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ABSTRACT
Tyrosine kinase inhibitors (TKIs) are an effective treatment strategy for nonsmall cell lung cancer (NSCLC) patients harboring mutations that result in constitutive
activation of the epidermal growth factor receptor (EGFR). However, most patients
eventually develop resistance to TKIs. This occurs due to additional EGFR mutations or
the activation of bypass signaling pathways. In our previous work, we demonstrated
that Marsdenia tenacissima extract (MTE) restored gefitinib sensitivity in resistant
NSCLC cells with EGFR T790M or K-ras mutations. However, the potential efficacy
of MTE in NSCLC cells with resistance mediated by Axl and c-Met, and the related
molecular mechanisms need to be elucidated. In this study we evaluated the ability
of MTE to restore erlotinib/gefitinib sensitivity in TKI resistant HCC827/ER cells and
xenograft mice models. Our results demonstrate that MTE overcomes erlotinib and
gefitinib resistance driven by Axl and c-Met in vitro and in vivo. Combination therapy
significantly suppressed EGFR downstream molecules and the c-Met and Axl activated
bypass signaling pathways. Moreover, we observed that MTE is more efficient at
restoring resistance to erlotinib than gefitinib. As the Axl and c-Met mediated bypass
pathways share the same downstream signaling cascade as EGFR, simultaneous
targeting of these pathways is a promising strategy to overcome acquired resistance
of TKIs. Our results demonstrate that MTE treatment attenuates Axl phosphorylation
and the associated epithelial-mesenchymal transition, suggesting MTE treatment
may be a potential therapeutic strategy for overcoming erlotinib and gefitinib crossresistance in NSCLC, especially for erlotinib resistance.

tyrosine kinase inhibitors (TKIs) such as erlotinib or
gefitinib is a common and effective therapeutic strategy.
The excellent response to these drugs in NSCLC cells
expressing mutant alleles likely reflects their dependency
on EGFR signaling for growth and survival [2, 3]. When
the corresponding receptor tyrosine kinases (RTKs)

INTRODUCTION
Non-small cell lung carcinomas (NSCLC)
commonly harbor oncogenic mutations in the EGF
receptor (EGFR), resulting in constitutive activation [1].
In patients with these mutations, treatment with EGFR
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are targeted by TKIs, this results in inhibition of key
downstream signaling pathways such as the PI3K/Akt and
MEK/ERK pathways, leading to cell growth arrest and
death [4]. However, while these drugs are highly effective,
the majority of patients treated with them eventually
acquire TKI resistance [5–7].
The mechanisms underlying acquired resistance
to EGFR-TKI treatment have been only partially
elucidated. Resistance generally occurs through two main
mechanisms, new, secondary, EGFR mutations activating
the suppressed signaling pathways and activation of
bypass signaling pathways [4]. The most common
EGFR mutation leading to resistance is T790M, which
accounts for 50% of EGFR-mutant lung cancers with
acquired resistance [8]. Bypass signaling pathways result
in resistance when additional receptors are activated,
such as c-Met kinase [9], anexelekto (Axl) kinase [10],
fibroblast growth factor receptor 1 (FGFR1) [11], and
the NF-κB pathway [12]. These receptors share the same
downstream signaling pathway as EGFR, resulting in
pathway activation even in the absence of EGFR activity.
Recent studies have indicated that elevated expression of
the eukaryotic translation initiation factor 4E (eIF4E) and
the epithelial-to-mesenchymal transition (EMT) are also
linked to EGFR-TKIs resistance [13, 14]. While these
events are behind many cases of EGFR-TKI resistance,
the mechanisms underlying acquired resistance to EGFRTKIs treatment are still unknown in over 40% of EGFRmutant NSCLC patients.
Axl and hepatocyte growth factor (HGF) receptor
c-Met are RTKs that share the same downstream pathways
as EGFR, such as PI3K/Akt and MAPK/ERK [15, 16]. Axl
is overexpressed in approximately 20% NSCLC patients
exhibiting acquired resistance to EGFR-TKIs [17]. As
signaling cross-talk between EGFR, Axl, and c-Met
promotes metastasis and resistance to TKIs therapies [18,
19], combination treatment involving EGFR inhibitors and
Axl or c-Met inhibitors is a promising new strategy for
overcoming acquired resistance of EGFR-TKIs [20–22].
Studies have confirmed that simultaneous inhibition of Axl
and c-Met by NPS-1034 [17] or AUY922 [22] is effective
against EGFR-TKIs resistant NSCLC cells in vitro and in
vivo. However, a phase II study of AUY922 and erlotinib
did not meet its primary end-point due to the intolerable
toxicities [23], and the efficacy of NPS-1034 in clinical
trials remain to be determined.
The water extract of Marsdenia tenacissima (trade
name: Xiao-Ai-Ping injection) has been approved to treat
cancers by the China Food and Drug Administration for
decades [24]. M. tenacissima extract (MTE) has been
shown to enhance the clinical effects of chemotherapy
against many cancers, including gastric cancer, lung
cancer, and hepatocellular carcinoma [25, 26]. Studies
show that pregnane derivatives are the principle
components of MTE, and may contribute to its cytotoxic
activities against cancer cells or its role in reversing
www.impactjournals.com/oncotarget

drug resistance [27, 28]. Our previous work showed
that treatment with MTE restored gefitinib sensitivity in
resistant NSCLC cells with K-ras mutations or EGFR
T790M mutation in vitro and in vivo [29, 30]. However,
the potential efficacy of MTE on Axl and c-Met mediated
resistance has not yet been investigated, and the related
molecular mechanisms need to be defined.
The present study was performed in HCC827/ER
cells, which was established by long-term exposure of
parental HCC827 cells to erlotinib. HCC827/ER cells
have have both c-Met amplification and Axl activation,
and exhibit dual-resistance to gefitinib and erlotinib.
We evaluated the effects of MTE on restoring gefitinib/
erlotinib sensitivity in vitro and in vivo and explored the
possible mechanisms.

