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Epidermal growth factor receptor (EGFR), an
aberrantly overexpressed or activated receptor
tyrosine kinase in many cancers, plays a pivotal
role in cancer progression and has been an
attractive target for cancer therapy. Gefitinib
and erlotinib, two EGFR tyrosine Kkinase
inhibitors (TKIs), have been approved for
non-small cell lung cancer (NSCLC). However,
durable EGFR

clinical efficacy of these

inhibitors is severely limited by the emergence
of acquired resistance. For example, the
expression of breast cancer resistant protein
(BCRP/ABCG2) has been shown to confer
acquired EGFR

(WtEGFR)-expressing cancer cells to gefitinib.

resistance of wild-type

However, the underlying molecular
mechanisms still remain unclear. Here, we

show that wtEGFR expression is elevated in the



nucleus of acquired gefitinib-resistant cancer
cells. Moreover, nuclear translocation of EGFR
requires phosphorylation at Ser229 by Akt. In
the nucleus, EGFR then targets the proximal
promoter of BCRP/ABCG2 and thereby
enhances its gene transcription. The nuclear
EGFR (nEGFR)-mediated BCRP/ABCG2
expression may contribute, at least in part, to
the acquired resistance of wtEGFR-expressing
cancer cells to gefitinib. Our findings shed light
on the role of nEGFR in the sensitivity of
wtEGFR-expressing cancer cells to EGFR TKIs
and also deciphered a putative molecular
mechanism contributing to gefitinib-resistance
through BCRP/ABCG2 expression.

The receptor tyrosine kinase EGFR (also
known as ErbBl or HER1) of the ErbB (HER)
family, plays pivotal roles in the aetiology of
cancer and is frequently overexpressed or
aberrantly activated in many cancers and has been
as an attractive target for cancer therapy (1). Two
small molecule tyrosine kinase inhibitors (TKIs),
gefitinib (ZD1839, Iressa) and erlotinib (OSI-774,
Tarceva), specifically and reversibly bind to the
ATP-binding pocket of EGFR and thereby inhibit
tyrosine kinase activity and downstream survival
signals of EGFR. Although EGFR is
overexpressed in many cancer types, these two
agents showed more dramatic efficacy and clinical
benefits for non-small cell lung cancer (NSCLC)
patients, particularly those characterized as East
Asian, non-smoker, adenocarcinoma histological

and female gender. The encouraging

type,
responses in these selected NSCLC patients to
EGFR inhibitors show strong association with
within EGFR

specific activating mutations

tyrosine kinase domain (2-4). However, these
patients would ultimately become resistant to
gefitinib or erlotinib through development of
secondary mutation in EGFR that reduces its
binding affinity for gefitinib (5,6) or amplification
of MET gene to raise the compensatory survival
signals (7,8).

While the response rates are not as high
compared to patients with EGFR mutations, about
20-30% of NSCLC patients
wild-type EGFR (WtEGFR) treated with gefitinib

with amplified

and erlotinib still demonstrate a significant
survival benefit (9-11). No identifiable EGFR
mutations were found in approximately 10-20% of
gefitinib-responders (4,10-15). These observations
indicate that EGFR mutations may not be the only
determinant for the sensitivity to EGFR TKIs and
that using these mutations as single criteria for
receiving EGFR TKI therapy may exclude a
significant population of patients who may
Unlike the
EGFR

mutation and gefitinib sensitivity (5-8), a few

otherwise receive clinical benefit.

well-characterized  studies  between
studies have addressed the molecular determinants
accounting for the cellular sensitivity to gefitinib
in wtEGFR-expressing cancer cells. In a cell
culture system with acquired resistance to gefitinib,
an increased activity of insulin-like growth factor
receptor (IGFR) by down-regulating insulin-like
growth factor binding proteins (IGFBPs) has been
found to maintain the PI3K/Akt-mediated survival
signaling in

response to acquired gefitinib

resistance in gefitinib-sensitive and
(16,17). In
also been reported that a

NSCLC patient

wtEGFR-expressing cancer cells

addition, it has

non-smoking female with



wtEGFR expression developed acquired gefitinib
identifiable ~EGFR

mutations (18). Further examination showed that

resistance  without any

breast resistant
(BCRP)/ATP-binding
member 2 (ABCG2) was detected in this patient’s

cancer protein

cassette sub-family G
recurrent tumor (18). Aside for these studies, the
underlying mechanisms of the sensitivity to
gefitinib in wtEGFR-expressing cancer cells are
still largely unknown.

In addition to its downstream signaling,
EGFR has been identified in the nucleus and
associates with specific functions, including gene
(19-22), DNA (23),

radioresistance (24-26), and chemoresistance (26).

transcription repair
A study recently showed that increased nuclear
expression of EGFR conferred acquired resistance
to EGFR antibody cetuximab in NSCLC cancer
cells (27), bolstering the nuclear functions of
EGFR in drug resistance. Importantly, EGFR was
reported to be internalized and located in the
perinuclear region of gefitinib-resistant cancer
cells (13,28). However, it still remains unclear
whether nuclear localization of EGFR plays a role
in the development of acquired gefitinib
resistance.

