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EGFR endocytosis is a novel therapeutic target in lung cancer
with wild-type EGFR
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ABSTRACT:

Oncogenic alterations of epidermal growth factor receptor (EGFR) signaling
are frequently observed in lung cancer patients with worse differentiation and poor
prognosis. However, the therapeutic efficacy of EGFR-tyrosine kinase inhibitors (TKIs)
is currently limited in selected patients with EGFR mutations. Therefore, in this study,
we investigated the potential molecular mechanism that contributes to cell viability
and the response of gefitinib, one of the EGFR-TKIs, in lung cancer models with wide-
type EGFR (WtEGFR). Interestingly, we found that EGF-induced EGFR endocytosis
is existed differently between gefitinib-sensitive and -insensitive lung cancer cell
lines. Suppressing EGFR endocytos decreased cell viability and increased apoptotic
cell death in gefitinib-insensitive lung cancer with wtEGFR in vitro and in vivo. In
addition, we found that Rab25 was differentially expressed in between gefitinib-
sensitive and -insensitive lung cancer cells. Rab25 knockdown caused the changed
EGFR endocytosis and reverted the gefitinib response in gefitinib-sensitive lung cancer
with wtEGFR in vitro and in vivo. Taken together, our findings suggest a novel insight
that EGFR endocytosis is a rational therapeutic target in lung cancer with wtEGFR, in
which the combined efficacy with gefitinib is expected. Furthermore, we demonstrated
that Rab25 plays an important role in EGFR endocytosis and gefitinib therapy.

INTRODUCTION

Epidermal growth factor receptor (EGFR) is a
transmembrane growth factor receptor with tyrosine
kinase (TK) activity that controls cell proliferation and
survival [1, 2]. Cellular activity of EGFR is dysregulated
by several mechanisms including gene mutation, copy
number variation, and protein overexpression [3, 4].
Oncogenic alterations in EGFR are frequently reported
in patients with lung cancer and are implicated in the
pathogenesis of the disease such as increased tumor
proliferation, poor differentiation, and a worse prognosis,
indicating that EGFR is an important therapeutic target
in lung cancer [4-7]. Based on previous reports, EGFR-
targeted drugs have been developed as two major types:

monoclonal antibodies (mAbs) [8] and small-molecule
tyrosine kinase inhibitors (TKIs) [9, 10]. mAbs act by
binding to the EGFR extracellular region and compete
with its ligands, whereas TKIs were designed to reversibly
bind the ATP-binding site of the cytoplasmic kinase
domain of EGFR, thereby inhibiting its TK activity.
Gefitinib is a selective EGFR-TKI and was the first
approved for clinical use as an orally administered drug
for patients with lung cancer [9, 11]. The malfunction in
EGFR TK activity caused by gefitinib results in obstruction
of cellular signaling mediated mainly through the RAS-
RAF-MEK-ERK and the PI3K-PTEN-AKT pathways.
This eventually leads to decreased cell proliferation and
increased apoptosis [12]. Apoptotic cell death induced by
gefitinib is accompanied by GO/G1 cell cycle arrest with
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down-regulation of CDKs/cyclins [13] and anti-apoptotic
proteins [12]. Moreover, gefitinib alone or in combination
with other chemotherapy shows clinically meaningful
antitumor activity in patients with advanced lung cancer
[14-16]. However, the therapeutic efficacy of gefitinib
increases noticeably in patients with lung cancer who
have somatic mutations in the EGFR TK domain such
as deletions in exon 19 or a point mutation (L858R) in
exon 21 [17, 18]. However, the frequency of patients with
EGFR mutations in unselected lung cancer is 10-40%,
depending on the ethnicity of the study population [19,
20]. In other words, most of patients with lung cancer have
wild-type EGFR (WtEGFR) which generally exhibits no
response to gefitinib treatment [21]. Nevertheless, 10 ~
20% patients with lung cancer without EGFR mutations
therapeutically benefit from gefitinib, implying that EGFR
mutations may not be the sole determinants of gefitinib
efficacy [22, 23]. However, the potential molecular
mechanism that expands the clinical benefit of gefitinib in
patients with lung cancer and wtEGFR remains unclear.

Binding of ligands to EGFR induces translocation
of EGFR from the plasma membrane to the intracellular
region independently of its phosphorylation-mediated TK
activation [24, 25]. Ligand-induced EGFR endocytosis is
mainly mediated by clathrin- and non-clathrin mediated
endocytosis [26]. In particular, dynamin, which is a
guanosine 5’-triphosphatase (GTPase), functions as a
key regulator in both EGFR endocytic pathways [27].
Furthermore, the change in EGFR endocytosis caused
by dynamin depletion attenuates EGFR activation and
degradation. [28]. Actually, EGFR endocytosis and its
endosomal-mediated sorting are thought to be a cellular
mechanism to induce degradation and termination of
activated EGFR signaling or as a recycling mechainsm
to return to the cell surface for continued signaling
[29]. However, some reports show that the intracellular
translocation of EGFR regulates the EGFR signaling
pathway, consequently affecting cell growth and survival
[30, 31]. The impaired EGFR endocytic pathway is
implicated in carcinogenesis, as it potentially results in
uncontrolled signal transduction [24, 32]. However, the
therapeutic relevance of EGFR endocytosis in lung cancer
has not been investigated.

In this study, we examined the phenotypic and
molecular differences between gefitinib -sensitive and
-insensitive lung cancer cells with wtEGFR using in vitro
and in vivo models and found a potential relationship
between gefitinib response and EGFR endocytosis. We
also demonstrated that suppressing EGFR endocytosis
could aeffect cell viability and the gefitinib response
in gefitinib-insensitive lung cancer with wtEGFR.
Additonally, we also confirmed that Rab25 is associated
with EGFR endocytosis and the gefitinib response.

RESULTS

Effects of gefitinib on cell survival and EGFR
signaling in lung cancer cells with wtEGFR