RESULTS
Erlotinib-resistant HCC827/ER cells showed
cross-resistance to gefitinib
To assess the sensitivity of HCC827/ER cells and
their parental cells HCC827 to erlotinib and gefitinib,
both cell lines were exposed to 0.001 ~ 50 μM erlotinib
or gefitinib for 72 h. We then examined cell viability by
MTT assay, and observed that HCC827 cells showed a
dramatic decrease in cell viability compared with the
HCC827/ER cells, indicating that HCC827/ER cell line
is resistant to both erlotinib and gefitinib. As shown
in Figure 1, HCC827/ER cells were 5000 times more
resistant to erlotinib (Figure 1A) than HCC827 cells (IC50
= 5.83 μmol/L vs 0.009 μmol/L) and ≥ 7000 times more
resistant to gefitinib (Figure 1B) than parental HCC827
cells (IC50 = 7.43 μmol/L vs 0.011 μmol/L).

Mechanisms for acquired erlotinib resistance in
HCC827/ER cells
We next sought to understand the mechanisms
responsible for the observed EGFR-TKI resistance. Using
a TaqMan qPCR assay, we showed that in accordance
to past studies, HCC827/ER cells possess an increased
c-Met copy number compared to the HCC827 parental
cells (Figure 1C) [31]. Next, we examined changes in the
EGFR signal transduction pathway and bypass signaling
molecules in the resistant cell line HCC827/ER and their
parental HCC827 cells by Western blotting. As shown
in Figure 1D and 1E, compared with sensitive parental
HCC827 cells, EGFR downstream pathway proteins
PI3K, Akt, mTOR, and ERK were remarkably elevated
in HCC827/ER cells (Figure 1D), as well as the bypass
signaling pathway proteins phosphorylated c-Met,
Axl, and phospho-Axl. These data confirm what was
indicated by previous published reports (Figure 1E) [10].
Meanwhile, upregulated vimentin and downregulated
E-cadherin also appeared in HCC827/ER cells compared
56894
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to parental HCC827 cells (Figure 1E). Although decreased
p-Met was observed in HCC827/ER cells after long-term
erlotinib exposure (data not shown), the expression levels
of p-Met were eventually upregulated when cultured for
over 2 weeks in medium without erlotinib. As previous
research indicated, the T790M mutation was not present
in HCC827/ER cells [32].

HCC827/ER respectively, indicating the efficacy of MTE
is independent of the cellular sensitivity to erlotinib and
gefitinib (Figure 2A).
Using a previously published equation for
dosage calculation based on IC50 value [29], we set the
concentration of MTE at 8.0 mg/ml (~IC15) for further
combination experiments. Next, we performed three sets of
combination treatments of MTE and erlotinib or gefitinib;
MTE pretreatment plus MTE/erlotinib combined treatment
(M→M+E), no pretreatment plus MTE/erlotinib combined
treatment (M+E), and erlotinib pretreatment followed
by MTE/erlotinib combined treatment (E→M+E). The
combination treatments procedures of MTE and gefitinib
were set the same as erlotinib, including M→M+G, G+M,
and G→G+M.
As previously demonstrated, MTE alone showed
only weak suppression of cell growth. In Figure 2B,
among the three combinations of MTE and erlotinib,
we found M→M+E treatment was more potent over
the other two procedures with an IC50 of 0.28 ± 0.09

MTE restores erlotinib and gefitinib sensitivity
in HCC827/ER cells
As we had shown that HCC827/ER cells are
resistant to erlotinib and gefitinib, we next wanted to
investigate the effect of erlotinib/gefitinib co-treatment
with the natural anticancer drug MTE. We first used an
MTT assay to examine the growth inhibitory effects
of MTE 0.5 ~ 500 mg/ml (equals to crude drug) alone
in HCC827/ER and HCC827 cells. We found that MTE
exerted similar IC50 values for these two cell lines, 46.54
± 3.29 mg/ml for HCC827 and 48.35 ± 2.82 mg/ml for

Figure 1: Cytotoxicity of EGFR-TKIs and molecular profiles in parental HCC827 and resistant cell line HCC827/ER.

Cells were treated with the indicated concentrations of erlotinib (A) and gefitinib (B) for 72 h in medium containing 1% FBS. Cell viability
was determined using an MTT assay, and IC50 values were calculated using Graphpad Prism software 5.0. Results were expressed as the
percentage of living cells compared to the control, error bars indicate SD of three independent measurements. *p <0.05, **p <0.01 vs control
group. (C) The Met gene copy number of HCC827 and HCC827/ER cells was measured by real-time PCR using Taqman probes. (D) Basal
expression of EGFR downstream signaling molecules in HCC827 and HCC827/ER cells was evaluated by Western blotting. (E) Protein
expression of EGFR, bypass signal molecules c-Met and Axl, and epithelial-to-mesenchymal transition (EMT) markers in HCC827 and
HCC827/ER cells. Protein (20 μg) from cell lysates was subjected to Western blot analysis. The results are representative of at least three
independent experiments.
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μM, while E+M and E→E+M had a similar IC50 values
of 1.18 ± 0.51 μM and 1.72 ± 0.73 μM, respectively.
A similar result was observed upon the combined
treatments of MTE and gefitinib on HCC827/ER cells,
M→M+G treatment is the most potent one with an
IC50 of 0.71 ± 0.45 μM, while M+G and G→G+M with
an IC50 values at 1.61 ± 0.58 μM and 2.05 ± 0.46 μM,

respectively (Figure 2C). Thus, we demonstrated that
pretreatment with MTE restores sensitivity to erlotinib
and gefitinib, resulting in remarkable proliferation
inhibition in resistant cells. In addition, we found
that MTE was more potent in overcoming erlotinib
resistance, with a decreased effect seen when combined
with gefitinib.