In this study, using wtEGFR-expressing and
A431 and its

gefitinib-resistant (A431/GR) cell lines as the

gefitinib-sensitive derived
assay model (16), we observed an increased
accumulation of EGFR in the nucleus of A431/GR
and other gefitinib-treated cell lines, and this
required Akt-mediated EGFR phosphorylation at
Ser229. Moreover, nuclear EGFR (nEGFR) in
A431/GR BCRP/ABCG?2

cells targeted the

promoter and enhanced its transcriptional

expression. As expression of BCRP/ABCG2 has
been implicated in gefitinib resistance in breast
cancer cells harboring wtEGFR, our findings here
suggest that nEGFR-mediated
BCRP/ABCG2 gene expression is one of the

activation of

mechanisms through which cells acquire gefitinib

resistance.

EXPERIMENTAL PROCEDURES

Materials. Commercially available gefitinib was
used for in vitro and in vivo studies. Cells were
with siRNA oligo
(5’-AAAUCCAGACUCUUUCGAU-3") targeting
EGFR 3° UTR or non-targeting control siRNA
(5’-UGGUUUACAUGUCGACUAA-3’)
DharmaFECT 1

transfected

with
(Dharmacon) and used for

experiments 72 hr after transfection. siRNAs

against  Aktl  (M-003000-03-0005),  Akt2
(M-003001-02-0005), and Akt3
(M-003002-02-0005) were purchased from

Dharmacon. EGFR ¢cDNA was constructed into a
pCDNA3.1 vector, and the S229A and S229D
mutations
QuickChange
according to the manufacturer’s
Anti-EGFR  (Ab-13)
purchased from Thermo Scientific and anti-EGFR

were generated by using the
Site-Directed Mutagenesis Kt
protocol
(Stratagene). antibody
(SC-03) antibody from Santa Cruz were used for
EGFR EGFR

immunoblotting, respectively. For detection of

immunoprecipitation and

Akt-dependent EGFR phosphorylation, antibody
against phosphorylated Akt substrate (PAS)
(#9611) from Cell Signaling was used. Anti-Akt
and anti-phospho-Akt antibody were purchased



from Cell
BCRP/ABCG2 protein level by immunoblotting,
anti-BCRP/ABCG2 antibody from Santa Cruz
(SC58222) was used. Epidermal growth factor
(EGF) was purchased from Sigma-Aldrich. The

Signaling. For detection of

following peptides were chemically synthesized
from LTK Biolaboratories (Taiwan) for

anti-phospho-EGFR Ser229 antibody production

in mice and peptide competition assay.
Unmodified peptide: RGKSPSDC,
KLH-conjugated phosphorylated peptide:
RGKSPpSDC.

Cell lines and cell culture. A431 and A431/GR

cell lines were gifts from Dr. Carlos L. Arteaga

(Vanderbilt-Ingram Cancer Center, Nashville, TN).

Other acquired gefitinib resistant cancer cells were
established by selecting with gradually elevated
concentrations of gefitinib for two months as
described previously (16). Insensitivity to gefitinib
treatment was tested in these established resistant
cancer cell lines, which were cultured in the
presence of 1 pM gefitinib.

Cellular fractionation. Cells were washed twice
with 1X PBS and then lysed in Nori buffer (20
mM HEPES, pH 7.0, 10 mM KCI, 2 mM MgCl,,
0.5% NP-40, 1 mM Na3;VO,, 10 mM NaF, 1| mM
phenylmethanesulfonyl fluoride (PMSF), 2 pg/ml
aprotinin), followed by incubation on ice for 10
min. Then, cells were homogenized by 40-70

strokes in a tightly fitting Dounce homogenizer.

Homogenates were centrifuged at 1,500g for 5 min.

The

16,100g for 20 min, which formed as non-nuclear

supernatant was further centrifuged at

fraction. The former pellet was then washed in

Nori buffer without protease inhibitors and

centrifuged at 1,500g for 5 min. The washing step

was repeated for three times. Then the pellet was
re-suspended and sonicated in NETN buffer (150
mM NaCl, 1| mM EDTA, 20 mM Tris-Cl pH 8.0,
0.5% NP-40, 1 mM Na;VO,, 10 mM NaF, 1 mM
PMSF, and 2 pg/ml aprotinin) and then
centrifuged at 16,100g for 20 min, which formed
as nuclear fraction.

Immunofluorescence staining. Cells were grown in
Lab-Tek chamber slides, followed by transfection
of indicated amount of plasmids described in each
experiment. Cells were then washed twice with 1X
PBS, fixed with 4% paraformaldehyde for 15 min,
and permeablized with 0.5% Triton X-100 for 15
min, followed by blocking with 10% bovine serum
albumin (BSA) for at least 1 hr. Dilution of the
primary antibodies were used as follows: rabbit
polyclonal EGFR antibodies (1:100, Santa Cruz
Biotechnology) and mouse monoclonal HA
antibody (1:300, Roche). Respective secondary
antibodies-tagged with Texas Red and Cy5 were
then used (1:500). The fluorescence of Texas Red
and Cy5 were visualized and captured by using
Leica TCS SP5 confocal microscopy.