We first proflied gefitinib response in the eight lung
cancer cell lines (H1703, Calu-1, H441, H522, SNU-1327,
SNU-2292, H358 and Calu-3) with wtEGFR. Six of the
eight lung cancer cell lines (H1703, Calu-1, H441, H522,
SNU-1327 and SNU-2292) were relatively insensitive to
gefitinib (IC_>10 uM) compared to the other two lung
cancer cell lines (H358 and Calu-3) (IC, <10 uM) (Figure
1A). To examine further differential effects of gefitinib
between these lung cancer cell lines, H358 and H1703
cells were chosen as gefitinib-sensitive and -insensitive
cells, respectively. In the following comparative
experiments, H358 cells exhibited morphological changes,
retarded wound healing and GO/G1 arrest of the cell
cycle after gefitinib treatment but H1703 cells did not
show any changes in cell phenotype following gefitinib
treatment (Figure 1B-D). We next investigated whether the
differential effects of gefitinib between these lung cancer
cell lines were associated with activation status of the
EGFR signaling pathway. Interestingly, phosphorylation of
EGF-induced EGFR was inhibited by gefitinib treatment
in both H358 and H1703 cells regardless of the gefitinib
response (Figure 1E). In gefitinib-insensitive H1703 cells,
we also profiled the activation statues of multiple EGFR
phosphorylation sites that regulate various downstream
cellular signaling pathways. As shown in Figure 1F, seven
of ten phosphorylation sites (Tyr845, Tyr1086, Tyr1148,
Tyr1173, Ser1046/1047, and Ser1070) were activated by
EGF stimulation, but all EGFR phosphorylated sites were
blocked by gefitinib treatment. Moreover, phosphorylation
of AKT and ERK, well-known downstream molecules
in the EGFR signaling pathway, was also inhibited by
gefitinib in both H358 and H1703 cells (Figure 1G).
Similar results were detected in the other six lung cancer
cell lines (Data not shown). These results suggest the
existence of an unknown mechanism that regulates the
response to gefitinib in lung cancer with wtEGFR.

EGFR endocytosis is associated with the gefitinib
response in lung cancer with wtEGFR

Some reports show the possibility that ligand-
induced internalization of EGFR, one of its degradation
processes, is a potential molecular mechanism that
controls cellular signaling independent of its kinase
activity [25, 29, 33]. Therefore, we investigated whether
the cellular distribution of EGFR correlates with the
different responses to gefitinib between gefitinib-sensitive
and -insensitive cells using immunofluorescence staining.
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Figure 1: Effects of gefitinib in lung cancer cells with wtEGFR. (A) Changes in cell survival caused by gefitinib were determined
using MTT assay. The cells were treated with the indicated concentrations of gefitinib for 72 h. Each data point represents mean results of
six independent determinations with the standard error (SE). (B) Morphological changes caused by gefitinib were representatively analyzed
in H358 and H1703 cells using light microscopy and red fluorescent-conjugated phalloidin staining. After a 48 h incubation with or without
gefitinib (10 pM), cell images were captured at a magnification of 200x. Black and white arrows indicate the morphologically changed cells
(C) Changed cell motility capacity was evaluated using a wound healing assay. The cell images after treatment with gefitinib (10 uM) were
captured at a magnification of 100%. (D) Redistributed percentages of the cell cycle caused by gefitinib were evaluated after PI staining and
flow cytometry. Data represent mean results acquired from three independent experiments. (E) Effects of gefitinib on epidermal growth
factor (EGF)-induced epidermal growth factor receptor (EGFR) phosphorylation were examined using Western blot analysis. The cells
were pretreated with gefitinib (10 uM) under serum-free conditions for 24 h and incubated for further indicated times in the presence or
absence of 100 ng/ml EGF. (F) Statuses of multiple phosphorylation sites of EGFR in H1703 cells were determined using an antibody array.
Relative expression levels of phosphorylated EGFR sites were calculated with a gel doc image analyzer. The ratio of phosphorylated EGFR
was normalized to total EGFR acquired from three experiments in the same membrane. Each bar is the SE. (G) The effects of gefitinib on
EGF-induced phosphorylation of ERK and AKT were evaluated by Western blot analysis.
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As shown in Figure 2A, EGFR was localized within the
intracellular region forming a punctate structure after EGF
stimulation in both H358 and H1703 cells. However, this
spatial change of EGFR induced by EGF stimulation was
suppressed after gefitinib treatment in gefitinib-sensitive
H358 cells but not in gefitinib-insensitive H1703 cells. The
distinguished profile of EGFR distribution between these
two lung cancer cell lines was confirmed by fluorescence
intensity plot analysis (Figure 2A, right panel) and in other
lung cancer cell lines (Supplemental Figure S1).

To further examine whether the differential status
of EGFR distribution between gefitinib-sensitive and
-insensitive cells resulted from dysregulation of EGFR
endocytosis, we determined the frequencies of EGF-
induced EGFR endocytosis by flow cytometry with
fluorescent-conjugated EGF. As shown in Figure 2B, the
frequency of internalized EGF in H358 cells increased

gradually in a time-dependent manner and then decreased
after gefitinib treatment. In contrast, EGF internalization
in H1703 cells was not reduced after gefitinib treatment
compared to that of H358 cells (Figure 2B). These results
suggest that EGFR endocytosis may be one of potential
mechanisms to explain the different responses to gefitinib
between gefitinib-sensitive and -insensitive cells in lung
cancer with wtEGFR.

Antitumor effects by inhibiting EGFR endocytosis
in vitro and in vivo

Based on previous results, we hypothesized that
regulating EGFR endocytosis could reverse the response
to gefitinib in gefitinib-insensitive cells. To test the
hypothesis, we used two inhibitors of EGFR endocytosis;
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Figure 2: Corelation between EGFR endocytosis and gefitinib response in lung cancer cells with wtEGFR. (A) The
difference in EGFR cellular distribution after gefitinib treatment was profiled by immunoflurescence staining. Cells were pretreated with
gefitinib (10 uM) under serum-free conditions for 24 h and incubated for further 30 min with Texas Red conjugated EGF (100 ng/ml). After
staining with EGFR antibody and DAPI, immunofluorescence images were obtained using a fluorescence microscope at a magnification of
400x%. Plot of intensity values along a white line segment in each immunofluorescence image was analyzed using Image J; red (EGF), green
(EGFR) and blue (DAPI). (B) Changes in EGFR endocytosis were monitored using fluorescent-conjugated EGF. After incubation with
Alexa Fluor 488-conjugated EGF (500 ng/ml) and gefitinib (10 uM), the percentage of internalized EGF was examined by flow cytometry.
Each bar represents mean values acquired from three experiments with standard error.
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dynasore and dynole 34-2, which are known potent
inhibitors of dynamin, a key molecule in the EGFR
endocytic pathways. As shown in Figure 3A, EGF-
induced EGFR spatial changes were effectively blocked
after treatment with dynasore or dynole 34-2 in gefitinib-
insensitive H1703 cells. Moreover, dynasore or dynole
34-2 significantly reduced cell viability in combination
with gefitinib compared to those in treatment with the
drugs or gefitinib alone (Figure 3A and Supplemental
Figure S2). Next, we examined the frequencies of
apoptotic cells and expression statues of apoptosis-related
proteins to evaluate whether the decreased cell viability
was related to apoptotic cell death. As shown in Figure
3C, treatment with either dynasore or dynole 34-2 caused
apoptosis in gefitinib-insensitive H1703 cells and the
proportion of apoptotic cells increased substantially in a
combined treatment with the EGFR endocytosis inhibitors
and gefitinib. Moreover, the increased apoptotic cell
death induced by the EGFR endocytosis inhibitors was
accompanied by upregulation of cleaved PARP and down-
regulation of Mcl-1, survivin, XIAP and livin (Figure 3D).
The expression changes in these apoptosis-related proteins
were higher in the combined treatment with EGFR
endocytosis inhibitors and gefitinib than that of the other
single treatment.