Figure 2: Effects of combined treatment of erlotinib or gefitinib with MTE on cell viability and apoptosis in HCC827/
ER cells. (A) The viability of parental HCC827 cells and resistant HCC827/ER cells after treatment with the indicated concentration of
MTE for 72h. HCC827/ER cells were treated with erlotinib (B), gefitinib (C), or three different combinations of 8 mg/ml MTE and one of
the other 2 drugs for 72 hours. Results were expressed as the percentage of living cells compared to the control, and error bars indicated SD
of three independent measurements.*p < 0.05, **p < 0.01 vs control group. Combined effects were measured using the MTT assay and CI
values (D). Cell apoptosis was determined by flow cytometry (E) after treatment with 1 μM erlotinib and gefitinib alone or their respective
combinations with 8 mg/ml MTE (M→M+E for erlotinib, M→M+G for gefitinib) in HCC827/ER cells. (F) Quantitative results for Figure
E. Each bar represents mean ± SD of three separate experiments. *p < 0.05, **p < 0.01 vs control group, #p < 0.05 vs combinations of erlotinib
or gefitinib with MTE. Con: control; G: gefitinib; E: erlotinib; MTE: Marsdenia tenacissima extract.
www.impactjournals.com/oncotarget
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To help assess the potential combined effect of
MTE and erlotinib/gefitinib and inform future treatment
regimens, we calculated the combination index (CI). As
demonstrated in Figure 2D, the M→M+E/G treatment
was the most effective with a CI value of almost less
than 1. These findings suggest that the synergistic
effects of MTE and erlotinib or gefitinib were scheduledependent as previously reported [29]. We also observed
a more remarkable result when MTE combined erlotinib
compared to gefitinib, suggesting MTE may be more
effective at restoring erlotinib resistance in NSCLC.

combined with either erlotinib, or gefitinib, we observed
significant apoptosis in HCC827/ER cells (Figure 2E).
The M→M+E treatment induced significant apoptotic cell
death (35.67%) (P < 0.01), and a similar result was also
exerted by M→M+G treatment (30.86% apoptotic cells)
(P < 0.01) (Figure 2F). The combination of M→M+E/G
also showed a statistically significant induction of
apoptosis when compared with each single drug (P <
0.05). These data reveal that the combination of MTE with
erlotinib or gefitinib has a potent pro-apoptotic effect in
the resistant HC827/ER cells.

MTE pretreatment promotes erlotinib/gefitinib
mediated HCC827/ER cell apoptosis

MTE and erlotinib/gefitinib combination
treatment suppresses both EGFR downstream
pathway and bypass activated c-Met and Axl

Compared with control groups, 1 μM erlotinib and
gefitinib alone failed to trigger significant apoptosis in
HCC827/ER cells, while MTE treatment caused apoptosis
(16.38%, P < 0.05 vs control). Moreover, when MTE was

HCC827/ER cells were stimulated with 10 ng/
ml EGF, activating the EGFR downstream signaling
modulators PI3K/Akt/mTOR, ERK1/2 (Figure 3A and 3B

Figure 3: Effect of combined treatment of erlotinib or gefitinib with MTE on EGFR-related downstream molecules
in HCC827/ER cells. Cells were treated with 1 μM erlotinib or gefitinib alone or in combination with 8 mg/ml MTE (M→M+E for
erlotinib, M→M+G for gefitinib) for 24 hours. Cells were stimulated with 10 ng/ml EGF for 15 min before harvest. Cell lysates were
collected and subjected to SDS-PAGE and Western blotting, analyzed with phospho-specific antibodies to PI3K/Akt/mTOR, ERK1/2 (A
for gefitinib, C for erlotinib), EGFR and c-Met (E for gefitinib, G for erlotinib). (B and D) are quantification of (A and C), (F and H) are
quantification of (E and G), respectively. Each bar represents mean ± SD of three separate experiments. *p < 0.05 vs control group, #p <
0.05 vs combinations of erlotinib or gefitinib with MTE. Con: control; Gef: gefitinib; Erlo: erlotinib; MTE: M. tenacissima extract; EGF:
epidermal growth factor.
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for gefitinib, C and D for erlotinib), and c-Met (Figure 3E
and 3F for gefitinib, G and H for erlotinib). Treatment with
each drug by itself had no noticeable effect on expression
of these EGFR-related molecules. However, the combined
M→M+E and M→M+G treatments significantly inhibited
the phosphorylation of PI3K/Akt/mTOR, ERK1/2, and
c-Met, indicating the combinations are more effective
than each drug alone at inhibiting the EGFR-downstream
pathways (Figure 3B and 3F for gefitinib, D and H for
erlotinib).
The aberrant activation of bypass signaling pathways
such as c-Met and Axl are two important mechanisms that
cause acquired resistance of EGFR-TKIs [15, 18]. HCC827/
ER cells were stimulated with 5 ng/ml HGF to determine
the changes of c-Met expression levels (Figure 4). As
observed above, there was a significant downregulation of
HGF activated c-Met after treatment with MTE combined

with erlotinib or gefitinib (Figure 4A and 4B for gefitinib, C
and D for erlotinib), while each drug alone had no obvious
influence on phosphorylated Met expression. Axl is a
receptor tyrosine kinase which is closely associated with the
EMT phenotype [33]. EMT not only promotes a migratory
phenotype in cells, but is also implicated in acquired
resistance to TKIs [33]. Our results demonstrate that
gefitinib treatment activates p-Axl and EMT in HCC827/
ER cells (Figure 4E and 4F), while erlotinib treatment had a
similar but more pronounced effect (Figure 4G and 4H). The
combined M→M+E or M→M+G treatment did not alter the
expression of Axl, but did effectively inhibit phosphorylation
of Axl, preventing its activation. The combination treatments
also decreased expression of the mesenchymal markers
vimentin and N-cadherin, and increased the epithelial
marker E-cadherin in HCC827/ER cells (Figure 4E and
4G). Surprisingly, MTE treatment alone also resulted in