In vitro kinase assay. Briefly, GST-fused EGFR
extracellular domain was incubated with
prescission protease to remove GST and then used
as substrates for the purified Akt protein in the
presence of ATP. Phosphorylation was detected by
using anti-phospho-Akt substrate (PAS) antibody.
Cell proliferation assay. In vitro cell viability was
characterized by (3-(4,5-Dimethylthiazol-2-yl)-2,5
-diphenyltetrazolium bromide (MTT) colorimetric
assay. Briefly, cells (8 x 10° cells per well) with
transfection of specific EGFR mutants were
in  96-well 24 hr and

to pre-treatments as

seeded plates for

subsequently subjected



indicated. After treatment of gefitinib for 72 hr,

relative cell viability was determined by
measuring absorbance at 570 nm after a 3-hr
incubation of 1 mg/ml of MTT in each well and
solubilized in 100 pl of dimethyl sulfoxide
(DMSO).

Reporter gene assay. A431 and A431/GR cells
that reached 60-70% confluence were transfected
with indicated plasmids as described in each
BCRP/ABCG2

containing

experiment as  well as

promoter-luciferase plasmid
EGFR-binding regions. Forty-eight hours later, the
luciferase activities in cell lysates were measured
by the luciferase assay system. Luciferase activity
was normalized per pg of protein extract.

DNA affinity precipitation assay (DAPA). In vitro
DNA binding assay was performed by mixing
whole cell lysates with 10 ug of biotinylated
BCRP/ABCG?2 promoter-containing DNA probes
for 1 hr, followed by adding 30 ul of

streptavidin-agarose beads (4%) with a 50% slurry.

The mixture was incubated at room temperature
for another hour with rotation. Beads were pelleted
and washed three times with 1X PBS + 0.1%
Tween-20. The binding proteins were eluted by
2X SDS separated by
SDS-PAGE followed by Western blot analysis.
The PCR
amplification of genomic DNA with the following
5’-CCCGTTTCCTGAACATGCGC-3’

loading buffer and

probes were synthesized by
primers:
(forward) and
Biotin-5’-TTTTTTTTTTTTGCCCAGTCACAAG
-CGCTG-3’ ATI,
5’-GCTGTCACTCCTTGCCCAGC-3* (forward)
and Biotin-5’-TTTTTTTTTTTT-

GCCCAGTCACAAGCGCTG-3’

(reverse) for

(reverse) for

AT2, and 5’-CGTGTCACGGCAGGGTGACC-3’
(forward) and
Biotin-5’-TTTTTTTTTTGCGGCTGGAGGTCA-
CGATGG-3’ (reverse) for Non-AT.

Chromatin immunoprecipitation (ChIP). In vivo
DNA binding assay was performed by using
EZ-ChIP™ kit (Millipore) according to the
manufacturer’s instruction. Briefly, cells were
cross-linked, lysed, and sonicated to shear the size
of DNA to 500-1,000 bps,
immunoprecipitation with EGFR
(Ab-13). DNA was then purified and specific

followed by

antibodies

sequences in the

detected by PCR amplification. The PCR product

immunoprecipitates were
was separated by 1.5% agarose gel electrophoresis
and visualized by ethidium bromide staining.
Primers for PCR  amplification
5’-CCCGTTTCCTGAACATGCGC-3” (forward)
and 5’-GCCCAGTCACAAGCGCTG-3’ (reverse)

WEre

for ATl1, and
5’-CGTGTCACGGCAGGGTGACC-3’ (forward)
and 5’-GCGGCTGGAGGTCACGATGG-3’

(reverse) for Non-AT.

RESULTS

Nuclear localization of EGFR is increased in
gefitinib-treated cells. To address whether nuclear
EGFR plays a role in acquired gefitinib resistance
in wtEGFR-expressing cancer cells, we first
isolated the cytoplasmic (Non-NE) and nuclear (N)
fractions in both gefitinib-sensitive A431 and its
derived gefitinib-resistant (A431/GR) cell lines
(16) and then examined the level of EGFR in these
(Fig. 1A). We both

cytoplasmic and nuclear levels of EGFR increased

fractions found that



in A431/GR cells compared with the parental
A431 cells (Fig. 1A). The increase in nuclear
localization of EGFR in A431/GR cells (right
panel, Fig. 1B) was further demonstrated by
confocal microscope analysis. To ensure that the
enhanced level of EGFR in the nucleus in
A431/GR cells is not a result of an increase in the
overall level of EGFR, we enforced the expression
of EGFR in the parental cell line by transient
transfection of myc-tagged EGFR to a level
comparable to that we observed in the A431/GR
cell line. As shown in Fig. 1C, while the level of
EGFR increased in the cytoplasm in A431 cells,
the EGFR
unchanged, indicating that the EGFR nuclear

level in the nucleus remained

import is regulated by other unexplored
mechanisms and not as a result of enhanced
expression level of EGFR in response to acquired
gefitinib resistance.