We then evaluated the anti-tumor efficacy of an
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EGFR endocytosis inhibitor in vitro using a mouse
xenograft model. Gefitinib-insensitive SNU-1327 cells
were injected subcutaneously into athymic nude nu/nu
mice. When the average size of tumors reached 100-200
mm?, the mice were treated intraperitoneally with either
dynasore or gefitinib alone, or a combined treatment of
dynasore and gefitinib. As shown in Figure 4A, mice
treated with the combination of dynasore and gefitinib
showed significantly the most inhibited efficacy of tumor
formation compared to mice treated with each drug
alone, and showed the same results as those of observed
in vitro. In addition, we observed that the lowest number
of proliferating cells and highest number of apoptotic
cells were found in tumors from mice treated with the
combination of dynasore and gefitinib (Figure 4B). These
findings suggest that suppressing EGFR endocytosis
can play a role to overcome the therapeutic limitation of
gefitinib in lung cancer with wtEGFR.

Rab25 expression is related to EGFR endocytosis
and the gefitinib response in lung cancer with
wtEGFR

EGFR endocytosis is a complex cellular process
which includes many modulating proteins [29]. Therefore,
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Figure 3: Evaluation of the anti-proliferative effects of EGFR endocytosis inhibitors. (A) Inhibition of of EGFR endocytosis
was induced by treatment with dynasore and dynole 34-2, or a combined treatment with gefitinib in H1703 cells. The altered internalization of
EGFR endocytosis was measured by immunofluorescence staining with a specific antibody against EGFR. The immunofluorescence images
were obtained using a fluorescence microscope at a magnification of 400x. (B) Effects of EGFR endocytosis inhibitors alone or combination
with gefitinib on cell viability were analyzed by the MTT assay. The cells were treated with dynasore (100 uM) or dynole 34-2 (10 uM) or in
combination with gefitinib (10 pM) for 48 h. Each bar represents mean values acquired from three experiments with standard error (SE). * p
<0.05. (C) The rate of apoptosis was investigated by Annexin V-FITC staining. The percentages of Annexin V-positive cells were examined
by flow cytometry under the same conditions as the MTT assay. Each bar represents mean values acquired from three experiments with SE.
*p<0.05. (D) Changed expression levels in apoptosis related proteins were evaluated after treatment with EGFR endocytosis inhibitors and
gefitinib using Western blot analysis. Cell lysates were blotted for the indicated proteins with the appropriate antibodies after cell harvest.
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EGFR endocytosis-related effector or regulator proteins
can be used as molecular markers to improve the
therapeutic efficacy of gefitinib in lung cancer with
wtEGFR. To demonstrate the hypothesis, we attempted
to identify differentially expressed genes related to EGFR
endocytosis using a genome-wide gene expression assay in
gefitinib-sensitive H358 and -insensitive H1703 cells. We
found six downregulated genes and two upregulated genes
between these two lung cancer cell lines (Supplemental
Table S1). Different expression statuses of selected genes
were validated by real time-polymerase chain reaction
analysis (Data not shown). Rab GTPases (Rab25 and
Rab17) exhibited the most distinct gene expression
profile among the selected genes. Basically, Rab25 are
key regulators in endosomal trafficking and recycling
back to the plasma membrane of EGFR [34]. Therefore,
we subsequently monitored the endosomal distribution
status of EGFR in H358 and H1703 cells after EGF
stimulation. As shown in Figure 5SA, EGFR was localized
in early and recycling endosomes after EGF stimulation
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in H358 cells expressing Rab25. In contrast, EGFR was
only localized in early endosomes of H1703 cells with no
Rab25 expression. To further investigate whether Rab25
expression affects EGFR endocytosis, we transfected
siRab25 or the scrambled (Scr) control into H358 cells
with Rab25 expression. The change of EGFR endocytosis
was analyzed by monitoring the internalized proportion
of fluorescent-conjugated EGF by flow cytometry. As
shown in Figure 5B, internalized EGF increased and then
decreased following gefitinib treatment in Scr-transfected
cells. However, this inhibition of EGF internalization by
gefitinib was less prominent in siRab25-transfected cells
than that in Scr-transfected cells.

Next, to evaluate whether the expression status
of Rab25 is associated with the response to gefitinib in
lung cancer with wtEGFR, we performed a comparative
analysis between Rab25 expression and IC,; values to
gefitinib in eight lung cancer cell lines. As shown in Figure
5C, gefitinib-insensitive cells (H1703, SNU-2292, Calu-
1, H441, SNU-1327 and H522) showed relatively low
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Figure 4: Antitumor effects in combination with EGFR endocytosis inhibitor and gefitinib in a xenograft mouse model.
(A) Gefitinib-insensitive SNU-1327 cells were inoculated subcutaneously and the mice were treated with DMSO, dynasore (30 mg/kg, 2
days/week), gefitinib (5 mg/kg, 4 days/week), dynasore (30 mg/kg) plus gefitinib (5 mg/kg) intraperitoneally for 3 weeks, and mean tumor
volume with standard error were plotted. * p < 0.05. (B) Hematoxylin and eosin (H&E), Ki67, and TUNEL staining of representative tissue
sections from tumors in each mouse group. Yellow scale bar is 100 pm.
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expression levels of Rab25 compared to that in gefitinib-
sensitive cells (H358 and Calu-3) (p < 0.05). These results
suggest that Rab25 functions significantly in EGFR
endocytosis and the response of gefitinib in lung cancer
with wtEGFR.

(Figure 6B and C). Moreover, induction of G0/G1 cell
cycle arrest caused by gefitinib was smaller in siRab25-
transfected cells than that in Scr-transfected cells (Figure
6D).

