32
proteins on the cell membrane. D) Using immunoprecipitation of EGFR (left panel) or
ERBB3 (right panel), the EGFR-ERBB3 interaction was examined in MKN-28 cells stably
expressing DARPP-32 or empty vector. E) The same as in (D), using adenoviral infection of
DARPP-32. F) The same as in (D), following lentiviral shRNA DARPP-32 knockdown in
SNU-16 cells.
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Figure 5. DARPP-32 promotes EGFR protein stability and tyrosine phosphorylation
A) MKN-28 cells stably expressing DARPP-32 or empty vector were treated with EGF (100
ng/ml) for the indicated time points, and total EGFR protein levels were determined by
Western blot analysis. Relative EGFR expression levels are presented, time=0 is shown as
1.0. B) Western blot analysis using lysates from MKN-28/DARPP-32 stable cells (left
panel) or infected with adenoviral DARPP-32 (right panel), following treatment with
gefitinib (25μM) or vehicle (DMSO) overnight. C) Western blot analysis as in (B),
following lentiviral shRNA DARPP-32 knockdown in SNU-16 cells. D-F)
Immunoprecipitation with anti-p-Tyr(102) antibody followed by Western blot analysis of
EGFR protein in MKN-28/DARPP-32 stable cells, treated with EGF (100 ng/ml) for 1h (D)
or following lentiviral shRNA DARPP-32 knockdown in SNU-16 cells and treatment with
EGF (E) or gefitinib (25μM) overnight (F).
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Figure 6. DARPP-32 regulates phosphorylation of ERBB3 and downstream PI3K-AKT pathway
A–C) MKN-28 cells stably expressing DARPP-32 or empty vector and SNU-16 cells
infected with lentiviral shRNA DARPP-32 or control (10 MOI) were treated with EGF (100
ng/ml) for 1h (A) or gefitinib overnight (B-C), followed by immunoprecipitation with an
anti-p-Tyr(102) antibody and Western blot analysis for DARPP-32 and ERBB3. D–E)
MKN-28 cells stably expressing DARPP-32 (D) or infected with DARPP-32 adenovirus (5
MOI) (E) were treated with gefitinib (25 μM) or vehicle overnight. Cell lysates were
subjected to immunoblotting for p-AKT(S473), AKT, and DARPP-32. F) SNU-16 cells
were infected with DARPP-32 shRNA or scrambled shRNA lentiviruses (10 MOI), treated
with gefitinib (25 μM) overnight and analyzed as in (D).
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Figure 7. Knockdown of DARPP-32 inhibits tumor growth and enhances response to gefitinib
treatment
A) SNU-16 cells stably expressing DARPP-32 shRNA or scrambled shRNA were injected
s.c. (2×106 cells per site) into nude mice. Tumor volume was measured at the indicated
times; each data point represents the mean ±SD for 10 xenografts. B) Representative
xenograft tumors of sacrificed mice (left panel) and quantification of tumor weight at the
end of experiment (right panel). The tumor weight is indicated by mean ±SD (p<0.05). C)
Immunohistochemical staining (upper panel) and evaluation of Ki-67 protein expression
(lower panel). Tumors derived from DARPP-32 knockdown SNU-16 cells revealed a lower
level of Ki-67 antigen than the scrambled control. Expression of EGFR, ERBB3, and p-
AKT in tumors derived from SNU-16 cells stably expressing DARPP-32 shRNA or
scrambled shRNA were analyzed by Western blot (lower panel). D) Xenografts were
prepared as in (A). After 2 weeks, the mice were given gefitinib (50 mg/kg/d) or vehicle
thrice weekly by oral gavage for 18 d. The knockdown of DARPP-32 enhanced the response
to gefitinib treatment (p<0.01).
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