To determine if the increase in nEGFR also
occurs in other wtEGFR-expressing cancer cell
lines, we first established gefitinib resistant clones
of breast cancer cells, MDA-MB-231, BT474, and
MDA-MB-468, by culturing and selecting them
with increasing concentrations of gefitinib as
previously described (16). In MDA-MB-231/GR
cells (left panel, Fig. 1D), we observed a similar
pattern of increased EGFR expression level in
both cytoplasmic and nuclear fractions compared
to A431/GR cells. In contrast, even though the
of cytoplasmic EGFR in BT474 and

MDA-MB-468 gefitinib-resistant cells did not

level

change significantly (center and right panels, Fig.
1D, respectively), we continued to see increased
EGFR in the nuclear fraction. These observations

suggest that the nuclear translocation of EGFR

may be a general phenomenon in response to

long-term treatment of gefitinib.

Akt phosphorylates EGFR at Ser229 in response
to both gefitinib resistance and EGF treatment.
Next, we investigated the underlying mechanisms
of EGFR nuclear translocation in the
gefitinib-resistant cancer cells. The status of Akt
activity is a critical feature in determining the
responsiveness of cancer cells to gefitinib and
erlotinib (29,30). Tumor cells resistant to these
drugs are characterized by the failure of Akt
suppression (31,32). ErbB2, ErbB3, IGF-1R, and
MET have all been proposed to maintain the
continuous  activation of Akt in the
gefitinib-resistant cells (33). Consistent with the
previous study (16), Akt activity was significantly
increased in A431/GR compared with parental
A431 cells (Fig. 2A). We also confirmed the
down-regulation of IGFBP-3 and IGFBP-4 in
A431/GR cells (Supplementary Fig. S1A), which
was reported to maintain this continued Akt
activity in A431/GR cells (16). Therefore, we first
asked whether the activated Akt phosphorylates
EGFR. Using an anti-phospho-Akt
(anti-PAS) which
phosphorylated consensus

(R/K-X-R/K-X-X-pS/T) of Akt substrates, we

substrate
antibody, recognizes the

motif

found that the Akt-dependent phosphorylation of
EGFR (PAS-EGFR) was detected in A431/GR but
not in A431 cells. Moreover, this phosphorylation
can be inhibited by specific Akt inhibitor API-2
(Supplementary Fig. S1B). Similarly, PAS-EGFR
was also induced by EGF and can be inhibited by
both specific Akt inhibitor API-2 (Supplementary
Fig. S1C) and PI3K inhibitor LY294002 but not



by another inhibitor which is not involved in the
PI3-kinase signaling pathway such as the p38
inhibitor, SB202190 (Supplementary Fig. S1D),
which anti-PAS antibody
specifically Akt-dependent

indicates that this
recognized
phosphorylated motifs. To further validate that
Akt phosphorylates EGFR, we overexpressed
either a constitutively active (HA-myr-Akt) or a
kinase-dead mutant of Akt (HA-DN-Akt) and
showed that PAS-EGFR was enhanced only under
Akt activation (lane 2 vs. 3, Fig. 2B). The
increased interaction between EGFR and Akt in
response to EGF stimulation as indicated by
IP/WB analysis (Fig. 2C) further supports our
hypothesis that Akt binds to and phosphorylates
EGFR.

Next, we wanted to determine the specific
residue(s) of EGFR that is phosphorylated by Akt.
Mass spectrometry analysis of the anti-EGFR
immunoprecipitates showed several Ser/Thr sites
of EGFR that were phosphorylated in the
EGF-treated MDA-MB 468 breast cancer cells
(data not shown). Among these phosphorylation
sites, only Ser229 phosphorylation fits the
consensus site for Akt substrate when aligned with
other well-established Akt substrates (Fig. 2D)
(34-42). Substitution of Ser229 to Ala also
blocked EGF-induced or active Akt-mediated
PAS-EGFR (Figs. 2E and F, respectively). Direct
phosphorylation of EGFR at Ser229 by Akt was
further demonstrated by in vitro kinase assay
(Supplementary Fig. S1E). To specifically detect
phosphorylation status of EGFR at Ser229 in
A431/GR cells in vivo, we generated and
characterized a p-229 antibody that recognizes

phosphorylated EGFR at Ser229. As shown in

Supplementary Fig. S1F, the p-229 antibody
selectively immunoprecipitated wtEGFR (lanes
5-6) in the presence of active Akt but was unable
to pull down the S229A mutant (lane 7). The
immunoprecipitates can be reduced by
phospho-peptide but not by non-phospho-peptide
(lane 1-2), suggesting that this antibody more
preferentially recognizes the natural form of
Ser229-phosphorylated EGFR. The antibody does
of the
phosphorylated EGFR by Western blot analysis.