To further investigate the changes in the gefitinib

response by inhibiting Rab25 expression in vivo, H358
cells stably transfected with shRab25 or shScrambled
control (Scr) were injected subcutaneously into athymic
nude nu/nu mice. When the average size of tumors reached
100-200 mm?®, the mice were divided into four groups:
Scr/DMSO, Scr/gefitinib, shRab25/DMSO, and shRab25/
gefitinib, and treated intraperitoneally with gefitinib or
DMSO. As shown in Figure 7A, although tumor growth
in the shScr/gefitinib and shRab25/gefitinib mice groups
was delayed after gefitinib treatment, the inhibitory effect
of tumor growth caused by gefitinib was higher in the
shScr/gefitinib mice groups than in the shRab25/gefitinib
mice groups. In addition, the anti-proliferative effect and
apoptosis induced by gefitinib was relatively reduced in

Inhibiting Rab25 expression reverses the response
to gefitinib in vitro and in vivo

To demonstrate whether regulating Rab25
expression affects sensitivity to gefitinib, we tranfected
siRab25 or Scr into gefitinib-sensitive H358 cells
expressing Rab25. As shown in Figure. 6a, morphological
changes induced by gefitinib were relatively reduced in
siRab25-transfected cells compared with those in Scr-
transfected cells.The inhibitory effect of gefitinib on
cell viability also decreased significantly in siRab25-
transfected cells compared to those in Scr-transfected cells
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Figure 5: Status of Rab25 expression is associated with EGFR endocytosis and gefitinib response. (A) Difference in
endosomal localization of EGF-induced EGFR between H358 and H1703 cells was profiled by immunofuorescence staining with the
indicated antibodies. The immunofluorescence images were obtained using a fluorescence microscope at a magnification of 400x. Each
white arrow indicates co-localization (yellow). (B) Effect of Rab25 expression on EGFR endocytosis was examined in siRab25 transfected
H358 cells by flow cytometry. After siRab25 or scrambled (Scr) transfection, the cells were incubated with gefitinib (10 pM) and the
percentage of internalized Alexa Fluor 488-conjugated EGF (500ng/ml) was analyzed. Each bar represents mean values acquired from
three experiments with standard error (SE). * p < 0.05. (C) Correlation between Rab25 expression and gefitinib response was determined
by comparative analysis. Expression of Rab25 mRNA was evaluated in eight lung cancer cell lines with wtEGFR using quantitative RT-
PCR. Relative Rab25 expression values were normalized to values of GAPDH. IC, of each cell was obtained from MTT assay results.
The P value represents statistical comparisons between Rab25 expression and gefitinib response. Red: gefitinib-sensitive cell lines. Blue:
gefitinib-insensitive cell lines.
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shRab25/gefitinib mice groups compared to those in shScr/
gefitinib mice groups (Figure 7B). These results support
the above findings that the status of Rab25 expression is
associated with the response to gefitinib in lung cancer
with wtEGFR.

DISCUSSION

In this study, we described a novel association
between gefitinib, one of the EGFR-TKIs, and EGFR
endocytosis in the treatment of lung cancer with
wtEGFR using in vitro and in vivo models. Gefitinib
was initially developed because improper activation of
EGFR signaling appears frequently in lung cancer [2,
3]. However, contrary to expectations, the therapeutic
efficacy of gefitinib was observed at a very low frequency
in all patients with lung cancer, and the improved survival
benefit of gefitinib treatment was mostly detected in the
specifically selected patients with lung cancer who have
EGFR mutations [23]. In other words, patients with
wtEGFR, which includes most of the patients with lung
cancer, could not expect treatment efficacy from gefitinib.
The pharmacological activity of gefitinib is derived from
suppressing phosphorylation-mediated TK activity in the
EGFR signaling pathway [9]. However, some reports
showed disputable results that growth inhibition does
not occur in gefitinib-insensitive cells, although EGFR
phosphorylation is blocked by gefitinib [35-37]. We also
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confirmed that EGFR phosphorylation was suppressed
after gefitinib treatment in all lung cancer cell lines
with wtEGFR regardless of responsiveness to gefitinib.
Furthermore, the mutual relationship between the gefitinib
response and the oncogenic changes of EGFR such as gene
amplification and overexpression remains controversial.
Therefore, solely targeting EGFR phosphorylation may
not be sufficient to inhibit EGFR-mediated signaling in
lung cancer without EGFR mutations, indicating that we
do not fully understand EGFR signaling in lung cancer.
Based on previous reports and our findings, we attempted
to identify other EGFR-related cellular mechanisms in
lung cancer with wtEGFR that were associated with cell
survival and the gefitinib response independently of its TK
activity.

Interestingly, we observed that EGF-induced
EGFR endocytosis progressed continuously in gefitinib-
insensitive cells regardless of gefitinib treatment, whereas
it was suppressed by gefitinib in gefitinib-sensitive
cells. We also demonstrated that the difference between
these cell lines was correlated with EGFR endocytosis.
Although EGFR endocytosis caused by ligand binding
has been generally known as a process of down-regulation
and degradation for its signal activation, EGFR was
occasionally localized in intracellular organelles such as
mitochondria and nucleus for cell survival and growth
[30, 31]. Furthermore, EGFR signaling is also regulated
by the endosomal trafficking before receptor degradation
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Figure 6: Inhibition of Rab25 expression reverses sensitivity to gefitinib. After siRab25 or scrambled (Scr) transfection, H358
cells were treated with the indicated concentrations of gefitinib. (A) Changed gefitinib response based on Rab25 expression status was
monitored by light microscopy. Cell images were captured at a magnification of 100x. Cell viability (B) and IC, (C) in siRab25 or Scr
transfected cells were determined after gefitinib treatment using MTT assay. Each data point represents mean results of six independent
determinations with standard error. * p < 0.05. (D) Redistributed percentages of the cell cycle caused by Rab25 expression status were
analyzed after gefitinib treatment using flow cytometry. Data represents mean results acquired from three independent experiments.
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via interaction with various adaptors or signaling
molecules [25, 29]. Thus, EGFR endocytosis might be a
potent mechanism which contributes to the therapeutic
limitation of gefitinib in gefitinib-insensitive lung cancer
with wtEGFR. Evidence supporting this hypothesis
was detected during endocytosis of Met which is one of
the receptor tyrosine kinases (RTKs) with EGFR [38].
That research showed that oncogenic changes of Met
endocytosis could be caused by mutations in its kinase
domain leading to increased tumorigenicity. Indeed,
obstructing Met endocytosis with inhibitors results in
tumor regression and reversion of the Met-TKI response.
Surprisingly, we also found that suppressing EGFR
edndocytosis with inhibitors (dyansore and dynole 34-2)
resulted in reduced cell viability and increased apoptotic
cell death in gefitinib-insensitive lung cancer cells with
wtEGFR, and that inhibitory effect was more enhanced in
combination with gefitinib. In particular, dynasore showed
a significantly enhanced anti-proliferative effect and
apoptotic cell death in mice xenografted with gefitinib-
insensitive lung cancer cells with wtEGFR. These results
suggest that EGFR endocytosis is a rational target for
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treating lung cancer with wtEGFR and the efficacy of the
combination of its inhibitor and gefitinib is expected.