Figure 4: Effect of combined treatment of erlotinib or gefitinib with MTE on EGFR bypass signaling in HCC827/ER
cells. Cells were treated with 1 μM erlotinib and gefitinib alone or in combination with 8 mg/ml MTE (M→M+E for erlotinib, M→M+G
fore gefitinib) for 24 hours. To determine the expression profile of p-Met, cells were stimulated with 10 ng/ml HGF for 5 min before
harvest (A-D). Cells harvested for detection of other bypass signals were not stimulated with HGF (E-H). Cell lysates were collected and
subjected to SDS-PAGE and Western blotting, analyzed with phospho-specific antibodies to p-Met (A for gefitinib, C for erlotinib), p-Axl,
E-cadherin, N-cadherin, vimentin and p-P70S6K (E for gefitinib, G for erlotinib). (B and D) are quantification of the results in (A and C),
and (F and H) are quantification of (E and G). Each bar represents mean ± SD of three separate experiments. *p < 0.05 vs control group,
#
p < 0.05 vs combinations of erlotinib or gefitinib with MTE. Con: control; Gef: gefitinib; Erlo: erlotinib; MTE: M. tenacissima extract;
HGF: hepatocyte growth factor.
www.impactjournals.com/oncotarget
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significant inhibition of p-Axl, as well as EMT transition.
Meanwhile, the downstream product of PI3K/Akt/mTOR
pathway, P70S6K was obviously reduced after combined
M→M+E or M→M+G treatment (Figure 4E and 4G).
These data suggest that MTE inhibits Axl phosphorylation
and EMT transition in HCC827/ER cells, helping overcome
erlotinib and gefitinib resistance.

were mediated via the increase in tumor cell apoptosis,
inhibition in tumor angiogenesis and EMT transition
compared to the control group as well as each drug alone.

Effects of MTE and erlotinib or gefitinib
combination treatment on EGFR downstream
pathways and bypass signaling pathways in
xenograft tumors

Combination treatment of MTE with erlotinib or
gefitinib reduces tumor growth in vivo

To understand the underlying mechanisms
accounting for the impact of combination treatment
on HCC827/ER tumor growth, we performed Western
blotting to evaluate the associated signaling pathways. As
demonstrated in Figure 6, each drug alone did not inhibit
EGFR downstream pathways in HCC827/ER xenograft
tumors (Figure 6A and 6B for gefitinib, C and D for
erlotinib). However, we observed a remarkable reduction
of p-PI3K, p-Akt, p-mTOR, and p-ERK expression levels
in the combined group compared with each drug alone (P
< 0.05) (Figure 6B and 6D). As expected, phosphorylation
of EGFR was totally blocked by TKIs alone as well as
when combined with MTE (Figure 6E and 6F for gefitinib,
G and H for erlotinib).
Previous studies have indicated that c-Met and
Axl signaling networks share the same downstream
signaling pathways as EGFR, allowing cross-talk to occur
between them [15, 16, 19]. In the present study, while the
phosphorylation of c-Met and Axl were not significantly
influenced by erlotinib or gefitinib treatment alone, they
were considerably decreased in the groups that received
MTE combined with erlotinib or gefitinib (Figure 6E-6H).
Moreover, the combinations were more efficient than each
agent alone at reducing c-Met phosphorylation and Axl
activation (P < 0.05). Interestingly, MTE alone did not
influence the phosphorylation of Met, but did reduce p-Axl
expression in HCC827/ER tumors, which may contribute
to the ability of combination therapy to overcome TKIs
resistance.

To investigate the effects of combination treatment
in vivo, we performed xenografts in nude mice followed
by oral administration of MTE, erlotinib and gefitinib
alone or in combination for 21 days. Our data showed
that each of the drugs did not obviously inhibit tumor
growth in HCC827/ER xenografts alone (Figure 5A and
5B). However, the tumor volume and tumor weight were
remarkably reduced by the combined treatment of MTE
and both TKIs (P < 0.01 vs control), especially when
MTE was combined with erlotinib. Moreover, the two
combination groups were both statistically significant
compared to drug treatment alone (P < 0.05). These results
indicate that MTE can restore the efficacy of TKIs such as
erlotinib and gefitinib in NSCLC xenografts with c-Met and
Axl mediated resistance. There was no obvious difference
in the body weights of various groups (data not shown), but
mice receiving EGFR-TKI treatment alone, especially the
erlotinib group, displayed dry skin. There was no change in
the behavior of mice before and after treatment.

Effects of combined MTE with
erlotinib or gefitinib on histological and
immunohistochemical changes in mouse tumor
tissues
As shown in Figure 5C, HCC827/ER xenograft
tumor tissues isolated from mice treated with MTE
combined with either erlotinib or gefitinib demonstrated
remarkably decreased PCNA expressions. Apoptotic cells
were detected by TUNEL assay with intense fluorescentstaining (green), and we observed a considerable increase
in cell apoptosis with combined MTE and erlotinib or
gefitinib treatment. The expressions of tumor angiogenesis
markers, including VEGF and CD105, were dramatically
decreased in the combination groups. Nevertheless,
treatment of gefitinib, erlotinib, or MTE alone did not
exert significant changes in expression of PCNA, cell
apoptosis, or tumor angiogenesis. The expression of
EMT-related markers were also changed by combination
treatment in mice tumor tissues, as the level of E-cadherin
was upregulated while vimentin expression was reduced.
Interestingly, MTE alone also increased E-cadherin levels
while suppressing vimentin expression in tumor tissues.
These findings suggest that the antitumor activities of
MTE and gefitinib or erlotinib combination therapy
www.impactjournals.com/oncotarget