As expected, phosphorylation of EGFR at Ser229

not recognize the denatured form

was detected primarily in A431/GR but not in
A431 by IP/WB analysis (Fig. 2G).
Importantly, EGFR Ser229 phosphorylation was

cells

blocked when Akt expression was knocked down
by siRNA in A431/GR (Fig. 2H),
demonstrating that EGFR is a substrate of Akt

cells

phosphorylation at Ser229.

Phosphorylation of EGFR at Ser229 by Akt is
critical for EGFR nuclear translocation and
gefitinib resistance. From the above results, we
found that Akt could phosphorylate EGFR at
Ser229. We if EGFR
phosphorylation by Akt regulates EGFR nuclear

then  determined
translocation. We looked the phosphorylation
status in nuclear and cytoplasmic fractions of
A431/GR Ser229
phosphorylation of EGFR in both nuclear and

cells and  detected
cytoplamic fractions (Fig. 3A), suggesting that
phosphorylation at this site of EGFR might be one
possible mechanism for nuclear accumulation of
EGFR. Indeed, targeting Akt by pharmacological
inhibitor API-2 (Fig. 3B) or by Aktl/2/3 siRNA
(Fig. 3C) attenuated the nuclear transport of EGFR
in A431/GR cells. Similarly, EGF-induced nuclear



import of EGFR was reduced by PI3K inhibitor
LY294002 (Supplementary Fig. S2A). Ectopic
expression of PTEN, a negative regulator of
PI3K/Akt attenuated EGFR
nuclear transport (Supplementary Fig. S2B). In

activation, also
contrast, when we overexpressed constitutively
active Aktl (HA-myr-Aktl), the nuclear level of
EGFR was increased in a dose-dependent manner.
This effect was not seen in cells that expressed
HA-DN-Akt1 (Supplementary Fig. S2C).

Since Akt family is composed of three
members, we also examined the effect of other
two isoforms of Akt on the nuclear transport of
EGFR. As shown in Fig. 3D, all three isoforms of
Akt were able to increase the nuclear accumulation
of EGFR although the effect of Akt3 was less
compared with Aktl or Akt2, suggesting that the
nuclear translocation of EGFR is concordantly
regulated by all three Akt isoforms and that Aktl
and Akt2 do so more dominantly. Consistently,
when the individual Akt isoforms were silenced by
siRNA, only Aktl and Akt2 siRNA significantly
attenuated the EGF-induced nuclear translocation
of EGFR (Supplementary Fig. S2D). Furthermore,
substitution of Ser229 to Ala
Akt-mediated

significantly

attenuated EGFR  nuclear
accumulation (lane 2 vs. 3, Fig. 3E). In contrast,
when Ser229 was substituted by glutamic acid to
mimic the phosphorylated status, the Akt-mediated
nuclear import of EGFR S229D mutant was
comparable to that of wtEGFR (lane 2 vs. 4, Fig.
3E). These effects were further confirmed by
(Fig. 3F). Our
findings indicate that phosphorylation of Ser229
by Akt enhanced the nuclear import of EGFR.

Ser229

confocal microscope analysis

After we showed that

phosphorylation by Akt is essential for regulating
nuclear translocation of EGFR, we next examined
whether this phosphorylation is critical for the
development of gefitinib resistance. We expressed
EGFR S229A and S229D mutants, mimicking the
unphosphorylated and phosphorylated forms of
EGFR, in  A431/GR

determine the role of this phosphorylation in

respectively, cells to
gefitinib resistance. As shown in Fig. 4, EGFR
S229A is more sensitive than EGFR S229D
mutant to gefitinib-mediated growth suppression.
Likewise, Akt inhibitor also rendered wtEGFR
these

EGFR

more sensitive to gefitinib. Together,

findings indicate that Akt mediates
trafficking to the nucleus by phosphorylating
EGFR at Ser229 in response to EGF stimulation
and likely plays an important role in gefitinib
resistance.

EGFR BCRP/ABCG2
expression in A431/GR cells. BCRP/ABCG2, a
ATP-binding (ABC)

mediate

Nuclear regulates

well-known cassette

transporter, has been shown to
chemoresistance by pumping out anti-cancer drugs,
such as doxorubicin (22,43). In fact, several
studies have shown that gefitinib is also a
BCRP/ABCG2 substrate (44-46), and

enforced BCRP/ABCG2 expression in A431 cells

stably

conferred gefitinib resistance (47). Furthermore, as
mentioned above, a case report showed that a
wtEGFR-expressing NSCLC patient developed
acquired  gefitinib resistance without any
identifiable EGFR Rather,

BCRP/ABCG2 expression was detected in the

mutations.

recurrent tumor of this patient (18). Therefore, this
raises a possibility that Akt-dependent nuclear

translocation of EGFR might contribute to



acquired gefitinib resistance through regulation of
BCRP/ABCG2 expression in wtEGFR-expressing
cancer cells. As shown in Fig. 5A, both mRNA
and protein levels of BCRP/ABCG2 were
increased in A431/GR cells compared with those
in parental A431 cells. However, the increase in
mRNA and protein level can be attenuated when
EGFR expression was down-regulated by siRNA.
Moreover, reduction of nuclear EGFR level by
silencing importin B1, an essential regulator for its
nuclear trafficking, or by substituting the EGFR
nuclear localization (NLS) (48) also
decreased the protein level of BCRP/ABCG2