The molecular mechanism regulating the EGFR
endocytic pathway is very complex and tightly controlled
by a variety of proteins [25, 33] However, dysfunction of
these mediators is currently implicated in human cancers
[24, 39]. Therefore, we hypothesized that changed
expression of genes related to EGFR endocytosis might
be concerned with the different response of gefitinib
treatment in lung cancer with wtEGFR. Using a genome-
wide expression assay, we identified differentially
expressed genes between gefitinib-sensitive and
-insensitive lung cancer cells. Based on their biological
processes and molecular functions, Rab25 was selected as
a potential molecular factor associated with the response
to gefitinib treatment. Rab small GTPases including Rab25
play an important role in intracellular vesicle trafficking
of RTKs [40]. Rab25, a member of the RAB11 subfamily,
specifically controls the return of internalized RTKs
to the cell surface [41]. The relationship between the
role of Rab25 and tumorigenesis remains controversial.
Oncogenic gene amplification and overexpression of

Figure 7: Evaluation of gefitinib response according to Rab25 expression status in a xenograft mouse model. (A)
Gefitinib-sensitive H358 cells were inoculated subcutaneously after stable shRab25 or shScrambled (Scr) transfection. The mice were
treated with DMSO, or gefitinib (5 mg/kg, 4 days/week) intraperitoneally for 2 weeks, and mean tumor volume with standard error was
plotted. (B) Hematoxylin and eosin (H&E), Ki67 and TUNEL staining of representative tumor sections from each mouse group. Yellow

scale bar is 100 um.

www.impactjournals.com/oncotarget

Oncotarget



Rab25 have been detected in ovarian and breast cancer
[42], whereas they function as a tumor suppressor in
colon cancer [43]. However, the precise role of Rab25
in lung cancer remains unclear. In the present study, we
determined that Rab25 regulated EGFR endocytosis, and
its expression status was significantly correlated with
the response of gefitinib in lung cancer with wtEGFR.
Moreover, we demonstrated that silencing Rab25 reversed
the sensitivity to gefitinib in gefitinib-sensitive lung
cancer cells expressing normally. The effects of Rab25
knockdown on tumor proliferation and apoptosis were also
confirmed in mice xenografted with gefitinib-sensitive
lung cancer cells with wtEGFR. Therefore, our findings
indicate that Rab25 plays a crucial role in EGFR signaling
in lung cancer with wtEGFR.

Although we confirmed meaningful EGFR
endocytosis clues that could contribute to treating lung
cancer without appropriate therapeutic options, this
study had some limitations. First, there is no drug which
specifically targets EGFR endocytosis and is approved
for clinical use. Actually, the endocytosis inhibitors used
in this study inhibit the internalization of other RTKs as
well as EGFR, because the RTK endocytosis mechanism
exists in the cell membrane and is a common process
induced after binding of their ligands [44]. However,
EGFR endocytosis is the most reasonable target among
the RTKs as oncogenic changes from EGFR signaling
mostly occur lung cancer compared to those of other RTK
signaling. Second, we did not evaluate Rab25 function in
patients with lung cancer and wtEGFR who did not have a
response to gefitinib. Therefore, further studies are needed
to investigate the relevance of Rab25 in clinical samples.

In conclusion, we provided novel insights that EGFR
endocytosis is important for treating lung cancer with
wtEGFR in in vitro and in vivo models, suggesting that it
is a promising target to improve therapeutic efficacy when
its inhibitor and EGFR-TKI are administered together.
In addition, we identified that EGFR endocytosis-related
Rab25 expression is crucially considered when patients
with lung cancer and wtEGFR are treated with gefitinib.

MATERIALS AND METHODS

Reagents

The following reagents and antibodies were used:
gefitinib (AstraZeneca, Macclesfield, UK); EGF and
fluorescent conjugated EGF (Alexa Fluor 488 and Texas
Red) (Molecular Probes (Eugene, OR); dynasore (Sigma)
and dynole 34-2 (Ascent Scientific, Bristol, UK). Phospho-
AKT (Serd73), AKT, phospho-ERK (Thr202/Tyr204),
ERK, poly (ADP-ribose) polymerase (PARP), Mcl-1,
XIAP, survivin, livin, Rab17 and Rab25 (Cell Signaling
Technology, Beverly, MA); phospho-EGFR (Tyr1173),

EGFR, normal mouse IgG, secondary donkey anti-goat
IgG-HRP and goat anti-rabbit IgG-HRP (Santa Cruz
Biotechnology, Santa Cruz, CA); B-actin (Sigma); goat
anti-mouse IgG (H + L)-HRP conjugate (Bio-Rad); Alexa
Fluor® 488 goat anti-mouse IgG (H+L) (Molecular Probes,
Eugene, OR); EEA1, CD63 and Rabl11 (BD Biosciences,
Erembodegem, Belgium).

Cell lines and cell culture

The lung adenocarcinoma cell lines (Calu-3, H441,
and H522), squamous cell carcinoma cell lines (H1703
and Calu-1), and the bronchial alveolar carcinoma cell
lines (H358) were obtained from the American Type
Culture Collection (Rockville, MD). Additional lung
adenocarcinoma cell lines (SNU-1327 and SNU-2292)
were obtained from the Korean Cell Line Bank (Seoul,
South Korea). H358, H1703, Calu-1, H441, H522, SNU-
1327, and SNU-2292 cells were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum
(FBS), and 1% penicillin/streptomycin. Calu-3 cells
were cultured in Eagle’s Minimum Essential Medium
supplemented with 10% FBS, and 1% penicillin/
streptomycin. All cultured cells were incubated in a
humidified 37°C incubator with 5% CO,.

MTT assay

After drug treatment, cells were mixed with 20 pl
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Sigma) solution (5 mg/ml in 1x PBS)
in each well and further incubated for 4 h at 37°C. The
medium was removed and 200 pL of dimethyl sulfoxide
(DMSO) (Sigma) was added in each well. Absorbance
was detected at 540 nm with an iMark microplate reader
(c). Results are presented as a relative percent surviving
normalized to untreated control cells. The experiment
was repeated independently three times. IC, values were
determined using the microplate reader software Softmax
Pro (Molecular Devices Cooperation Corp., Sunnyvale,
CA).

Western blotting analysis

Briefly, cells were harvested and washed with
1x PBS and lysed with lysis buffer (10 mM Tris-HCI
pH 8.0, 1 mM EDTA, 150 mM NacCl, and 0.2% Triton
X-100) containing a protease inhibitor and phosphatase
inhibitor cocktail (GenDEPOT, Seoul, Korea). Protein
concentration was determined using the Bradford method
with bovine serum albumin (BSA) as the standard
(Sigma). The protein sample (30 pg) was run on 8-12%
sodium dodecyl sulfate-plyacryamide gel electrophoresis
and transferred to PVDF membranes (Amersham).
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The membranes were blocked and further incubated
overnight at 4°C with appropriate primary antibodies. The
membranes were washed and incubated for 1 h at 4°C with
appropriate secondary antibody and visualized on X-ray
film using the ECL Western Blotting Detection Reagents
(Amersham). Band density was analyzed with Quantity-
one™ image analysis software (Bio-Rad).