DISCUSSION
In this study, we evaluated the efficacy of MTE in
overcoming Axl- and Met- mediated erlotinib and gefitinib
resistance in NSCLC in vitro and in vivo. Our data
demonstrate that MTE is effective in EGFR-TKI resistant
HCC827/ER NSCLC cells through co-inhibition of the
EGFR downstream pathways and the bypass signaling
molecules dictated by Met or Axl.
Axl, which belongs to the TAM (Tyro-AxlMer) receptor tyrosine kinase family, is upregulated in
NSCLC patients who have developed resistance to the
first-generation EGFR TKIs gefitinib or erlotinib [34].
Axl activation has also been shown to cause imatinib
resistance in gastrointestinal stromal tumors [35] and
lapatinib resistance in HER2-positive breast cancer cells
[36]. Moreover, Zhang et al. found that Axl was the
56899
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Figure 5: Effect of combined treatment of erlotinib or gefitinib with MTE on tumor growth, histological changes in
HCC827/ER mice xenografts. Tumor volume (A) and weight (B) of HCC827/ER xenografts was assessed. Mice were treated for 3

weeks with vehicle (control), gefitinib or erlotinib (50 mg/kg, p.o.), MTE (5 g/kg, i.p.), or combinations of MTE and one of the 2 other drugs
as described in Materials and Methods. The weight of resected tumors was measured after animals were sacrificed. Histological changes
(C) were detected by HE staining (200 ×) and immunohistochemistry staining to compare tumor growth (PCNA), cell apoptosis (TUNEL),
tumor angiogenesis (CD105, VEGF), and EMT makers (E-cadherin, vimentin) between various treatment groups. Data are presented as the
mean ± SE from mice in each group (n = 8). *p < 0.05 vs control group, #p < 0.05 vs combinations of erlotinib or gefitinib with MTE. Con:
control; Gef: gefitinib; Erlo: erlotinib; MTE: M. tenacissima extract.
www.impactjournals.com/oncotarget
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most overexpressed gene in mouse tumors with acquired
erlotinib resistance [10]. Axl activation can occur through
its overexpression with or without the upregulation of its
ligand GAS6 [10]. In EGFR-TKI resistant NSCLC, Axl
can be transactivated by EGFR. Targeting Axl signaling
can enhance the response to EGFR-TKI treatment and
reverse acquired resistance in NSCLC [37]. Studies have
indicated that upregulation of Axl and the subsequent EMT
both lead to therapeutic resistance to TKIs in NSCLC
[10, 33]. In the present study, we found that the levels of
Axl and phosphorylated-Axl were significantly elevated
in the resistant HCC827/ER cell line and its xenograft
tumors. Moreover, the expression of mesenchymal
markers vimentin and N-cadherin was elevated, while

the epithelial marker E-cadherin was downregulated. Our
data are consistent with prior studies in erlotinib resistant
NSCLC cells [10] as well as studies in breast cancer cells
demonstrating that the EMT phenotype is close associated
with Axl overexpression [38].
In addition to Axl, the HGF/Met pathway is also
frequently activated in EGFR-TKI resistant NSCLCs.
Amplification of c-Met is considered one of the common
causes of acquired resistance to EGFR-TKIs [10, 39].
While therapies against c-Met are initially effective in
NSCLC patients, tumors eventually obtain acquired
resistance as with other tyrosine kinase inhibitors [40].
Previous studies have indicated that Met and Axl are
co-expressed in erlotinib resistant NSCLC, and that Axl

Figure 6: Effects of MTE and erlotinib or gefitinib combination treatment on EGFR downstream pathways and bypass
signaling pathways in xenograft tumors. Mice were treated as described previously. The resected tumors were lysed and total protein

collected to measure EGFR related signaling molecules by Western blotting. The combined effects of MTE and erlotinib or gefitinib were
evaluated through detecting the expression of EGFR downstream PI3K/Akt/mTOR and ERK (A for gefitinib, C for erlotinib), activation of
bypass pathway markers c-Met and Axl (E for gefitinib, G for erlotinib). (B and D) are quantification of results found in (A and C), and (F
and H) are quantification of (E and G). Each bar represents mean ± SD of three separate experiments. *p < 0.05 vs control group, #p < 0.05
vs combinations of erlotinib or gefitinib with MTE. Con: control; Gef: gefitinib; Erlo: erlotinib; MTE: M. tenacissima extract.
www.impactjournals.com/oncotarget
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activation is accompanied by increased Met expression
[10, 21]. Consistent with these findings, our results
demonstrate that upregulated Axl is concomitant with
Met overexpression in the resistant HCC827/ER cells
compared to the parental HCC827 cells. Axl and Met
share overlapping downstream pathways with EGFR, and
may trigger PI3K/Akt, MAPK/ERK, or NF-κB signaling
to promote resistance to TKIs treatment in EGFR-mutant
NSCLC [15, 16, 41]. Their cooperative and redundant
actions suggest that co-targeting EGFR, Axl, and c-Met
may achieve a desirable effect in TKI resistant NSCLC.
In the present study, we found that combination
treatment with TKIs (erlotinib/gefitinib) and MTE, a
Chinese herbal preparation that has been used in clinics for
decades, causes a synergistic effect, inhibiting cell growth
and enhancing cell apoptosis in TKI resistant HCC827/
ER cell line. We observed that the downstream response
to both EGF-induced PI3K/Akt/mTOR pathway activation
and HGF-induced c-Met augmentation were suppressed by
combined treatment with MTE and erlotinib or gefitinib.
Interestingly, MTE alone was sufficient to remarkably
downregulate Axl phophorylation, but without an obvious
influence on other signaling molecules. Inhibition of p-Axl
expression was further strengthened by the combined
treatment of MTE and TKIs. Consist with the suppression
of these signaling factors, the EMT of HCC827/ER cells
was also significantly inhibited. We confirmed these in
vitro effects of combined MTE and erlotinib or gefitinib
treatment in a xenograft mouse model, and observed a
reduction in tumor size and prevention of the side effects
associated with erlotinib treatment such as skin peeling.
Our results show that MTE is an effective treatment option
for overcoming Axl- and Met- driven erlotinib or gefitinib
resistance in HCC827/ER cells. We demonstrate that MTE
functions through concurrently down-regulating EGFR,
c-Met, and Axl, eventually resulting in the inhibition of
Akt and ERK phosphorylation. However, further work
will be necessary to determine whether Axl or c-Met is
the primary target of MTE in overcoming EGFR-TKI
resistance in NSCLC. Hopefully the efficacy of MTE
in overcoming TKIs resistance in NSCLC will also be
evaluated through clinical investigations.
The underlying mechanisms that cause acquired TKIs
resistance are complicated, and there are multiple pathways
by which tumors can escape from EGFR-TKIs targeted
therapy. Each of the potential mechanisms is sufficient to
sustain signaling that can drive tumor growth and survival
through the constitutive activation of downstream pathways.
This means that while targeting a single mechanism may
restore TKI efficacy, it is easy for the tumor to develop
resistance to inhibition of that pathway. Therefore,
inhibition of multiple pathways is regarded as the most
effective strategy to overcome TKI resistance in NSCLC.
In conclusion, we found that MTE could restore
erlotinib and gefitinib efficacy in the resistant HCC827/
ER NSCLC cell line with Axl and c-Met activation. These
www.impactjournals.com/oncotarget