(Supplementary Figs. S3A and B, respectively),

signal

suggesting that nuclear EGFR is important in
regulating BCRP/ABCG2 expression. Because we
showed earlier that Akt activates EGFR nuclear
translocation, we hypothesized that inhibition of
Akt in A431/GR cells would reduce nuclear
localization of EGFR, which would in turn block
EGFR-mediated = BCRP/ABCG?2
Indeed, when we added a pharmacological Akt

expression.

inhibitor VIII (Fig. 5B) or silenced Akt expression
by siRNA (Fig. 5C), we found that BCRP/ABCG2
expression was also decreased, supporting that
EGFR-mediated = BCRP/ABCG2 expression
requires activation of EGFR phosphorylation at
Ser229 by Akt.

Nuclear  EGFR  regulates  BCRP/ABCG?2
expression transcriptionally in A431/GR cells.
Next, we examined the regulatory mechanisms of
BCRP/ABCG2 gene expression by nEGFR in
A431/GR cells. As a transcription factor, nEGFR
complex is known to target the AT-rich minimal
sequences (ATRSs) (49).

BCRP/ABCG2 promoter contains multiple ATRSs

consensus

as putative EGFR-targeting sequences (Fig. 6A).
We asked if nEGFR might also target these sites to
mediate BCRP/ABCG2 expression in A431/GR
cells. To further address this issue, we performed
DNA-affinity precipitation assay (DAPA) to
examine the association of nuclear EGFR with the
BCRP/ABCG?2 Three

promoter. different

biotinylated probes containing three various
regions in BCRP/ABCG2 promoter as illustrated in
Fig. 6B were wused to pull down the
promoter-associated EGFR. As predicted, we
observed positive binding activity of nEGFR to
BCRP/ABCG2 promoter in A431/GR with ATI1
but not with non-AT probe (Fig. 6C). Furthermore,
the binding activity of nEGFR to the AT2 probe,
which contains several more ATRSs within the
BCRP/ABCG2 promoter, was similar to the ATI
probe (Supplementary Fig. S3C), suggesting that
the ATI region (from -637 to -365 bp) may be
sufficient for the association of nEGFR with the
BCRP/ABCG2 promoter. This nEGFR binding
activity to BCRP/ABCG2 promoter in vivo was
also observed by ChIP analysis (Fig. 6D). To
further support the transcriptional regulation of
BCRP/ABCG2 by nEGFR, we
BCRP/ABCG2 promoter luciferase reporter assays
and found that BCRP/ABCG2 promoter activity

was higher in A431/GR cells compared with A431

performed

parental cells (Fig. 6E). Moreover, transfection of
wtEGFR and its S229D mutant
BCRP/ABCG2 promoter activity in A431/GR cells
whereas transfection of EGFR S229A mutant did

enhanced

not significantly affect the promoter activity (Fig.
6F). Similarly, BCRP/ABCG2 protein expression
was also increased by EGFR S229D but not by
S229A mutant in HEK293 cells (Fig. 6G). These



results evidence

BCRP/ABCG2 up-regulation to Akt-mediated

provide  strong linking
Ser229 phosphorylation of nuclear EGFR in

gefitinib-resistant cells.

DISCUSSION

EGFR nuclear localization is induced rapidly
and transiently within 2 hours of EGF stimulation
(48). The coat protein complex I (COPI)-mediated
retrograde trafficking from the Golgi to the ER has
been shown to regulate EGF-induced EGFR
nuclear transport (50). Unlike the transient nuclear
localization by EGF stimulation, EGFR is steadily
present in the nucleus under conditions such as
chemoresistance (51), radioresistance (26), or
cetuximab insensitivity (27,52), which all share a
common mechanism of resistance that is mediated
by elevated or continuous activation of Akt
survival signaling (53). While EGFR is suppressed
by gefitinib, the compensatory and continuous
activation of PI3K/Akt by enhancing IGFR
signaling has also been shown to contribute to the
acquired gefitinib resistance in
wtEGFR-expressing cancer cells (16). Specifically,
increased activity of insulin-like growth factor
receptor (IGFR) through down-regulation of
insulin-like  growth factor

(IGFBPs) maintains PI3K/Akt-mediated survival

binding proteins

signaling in response to acquired gefitinib

resistance in gefitinib-sensitive and
wtEGFR-expressing cancer cells (16,17).

In the current study, we identified EGFR
Ser229 as a novel Akt substrate and demonstrated
that this phosphorylation is required for EGFR

nuclear translocation, which plays a role in the

10

development of acquired gefitinib resistance.