Propidium iodide (PI) staining

The cells were harvested and washed twice with
cold 1x PBS, then fixed in cold 70% ethanol for 2 h at
4°C. After the ethanol solution was removed, the cells
were stained with PI staining solution (40 pg PI/100
png RNase A/1 ml PBS) for 1 h at 37°C. The status of
PI- stained DNA content was analyzed using FACS
Calibur and Cellquest software (Becton Dickinson). The
percentage of cells in the sub-G1, G1, S, and G2/M phases
was analyzed with WinMDI 2.9 software (The Scripps
Institute, La Jolla, CA).

EGFR phosphorylation antibody array

The phosphorylation status of 10 different
EGFR sites was simultaneously detected by EGFR
phosphorylation antibody array (RayBiotech, Norcross,
GA), according to the manufacturer’s instructions. The
membranes were exposed to photographic X-ray films.
Signal intensity was quantified by Quantity-one™ image
analysis software (Bio-Rad). The relative expression
levels of the phosphorylated EGFR sites were normalized
to total EGFR signal in each membrane.

Immunofluorescence staining

Cells were cultured on 18-mm cover glasses and
washed with ice-cold 1x PBS. After drug treatment,
the cover glass was fixed with 4% PFA/1x PBS for 15
min at 37°C, and washed three times with 1x PBS-T,
and permeabilized with 0.5% Triton X-100/1x PBS for
30 min at room temperature. All of the following steps
were performed in the dark. After blocking with 5%
BSA/1x PBS-T, the cover glass was incubated with the
appropriated antibodies in 5% BSA/1x PBS-T overnight at
4°C. The next day, the cover glass was washed three times
with 1x PBS-T and incubated with fluorescent conjugated
secondary antibodies in 5% BSA/1x PBS-T for 1 h at
room temperature and couterstained with DAPI (Sigma)
for 10 min at room temperature. After washing, the cover
glass was dried and mounted using fluorescent mounting
medium (Dako, Carpenteria, CA). Fluorescence images of
cells were captured under an Olympus BX51 microscope
(Olympus, Tokyo, Japan) equipped with DP70 digital
camera and DP Manager software.

Fluorescent-conjugated EGF uptake

EGFR internalization was analyzed by modified
flow cytometry with fluorescent-conjugated EGF. Briefly,
the cells were washed with 1x PBS after EGF stimulation
and further washed with an acid solution (0.5% acetic
acid, 0.5M NacCl, pH 3.0) for 5 min at 4°C. The cells were
then trypsinized and resuspended in FACS buffer. The
status of fluorescent- conjugated EGF uptake was analyzed
using FACS Calibur and Cellquest software (Becton
Dickinson). The percentage of cells with internalized EGF
was analyzed using WinMDI 2.9 software (The Scripps
Institute,. La Jolla, CA).

Apoptotic cell death assay

Apoptotic cell death was measured with an FITC
Annexin V Apoptosis Detection Kit I (BD Biosciences,
San Diego, CA), according to manufacturer’s protocol.
Briefly, the cells were harvested after drug treatment
and washed with cold 1x PBS twice, resuspended in
1x binding buffer, and counted at a concentration of 1
x 106 cells/mL. Aliquots (100 pL) of resuspended cells
were transferred to a new 1.5 mL tube and incubated
with FITC Annexin V (5 pL) and PI (5 pL) for 15 min
at room temperature in the dark. Finally, 500 pL of 1x
binding buffer was added to each tube and the cells were
then analyzed by FACS Caliber (Becton Dickinson,
Hertfordshire, UK). The percentage of FITC Annexin
V-positive cells was analyzed using WinMDI 2.9 software
(The Scripps Institute, La Jolla, CA).

Whole genome expression assay

A gene expression profile of H358 and H1703
lung cancer cells was obtained using the genome-wide
HumanHT-12 v4 Expression Bead Chip arrays (Illumina,
San Diego, CA). Briefly, total RNA was isolated using
TRIZOL reagent and quantified using an ND-1000
spectrophotometer (Nano-Drop, Wilmington, DE). After
RNA amplification, labeling, hybridization, scanning
and statistical analysis of samples were performed
by Macrogen Inc. (Seoul, Korea). Array data export
processing and analysis was performed using Illumina
Genome Studio v2009.2. The quality of the hybridization
and overall chip performance were monitored by visually
inspecting both internal quality control checks and the raw
scanned data and normalized by quantiles.

siRNA and shRNA transfection

Briefly, H1703 cells (2x10° cells/well) were seeded
into six-well plates and grown to 80% confluence on
the day of transfection. The scrambled siRNA (Scr, 5’-
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GGC CAG AAC UAG UAC AUC CCG AAC U-3’) and
siRab25 (5’-GGA GCU CUA UGA CCA UGC U-3") were
synthesized at Bioneer (Daejeon, Korea). Transfection of
cells with siRNAs was performed using Lipofect AMINE
2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions.

Stable knockdown of Rab25 expression was
established by shRNA transfection. H358 cells (2 x 10°
cells/well) were seeded and incubated for 24 h prior to
viral infection. After replacing the culture medium with
a Polybrene/media mixture, the cells were incubated with
shScrambled control (Scr) and Rab25 shRNA lentiviral
particles (Santa Cruz Biotechnology, Santa Cruz, CA)
overnight. The next day, the culture medium was replaced
with complete growth medium, and stable clones
expressing shRNA were selected via further incubation
with puromycin (1 pg/mL).

Animal studies

Male athymic nude (nu/nu) mice (20g, 6 weeks
old) were purchased from Nara Biotech (Seoul, Korea).
Lung cancer SNU-1327 (5 x 10° cells) and H358 (1
x 107 cells) were injected subcutaneously into the
flanking regions of mice together with Matrigel (1:1)
(BD Biosciences, Erembodegem, Belgium). When the
tumor reached a size of 100-200 mm?, the mice were
treated intraperitoneally with appropriate drugs (details
in the Figureure legends) and randomly divided into four
groups (five mice per group). Tumor diameters were
measured with calipers twice per weekly for > 5 weeks.
Tumor volumes were calculated with the following
formula: volume (mm?®) = width?> x length/2. The mice
were sacrificed, and tumor tissues were collected for
histological analysis. Hematoxylin and eosin stain or
immunohistochemistry staining was performed on the
tumor sections. Immunostaining for Ki67 was carried
out using the Polink-2 HRP Plus Broad DAB Detection
System (GBI Labs, Mukilteo, WA) with a monoclonal
mouse antibody to human Ki67 (Dako, Carpenteria,
CA). Apoptotic cells were determined by using the
terminal deoxynucleotidyl transferase dUTP nick end
labeling assay (Millipore, Temecula, CA) according to
the manufacturer’s instructions. The stained images were
captured under an Olympus BX51 microscope (Olympus,
Tokyo, Japan) equipped with DP70 digital camera and the
DP Manager software. Staining results were evaluated by
pathologists according to the immunodetection of stain
intensity. All mice procedures were performed according
to the Institutional Animal Care and Use and IRB
committees (KUTACUC-2013-80) at the Korea University
(Seoul, Korea).