results suggest that the combination of MTE and TKIs
may act as a potential therapeutic strategy for overcoming
erlotinib and gefitinib cross-resistance in NSCLC.

MATERIALS AND METHODS
Drugs and reagents
Gefitinib (Iressa) was obtained from AstraZeneca
(Cheshire, UK) and erlotinib (Tarceva) was purchased
from Roche Pharma (Schweiz, UK). The stock solution
was prepared in dimethyl sulfoxide (DMSO) at 20 mM
and stored at -20°C. MTE (M. tenacissima extract, trade
name: Xiao-Ai-Ping injection) (1g crude/ml) was obtained
from SanHome Pharmaceutical Co., Ltd (NanJing, China).
Our previous HPLC-MS analysis demonstrated that
there were at least thirteen C-21 steroids in MTE [29].
Epidermal growth factor (EGF) and hepatocyte growth
factor (HGF) were purchased from Biosource International
Inc. (Camarillo, CA). Antibodies against p-PI3K, Akt,
mTOR, p-mTOR (Ser2448), EGFR, p-EGFR (Tyr1068),
Met, p-Met (Y1234/Y1235), Axl, p-Axl (Tyr702),
ERK1/2, p-ERK1/2 (T202/Y204), E-cadherin, N-cadherin,
vimentin, β-actin and β-tubulin were purchased from Cell
Signaling Technology (Beverly, MA). PI3K and p-Akt
(Ser473) were obtained from ABcam (Cambridge, UK).

Generation of drug-resistant HCC827/ER cells
and cell culture
Human NSCLC cell lines HCC827 and erlotinibresistant HCC827 (HCC827/ER) were kindly provided
by Professor Shi-Yong Sun (Emory University School of
Medicine, Atlanta, GA). HCC827/ER cells were developed
as described previously [14]. Cells were cultured in
RPMI 1640 containing 5% fetal bovine serum at 37 °C
in a humidified atmosphere of 5% CO2. The HCC827/ER
cells were maintained in the culture medium with 1 μM
erlotinib for long term culture. Drug was removed at least
2 weeks prior to assay.

Cell growth inhibition assay
The cell viability was measured by MTT assay. In
brief, 1.5 × 104 cells were plated in 96-well culture plates
and incubated overnight. After that, cells were treated
with gefitinib or erlotinib (0.001 ~ 50 μM) or MTE (0.5 ~
500 mg/ml) for 72 h. The optical density at 570 nm was
measured and the IC50 value was calculated based on the
non-linear regression fit method by Graphpad Prism 5.0
software (San Diego, CA).

Sequential combinations effect evaluation
Cells were plated in 96-well culture plates and
incubated for 24 h, then treated by three different
56902
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sequential combinations described previously [29]. Each
sequential combination of MTE and gefitinib/erlotinib
was characterized by a CI described by Chou [42] and
calculated with CompuSyn (ComboSyn, Inc., Paramus,
NJ, USA). CI value between 0.1-0.9 indicates synergism,
1.0-1.1 denotes additive, and > 1.1 means antagonism.

given 12 h prior to the administration of gefitinib/erlotinib
for the first time, and then simultaneously treated in the
following days. Mice were terminated after 21 consecutive
days of treatment and the tumors were collected.
Tumor tissues were fixed in 10% buffered formalin for
histological examination or cryopreserved for protein
detection. The animal care and experiment protocols were
performed in accordance with the Guidelines of Peking
University Animals Research Committee.

Detection of cell apoptosis by flow cytometry
1×105 cells were seeded in a six-well plate and
incubated for 24 h. After that, cells were treated either
with MTE only, gefitinib/erlotinib only or M→M+G/E
as described above, respectively. Collected the cells
and washed with phosphate-buffered saline (PBS), then
labeled them with Annexin V and propidiumiodide (PI)
(Biosea Biotechnology, Beijing, China). Cells were
analyzed by flow cytometry (Bection Dikinson, USA) and
assess the apoptotic rate by CellQest software.

Histologic analysis and immunohistochemistry
Immunohistochemistry was performed as described
in the previous study [30]. Paraffin-embedded tissue
samples were cut at 5 μm thickness and mounted on
positively charged glass slides. Each tissue block was
stained with hemotoxylin and eosin. Tumor slides
were incubated with primary antibody and visualized
with 3,3-diaminobenzidine (DAB). Cells apoptosis
was monitored using In Situ Cell Death Detection Kit,
Fluorescein (Roche, Germany) and the apoptotic cells
(green) were detected by a fluorescent microscope (Leica
SP5, Germany).

Met gene copy number analysis
The Met gene copy number was measured by realtime PCR using Taqman probes [43]. Genomic DNA
was purified using the DNA easy Kit (Qiagen, Valencia,
CA, USA). Primers, probes, and TaqMan Universal PCR
reagent mix were purchased from Applied Biosystems
(Foster City, CA, USA). Met gene amplification was
determined in triple with 20 ng of genomic DNA. Data
were normalized to RNase P and then calibrated to the
normal human lung genomic DNA [44].