These findings suggest that Ser229
phosphorylation by continuously activated Akt
may function as a common mechanism to regulate
EGFR nuclear transport and likely contribute to
to  chemotherapy,

resistance radiotherapy,

cetuximab, and gefitinib. Interestingly, while
nuclear accumulation of EGFR in response to both
cetuximab (27) and gefitinib resistance is observed
in the wtEGFR-expressing cell lines, changes in
the level of nuclear EGFR was not observed in
EGFR mutant-expressing cell lines in response to
acquired gefitinib resistance and irradiation
(Supplementary Fig. S4) (26,54).

Nuclear EGFR has been implicated in DNA
repair with DNA
proliferating cell nuclear antigen (PCNA) (23,55)

and DNA-dependent protein kinase (DNAPK) (26)

through its interaction

in the resistance to cisplatin treatment (51) and
ionizing radiation (26). Increased level of nuclear
EGFR has been proposed to provide survival
signals through induction of cyclin D1, PCNA,
and B-myb expressions in cetuximab-resistant
cells (27). Here, we demonstrate that nuclear
EGFR targets BCRP/ABCG2 promoter, enhances
its expression transcriptionally, and contributes to
gefitinib resistance (a proposed model shown in
Fig. 6H). Although nuclear EGFR can function as
a transcription regulator by targeting ATRSs (49),
it does not contain a DNA-binding domain, and
thus, it likely targets BCRP/ABCGZ2 promoter
indirectly by interacting with transcription factors.
Nuclear EGFR has been demonstrated to interact
with STAT3, STATS, E2F1, and RHA to regulate
(56-60).  The
BCRP/ABCG2 promoter contains several potential

gene  expressions human



binding sites for STATS5 and E2F1 that overlap
the ATRSs the ATI1
suggesting that nuclear EGFR might be recruited
to BCRP/ABCG2 promoter through interaction
with STATS or E2F1.

with within regions,

In response to EGF stimulation, we also
found that activated Akt is able to induce the
EGFR Ser229
subsequently EGFR
translocation to activate BCRP/ABCG?2 expression
in A431/GR but not in A431 cells. In addition,
transient transfection of A431 cells with wtEGFR

phosphorylation  at and

promotes nuclear

or its phosphorylation mimicking S229D mutant
did not induce BCRP/ABCG2 promoter activity
(data not shown). Overexpression of EGFR S229D
mutant only slightly increased BCRP/ABCG?2
level in HEK293 cells (Fig. 6G). These data
suggest that transient Akt and nuclear EGFR
activities be

BCRP/ABCG2 gene expression and that other

may not sufficient to induce
mechanisms elicited by chronic gefitinib treatment
remain to be explored. It is worthwhile to note that
Akt has been reported to regulate BCRP/ABCG?2
activity via enhancing its cell-surface display
(61,62), which could indicate that continuously
activated Akt in A431/GR cells likely increases
BCRP/ABCG2 activity through up-regulation of
its transport to the plasma membrane in addition to
the nuclear EGFR-mediated gene expression.
BCRP/ABCG2 is a well-recognized
determinant for various types of chemoresistance
(22,43). Several studies have demonstrated that
gefitinib is also a substrate of BCRP/ABCG2 at
low concentrations (44-46). Stable transfection of

A431 with BCRP/ABCG2 c¢DNA
of

resulted in

insensitivity cells to gefitinib (47).
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BCRP/ABCG2 expression by
immunohistochemical staining was detected in
46% of treatment-naive NSCLC patients (63). Our
current study further indicated that chronic
treatment with gefitinib induced BCRP/ABCG2
expression through Akt/nuclear EGFR pathway,
leading to the acquired gefitinib resistance.
findings, Usuda
coworkers observed an elevated BCRP/ABCG2

in a NSCLC patient with

Consistent with our and
expression level

wtEGFR expression who received gefitinib
therapy (18). Moreover, our unpublished results
also indicated that blockage of BCRP/ABCG2
activity can re-sensitize A431/GR cells to gefitinib
in vitro and potentiate the therapeutic effects of
gefitinib in the A431/GR xenograft mice. It would
be of interest to determine the clinical implication
of BCRP/ABCG2 expression in tumor tissue
samples from patients with wt-EGFR expressing
NSCLC.

In summary, our findings demonstrate that
continuously activated Akt, in addition to
delivering the survival signals in gefitinib-resistant
cancer cells with wtEGFR expression, also
phosphorylates EGFR and facilitates its nuclear
transport to mediate BCRP/ABCG2 expression.
Although further investigations would be required
to demonstrate the clinical relevance, the link
between BCRP/ABCG2 expression and nuclear
EGFR could serve as a predictor for gefitinib
sensitivity, and targeting BCRP/ABCG2 may have
for the treatment of

important implications

wtEGFR-expressing cancer types with gefitinib.
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FIGURE LEGENDS

Fig. 1. Nuclear EGFR is involved in drug resistance to EGFR-TKI gefitinib. A. A431 and A431/GR cells
were subjected to cellular fractionation, followed by Western blot (WB) analysis of cellular localization
of EGFR. Levels of tubulin and lamin B were used as markers for cytosolic and nuclear fractions,
respectively. B. Immunofluorescence staining of EGFR (red) and DAPI (blue) was analyzed by confocal
microscopy with z-stacks. Yellow and green lines represented corresponding points in the orthogonal
planes, which confirmed distribution of the labels within the pictured cells after the summation of serial
optical sections. Scale bar represents 10 um. C. EGFR overexpression in A431 cells, followed by cellular
fractionation. The cellular localization of EGFR was analyzed by WB. D. Nuclear localization of EGFR

in several gefitinib-resistant cell line pairs was analyzed as described in (A).