Statistical analysis

Results are expressed as mean + standard error.
Multiple comparisons were performed using one-way
ANOVA with SPSS ver. 12.0 (SPSS Inc. Chicago, IL).
Differences were considered significant at p < 0.05.

ACKNOWLEDGMENTS

This study was supported by a Basic Science
Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry
of Education, Science and Technology (NRF-
2013R1A1A2057538), and Korea University Grants
(K1326950, K1325281).

REFERENCES

1. Manning BD and Cantley LC. AKT/PKB signaling:
navigating downstream. Cell. 2007; 129(7):1261-1274.

2. Normanno N, Bianco C, Strizzi L, Mancino M, Maiello
MR, De Luca A, Caponigro F and Salomon DS. The ErbB
receptors and their ligands in cancer: an overview. Current
drug targets. 2005; 6(3):243-257.

3. Hirsch FR, Varella-Garcia M, Bunn PA, Jr., Di Maria MV,
Veve R, Bremmes RM, Baron AE, Zeng C and Franklin
WA. Epidermal growth factor receptor in non-small-cell
lung carcinomas: correlation between gene copy number
and protein expression and impact on prognosis. Journal of
clinical oncology : official journal of the American Society
of Clinical Oncology. 2003; 21(20):3798-3807.

4. Salomon DS, Brandt R, Ciardiello F and Normanno N.
Epidermal growth factor-related peptides and their receptors
in human malignancies. Critical reviews in oncology/
hematology. 1995; 19(3):183-232.

5. Mendelsohn J and Baselga J. The EGF receptor family as
targets for cancer therapy. Oncogene. 2000; 19(56):6550-
6565.

6. Brabender J, Danenberg KD, Metzger R, Schneider PM,
Park J, Salonga D, Holscher AH and Danenberg PV.
Epidermal growth factor receptor and HER2-neu mRNA
expression in non-small cell lung cancer Is correlated
with survival. Clinical cancer research : an official journal
of the American Association for Cancer Research. 2001;
7(7):1850-1855.

7. Ohsaki Y, Tanno S, Fujita Y, Toyoshima E, Fujiuchi S,
Nishigaki Y, Ishida S, Nagase A, Miyokawa N, Hirata S and
Kikuchi K. Epidermal growth factor receptor expression
correlates with poor prognosis in non-small cell lung cancer
patients with p53 overexpression. Oncology reports. 2000;
7(3):603-607.

8. Wang Y, Deng G, Liu X and Cho WC. Monoclonal
antibodies in lung cancer. Expert opinion on biological
therapy. 2013; 13(2):209-226.

www.impactjournals.com/oncotarget

1276

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

Herbst RS, Fukuoka M and Baselga J. Gefitinib--a novel
targeted approach to treating cancer. Nature reviews
Cancer. 2004; 4(12):956-965.

Tsao MS, Sakurada A, Cutz JC, Zhu CQ, Kamel-Reid
S, Squire J, Lorimer I, Zhang T, Liu N, Daneshmand M,
Marrano P, da Cunha Santos G, Lagarde A, Richardson F,
Seymour L, Whitehead M, et al. Erlotinib in lung cancer
- molecular and clinical predictors of outcome. The New
England journal of medicine. 2005; 353(2):133-144.
McKillop D, Partridge EA, Kemp JV, Spence MP, Kendrew
J, Barnett S, Wood PG, Giles PB, Patterson AB, Bichat
F, Guilbaud N and Stephens TC. Tumor penetration of
gefitinib (Iressa), an epidermal growth factor receptor
tyrosine kinase inhibitor. Molecular cancer therapeutics.
2005; 4(4):641-649.

Chang GC, Yu CT, Tsai CH, Tsai JR, Chen JC, Wu
CC, Wu WJ and Hsu SL. An epidermal growth factor
inhibitor, Gefitinib, induces apoptosis through a p53-
dependent upregulation of pro-apoptotic molecules and
downregulation of anti-apoptotic molecules in human
lung adenocarcinoma A549 cells. European journal of
pharmacology. 2008; 600(1-3):37-44.

Costa DB, Halmos B, Kumar A, Schumer ST, Huberman
MS, Boggon TJ, Tenen DG and Kobayashi S. BIM mediates
EGFR tyrosine kinase inhibitor-induced apoptosis in lung
cancers with oncogenic EGFR mutations. PLoS medicine.
2007; 4(10):1669-1679; discussion 1680.

Fukuoka M, Yano S, Giaccone G, Tamura T, Nakagawa
K, Douillard JY, Nishiwaki Y, Vansteenkiste J, Kudoh
S, Rischin D, Eek R, Horai T, Noda K, Takata I, Smit E,
Averbuch S, et al. Multi-institutional randomized phase
IT trial of gefitinib for previously treated patients with
advanced non-small-cell lung cancer (The IDEAL 1 Trial)
[corrected]. Journal of clinical oncology : official journal
of the American Society of Clinical Oncology. 2003;
21(12):2237-2246.

Kris MG, Natale RB, Herbst RS, Lynch TJ, Jr., Prager D,
Belani CP, Schiller JH, Kelly K, Spiridonidis H, Sandler A,
Albain KS, Cella D, Wolf MK, Averbuch SD, Ochs JJ and
Kay AC. Efficacy of gefitinib, an inhibitor of the epidermal
growth factor receptor tyrosine kinase, in symptomatic
patients with non-small cell lung cancer: a randomized trial.
JAMA : the journal of the American Medical Association.
2003; 290(16):2149-2158.

Horiike A, Kudo K, Miyauchi E, Ohyanagi F, Kasahara
K, Horai T and Nishio M. Phase I study of irinotecan and
gefitinib in patients with gefitinib treatment failure for non-
small cell lung cancer. British journal of cancer. 2011;
105(8):1131-1136.

Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel
S, Herman P, Kaye FJ, Lindeman N, Boggon TJ, Naoki
K, Sasaki H, Fujii Y, Eck MJ, Sellers WR, Johnson BE,
et al. EGFR mutations in lung cancer: correlation with
clinical response to gefitinib therapy. Science. 2004;
304(5676):1497-1500.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S,
Okimoto RA, Brannigan BW, Harris PL, Haserlat SM,
Supko JG, Haluska FG, Louis DN, Christiani DC,
Settleman J and Haber DA. Activating mutations in the
epidermal growth factor receptor underlying responsiveness
of non-small-cell lung cancer to gefitinib. The New England
journal of medicine. 2004; 350(21):2129-2139.

Pao W and Miller VA. Epidermal growth factor receptor
mutations, small-molecule kinase inhibitors, and non-
small-cell lung cancer: current knowledge and future
directions. Journal of clinical oncology : official journal
of the American Society of Clinical Oncology. 2005;
23(11):2556-2568.