Statistical analysis
The data was presented as means ± SD or SE. All
comparisons were analyzed with Student's two-tailed t
test, with P < 0.05 considered statistically significant.

Abbreviations

Western blot analysis

TKIs: tyrosine kinase inhibitors; RTKs: receptor
tyrosine kinases; NSCLC: non-small cell lung cancer;
EGFR: epidermal growth factor receptor; MTE: Marsdenia
tenacissima extract; EMT: epithelial-to-mesenchymal
transition; PI: propidiumiodide; eIF4E: eukaryotic
translation initiation factor 4E; Axl: anexelekto; FGFR1:
fibroblast growth factor receptor 1; M→M+E: MTE
pretreatment plus MTE/erlotinib combined treatment;
M+E: no pretreatment with MTE/erlotinib combined
treatment; E→M+E: erlotinib pretreatment followed by
MTE/erlotinib combined treatment; M→M+G: MTE
pretreatment plus MTE/gefitinib combined treatment;
M+G: no pretreatment with MTE/gefitinib combined
treatment; G→M+G: gefitinib pretreatment followed
by MTE/gefitinib combined treatment; CI: combination
index; DMSO: dimethyl sulfoxide; EGF: epidermal
growth factor; HGF: hepatocyte growth factor; DAB:
3,3-diaminobenzidine.

Cells were lysed with RIPA lysis buffer, and the
lysate was quantified by a bicinchonimic acid assay. The
immunoblotting was carried out as described previously
[29]. Briefly, cell lysate was separated by polyacrylamide
gel electrophoresis (SDS-PAGE), followed by transfer
onto PVDF membranes (Millipore, Bedford, MA,
USA). The blots were blocked and probed with primary
antibodies. Protein bands were visualized using an
enhanced chemiluminescence kit, and their intensities
were measured by ImageJ software. β-actin or β-tubulin
was used as a loading control. Ratios of phosphorylated
proteins to total proteins were calculated and normalized
based on the corresponding control group.

In vivo NSCLC tumor xenograft model
HCC827/ER (1.2 × 106) cells with Matrigel (BD
Biosciences) were subcutaneously inoculated into the right
flank of male BALB/c nude mice. Tumor-bearing mice
were randomly grouped (n=8 each) and treated as follows:
vehicle control, orally administration of 50 mg/kg gefitinib
or erlotinib, 5 g/kg MTE (i.p.), combined treatment of 5
g/kg MTE and 50 mg/kg gefitinib/erlotinib as previously
described [30]. For the combination groups, MTE was
www.impactjournals.com/oncotarget

Author contributions
SYH and PPL conceived and designed the
experiments, SYH, HS, DX, XRH, YNJ, XRH and STJ
performed the experiment, SYH, WZ and HBH analyzed
data. SYH, WZ and HBH wrote the manuscript.
56903

Oncotarget

ACKNOWLEDGMENTS

10. Zhang Z, Lee JC, Lin L, Olivas V, Au V, LaFramboise T,
Abdel-Rahman M, Wang X, Levine AD, Rho JK, Choi YJ,
Choi CM, Kim SW, et al. Activation of the AXL kinase
causes resistance to EGFR-targeted therapy in lung cancer.
Nat Genet. 2012; 44:852–860.

We thank Benjamin Wolfson (Department of
Biochemistry and Molecular Biology, University of
Maryland) for language-editing.

11. Terai H, Soejima K, Yasuda H, Nakayama S, Hamamoto J,
Arai D, Ishioka K, Ohgino K, Ikemura S, Sato T, Yoda S,
Satomi R, Naoki K, et al. Activation of the FGF2-FGFR1
autocrine pathway: a novel mechanism of acquired resistance
to gefitinib in NSCLC. Mol Cancer Res. 2013; 11:759–767.

CONFLICTS OF INTEREST
study.

The authors declare no conflicts of interest in the

12. Chiu CF, Chang YW, Kuo KT, Shen YS, Liu CY, Yu YH,
Cheng CC, Lee KY, Chen FC, Hsu MK, Kuo TC, Ma JT,
Su JL. NF-κB-driven suppression of FOXO3a contributes to
EGFR mutation-independent gefitinib resistance. Proc Natl
Acad Sci U S A. 2016; 113:E2526–2535.

FUNDING
This research was partly supported by National
Natural Science Foundation of China (No.81274148);
Beijing Municipal Natural Science Foundation (No.
7112027); and Beijing Municipal Health System Special
Funds of High-Level Medical Personnel Construction (No.
2014-3-063).

13. Li Y, Fan S, Koo J, Yue P, Chen ZG, Owonikoko TK,
Ramalingam SS, Khuri FR, Sun SY. Elevated expression of
eukaryotic translation initiation factor 4E is associated with
proliferation, invasion and acquired resistance to erlotinib in
lung cancer. Cancer Biol Ther. 2012; 13:272–280.

REFERENCES

14. Byers LA, Diao L, Wang J, Saintigny P, Girard L, Peyton
M, Shen L, Fan Y, Giri U, Tumula PK, Nilsson MB,
Gudikote J, Tran H, et al. An epithelial-mesenchymal
transition gene signature predicts resistance to EGFR and
PI3K inhibitors and identifies Axl as a therapeutic target for
overcoming EGFR inhibitor resistance. Clin Cancer Res.
2013; 19:279–290.

1. Paez JG, Jänne PA, Lee JC, Tracy S, Greulich H, Gabriel
S, Herman P, Kaye FJ, Lindeman N, Boggon TJ, Naoki K,
Sasaki H, Fujii Y, et al. EGFR mutations in lung cancer:
correlation with clinical response to gefitinib therapy.
Science. 2004; 304:1497–1500.
2. Sharma SV, Gajowniczek P, Way IP, Lee DY, Jiang J, Yuza
Y, Classon M, Haber DA, Settleman J. A common signaling
cascade may underlie “addiction” to the Src, BCRABL, and
EGF receptor oncogenes. Cancer Cell. 2006; 10:425–435.