Fig. 2. Akt phosphorylates EGFR at Ser229. A. Whole cell lysates prepared from cells were subjected to
IP/WB analysis by using indicated antibodies. PAS: anti-phospho-Akt-substrate antibody. B. HEK293
cells were transfected with indicated constructs, and then subjected to IP/WB analysis. C. MDA-MB-468
cells treated with EGF for indicated time, and IP/WB analysis was performed to assess the physical
interaction between Akt and EGFR. D. In vivo EGFR Ser229 phosphorylation was detected in anti-EGFR
immunoprecipitates from EGF-treated MDA-MB-468 cells by mass spectrometry. E and F. Substitution
of Ser229 to Ala abolished EGF- or Akt-induced EGFR phosphorylation detected by anti-PAS antibody
in anti-EGFR (E) or anti-myc (F) immunoprecipitates from transfected HEK293 cells. G. Endogenous
EGFR Ser229 phosphorylation was detected in A431/GR cells by using anti-phospho-EGFR Ser229 for
IP and anti-EGFR antibody for subsequent WB. H. Akt expression in A431/GR cells was deprived by Akt
siRNA. Then endogenous EGFR Ser229 phosphorylation was detected by using anti-phospho-EGFR
Ser229 for IP and anti-EGFR antibody for subsequent WB.

Fig. 3. Phosphorylation by Akt increases EGFR nuclear translocation. A. Endogenous EGFR Ser229
phosphorylation in both cytoplasm and nucleus of A431/GR cells was detected by using
anti-phospho-EGFR Ser229 for IP and subsequently anti-EGFR antibody for WB. B. Western blot
analysis and quantification of nuclear EGFR expression in A431 and A431/GR cells treated with or
without the Akt inhibitor, API-2. C. Western blot analysis of nuclear EGFR expression in A431 and
A431/GR cells transfected with control or Akt siRNA. D. Western blot analysis of nuclear EGFR
expression in HEK293 cells transfected with three Akt isoforms individually. E. Western blot analysis of
nuclear expressions of EGFR-WT and EGFR-Ser229 mutants in HEK293 cells co-transfected with or
without HA-myr-Aktl. F. Nuclear localization of EGFR-WT and EGFR-Ser229 mutants in HeLa cells

co-transfected with or without HA-myr-Aktl was examined by confocal microscopy. Bar, 5 um.
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Fig. 4. Phosphorylation of EGFR at Ser229 by Akt plays a role in the development of gefitinib resistance.
Cytostatic effect of gefitinib on the A431/GR cells expressing adenoviral-derived EGFR was measured by

MTT assay. Error bars denote s.e.m (n=3).

Fig. 5. Nuclear EGFR regulates BCRP/ABCG2 expression in A431/GR cells. A. mRNA and protein

expressions of BCRP/ABCG?2 in A431 and A431/GR cells transfected with control or EGFR siRNA were

analyzed by RT-PCR and WB, respectively. B and C. Effects of Akt inhibitor VIII (B) and Akt siRNA (C)
on the BCRP/ABCG?2 protein expression in A431/GR cells were examined by WB.

Fig. 6. Nuclear EGFR enhances transcriptional activation of BCRP/ABCG2 in A431/GR cells via
recruitment to the BCRP/ABCG2 promoter. A. The DNA binding consensus sites of EGFR in
BCRP/ABCG2 promoter were shown. B. Three probes for DNA affinity precipitation assay (DAPA)
were designed according to the sequence of human BCRP/ABCG2 promoter. C. The binding of EGFR to
BCRP/ABCG?2 promoter was analyzed by DAPA (left). The inputs of probes were shown in (right). D.
The binding of EGFR to BCRP/ABCG2 promoter was analyzed by chromatin immunoprecipitation
(ChIP). E. Transcriptional activities of BCRP/ABCG2 in A431 and A431/GR cells were analyzed by
luciferase reporter assay. F. Effects of EGFR Ser229 mutations on EGFR-induced BCRP/ABCG?2
promoter activity were analyzed in A431/GR cell by luciferase reporter assay. G. Protein expression of
BCRP/ABCG?2 in HEK293 cells co-transfected with EGFR Ser229 mutants and WB analysis of Akt.
Error bars in E and F denote s.e.m. (n=3). H. The proposed model for the mechanism underlying nuclear

EGFR-mediated BCRP/ABCG?2 expression conferring gefitinib resistance.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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