Lee DS, Kang JH, Lee CG, Kim SJ, Choi YJ, Lee KY and
Kim YS. Predicting Survival in Patients with Advanced
Non-squamous Non-small Cell Lung Cancer: Validating
the Extent of Metastasis. Cancer research and treatment
. official journal of Korean Cancer Association. 2013;
45(2):95-102.

Sharma SV, Haber DA and Settleman J. Cell line-based
platforms to evaluate the therapeutic efficacy of candidate
anticancer agents. Nature reviews Cancer. 2010; 10(4):241-
253.

Pao W, Miller V, Zakowski M, Doherty J, Politi K, Sarkaria
I, Singh B, Heelan R, Rusch V, Fulton L, Mardis E, Kupfer
D, Wilson R, Kris M and Varmus H. EGF receptor gene
mutations are common in lung cancers from “never
smokers” and are associated with sensitivity of tumors
to gefitinib and erlotinib. Proceedings of the National
Academy of Sciences of the United States of America.
2004; 101(36):13306-13311.

Cappuzzo F, Hirsch FR, Rossi E, Bartolini S, Ceresoli GL,
Bemis L, Haney J, Witta S, Danenberg K, Domenichini I,
Ludovini V, Magrini E, Gregorc V, Doglioni C, Sidoni A,
Tonato M, et al. Epidermal growth factor receptor gene
and protein and gefitinib sensitivity in non-small-cell lung
cancer. Journal of the National Cancer Institute. 2005;
97(9):643-655.

Roepstorff K, Grevdal L, Grandal M, Lerdrup M and van
Deurs B. Endocytic downregulation of ErbB receptors:
mechanisms and relevance in cancer. Histochemistry and
cell biology. 2008; 129(5):563-578.

Sorkin A and Goh LK. Endocytosis and intracellular
trafficking of ErbBs. Experimental cell research. 2009;
315(4):683-696.

Le Roy C and Wrana JL. Clathrin- and non-clathrin-
mediated endocytic regulation of cell signalling. Nature
reviews Molecular cell biology. 2005; 6(2):112-126.
Ferguson SM and De Camilli P. Dynamin, a membrane-
remodelling GTPase. Nature reviews Molecular cell
biology. 2012; 13(2):75-88.

Sousa LP, Lax I, Shen H, Ferguson SM, De Camilli P
and Schlessinger J. Suppression of EGFR endocytosis by
dynamin depletion reveals that EGFR signaling occurs
primarily at the plasma membrane. Proceedings of the

www.impactjournals.com/oncotarget

1277

Oncotarget



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

National Academy of Sciences of the United States of
America. 2012; 109(12):4419-4424.

Wiley HS. Trafficking of the ErbB receptors and its
influence on signaling. Experimental cell research. 2003;
284(1):78-88.

Lin SY, Makino K, Xia W, Matin A, Wen Y, Kwong KY,
Bourguignon L and Hung MC. Nuclear localization of EGF
receptor and its potential new role as a transcription factor.
Nature cell biology. 2001; 3(9):802-808.

Demory ML, Boerner JL, Davidson R, Faust W, Miyake
T, Lee I, Hiittemann M, Douglas R, Haddad G and Parsons
SJ. Epidermal growth factor receptor translocation to
the mitochondria: regulation and effect. The Journal of
biological chemistry. 2009; 284(52):36592-36604.

Grandal MV and Madshus IH. Epidermal growth factor
receptor and cancer: control of oncogenic signalling by
endocytosis. Journal of cellular and molecular medicine.
2008; 12(5A):1527-1534.

Burke P, Schooler K and Wiley HS. Regulation of
epidermal growth factor receptor signaling by endocytosis
and intracellular trafficking. Molecular biology of the cell.
2001; 12(6):1897-1910.

Ceresa BP. Regulation of EGFR endocytic trafficking
by rab proteins. Histology and histopathology. 2006;
21(9):987-993.

Morgillo F, Kim WY, Kim ES, Ciardiello F, Hong WK
and Lee HY. Implication of the insulin-like growth factor-
IR pathway in the resistance of non-small cell lung cancer
cells to treatment with gefitinib. Clinical cancer research :
an official journal of the American Association for Cancer
Research. 2007; 13(9):2795-2803.

Byun S, Lee SY, Lee J, Jeong CH, Farrand L, Lim S, Reddy
K, Kim JY, Lee MH, Lee HJ, Bode AM, Won Lee K and
Dong Z. USP8 is a novel target for overcoming gefitinib
resistance in lung cancer. Clinical cancer research : an
official journal of the American Association for Cancer
Research. 2013; 19(14):3894-3904.

Kwak EL, Sordella R, Bell DW, Godin-Heymann
N, Okimoto RA, Brannigan BW, Harris PL, Driscoll
DR, Fidias P, Lynch TJ, Rabindran SK, McGinnis JP,
Wissner A, Sharma SV, Isselbacher KJ, Settleman J, et al.
Irreversible inhibitors of the EGF receptor may circumvent
acquired resistance to gefitinib. Proceedings of the National
Academy of Sciences of the United States of America.
2005; 102(21):7665-7670.

Joffre C, Barrow R, Ménard L, Calleja V, Hart IR and
Kermorgant S. A direct role for Met endocytosis in
tumorigenesis. Nature cell biology. 2011; 13(7):827-837.
Mosesson Y, Mills GB and Yarden Y. Derailed endocytosis:
an emerging feature of cancer. Nature reviews Cancer.
2008; 8(11):835-850.

Cheng KW, Lahad JP, Gray JW and Mills GB. Emerging
role of RAB GTPases in cancer and human disease. Cancer
research. 2005; 65(7):2516-2519.

41.

42.

43.

44.

Kessler D, Gruen GC, Heider D, Morgner J, Reis H, Schmid
KW and Jendrossek V. The action of small GTPases Rabl1
and Rab25 in vesicle trafficking during cell migration.
Cellular physiology and biochemistry : international journal
of experimental cellular physiology, biochemistry, and
pharmacology. 2012; 29(5-6):647-656.

Cheng KW, Lahad JP, Kuo WL, Lapuk A, Yamada K,
Auersperg N, Liu J, Smith-McCune K, Lu KH, Fishman
D, Gray JW and Mills GB. The RAB25 small GTPase
determines aggressiveness of ovarian and breast cancers.
Nature medicine. 2004; 10(11):1251-1256.

Goldenring JR and Nam KT. Rab25 as a tumour suppressor
in colon carcinogenesis. British journal of cancer. 2011;
104(1):33-36.
Goh LK and Sorkin A. Endocytosis of receptor tyrosine
kinases. Cold Spring Harbor perspectives in biology. 2013;
5(5):a017459.

WWW

.impactjournals.com/oncotarget

1278

Oncotarget