15. Tian Y, Zhang Z, Miao L, Yang Z, Yang J, Wang Y, Qian
D, Cai H, Wang Y. Anexelekto (AXL) increases resistance
to EGFR-TKI and activation of AKT and ERK1/2 in nonsmall cell lung cancer cells. Oncol Res. 2016; 24:295–303.

3. Sharma SV, Bell DW, Settleman J, Haber DA. Epidermal
growth factor receptor mutations in lung cancer. Nat Rev
Cancer. 2007; 7:169–181.

16. Zhen Q, Liu J, Gao L, Liu J, Wang R, Chu W, Zhang Y, Tan
G, Zhao X, Lv B. MicroRNA-200a targets EGFR and c-Met
to inhibit migration, invasion, and gefitinib resistance in nonsmall cell lung cancer. Cytogenet Genome Res. 2015; 46:1–8.

4. Niederst MJ, Engelman JA. Bypass mechanisms of
resistance to receptor tyrosine kinase inhibition in lung
cancer. Sci Signal. 2013; 6:re6.

17. Rho JK, Choi YJ, Kim SY, Kim TW, Choi EK, Yoon SJ,
Park BM, Park E, Bae JH, Choi CM, Lee JC. MET and
AXL inhibitor NPS-1034 exerts efficacy against lung cancer
cells resistant to EGFR kinase inhibitors because of MET or
AXL activation. Cancer Res. 2014; 74:253–262.

5. Paz-Ares L, Soulières D, Melezínek I, Moecks J, Keil L,
Mok T, Rosell R, Klughammer B. Clinical outcomes in
non-small-cell lung cancer patients with EGFR mutations:
pooled analysis. J Cell Mol Med. 2010; 14:51–69.

18. Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, Hyland
C, Park JO, Lindeman N, Gale CM, Zhao X, Christensen J,
Kosaka T, Holmes AJ, Rogers AM, et al. MET amplification
leads to gefitinib resistance in lung cancer by activating
ERBB3 signaling. Science. 2007; 316:1039–1043.

6. Kobayashi S, Boggon TJ, Dayaram T, Jänne PA, Kocher
O, Meyerson M, Johnson BE, Eck MJ, Tenen DG, Halmos
B. EGFR mutation and resistance of non-small-cell lung
cancer to gefitinib. N Engl J Med. 2005; 352:786–792.
7. Tang J, Salama R, Gadgeel SM, Sarkar FH, Ahmad A.
Erlotinib resistance in lung cancer: current progress and
future perspectives. Front Pharmacol. 2013; 4:15.

19. Meyer AS, Miller MA, Gertler FB, Lauffenburger DA.
The receptor AXL diversifies EGFR signaling and limits
the response to EGFR-targeted inhibitors in triple-negative
breast cancer cells. Sci Signal. 2013; 6:ra66.

8. Camidge DR, Pao W, Sequist LV. Acquired resistance to
TKIs in solid tumours: learning from lung cancer. Nat Rev
Clin Oncol. 2014;11:473–481.

20. Nakagawa T, Takeuchi S, Yamada T, Nanjo S, Ishikawa
D, Sano T, Kita K, Nakamura T, Matsumoto K, Suda K,
Mitsudomi T, Sekido Y, Uenaka T, et al. Combined therapy
with mutant-selective EGFR inhibitor and Met kinase
inhibitor for overcoming erlotinib resistance in EGFRmutant lung cancer. Mol Cancer Ther. 2012; 11:2149–2157.

9. Engelman JA, Jänne PA. Mechanisms of acquired resistance
to epidermal growth factor receptor tyrosine kinase
inhibitors in non-small cell lung cancer. Clin Cancer Res.
2008; 14:2895–2899.
www.impactjournals.com/oncotarget

56904

Oncotarget

21. Wu X, Liu X, Koul S, Lee CY, Zhang Z, Halmos B. AXL
kinase as a novel target for cancer therapy. Oncotarget.
2014; 5:9546–9563. doi: 10.18632/oncotarget.2542.

Settleman J. AXL inhibition sensitizes mesenchymal cancer
cells to antimitotic drugs. Cancer Res. 2014; 74:5878–5890.
34. Stewart EL, Tan SZ, Liu G, Tsao MS. Known and putative
mechanisms of resistance to EGFR targeted therapies in
NSCLC patients with EGFR mutations—a review. Transl
Lung Cancer Res. 2015; 4:67–81.

22. Choi YJ, Kim SY, So KS, Baek IJ, Kim WS, Choi SH, Lee
JC, Bivona TG, Rho JK, Choi CM. AUY922 effectively
overcomes MET- and AXL-mediated resistance to EGFRTKI in lung cancer cells. PLoS One. 2015; 10:e0119832.

35. Mahadevan D, Cooke L, Riley C, Swart R, Simons B, Della
Croce K, Wisner L, Iorio M, Shakalya K, Garewal H, Nagle
R, Bearss D. A novel tyrosine kinase switch is a mechanism
of imatinib resistance in gastrointestinal stromal tumors.
Oncogene. 2007; 26:3909–3919.

23. Johnson ML, Yu HA, Hart EM, Weitner BB, Rademaker
AW, Patel JD, Kris MG, Riely GJ. Phase I/II study of
HSP90 inhibitor AUY922 and erlotinib for EGFR-mutant
lung cancer with acquired resistance to epidermal growth
factor receptor tyrosine kinase inhibitors. J Clin Oncol.
2015; 33:1666–1673.

36. Liu L, Greger J, Shi H, Liu Y, Greshock J, Annan R, Halsey
W, Sathe GM, Martin AM, Gilmer TM. Novel mechanism
of lapatinib resistance in HER2-positive breast tumor cells:
activation of AXL. Cancer Res. 2009; 69:6871–6878.

24. Drug Standards of the State Drug Administration of China.
The State Drug Administration of China: Beijing, China,
2002; Standard code: WS-10630 (ZD-0630)-2002.

37. Bae SY, Hong JY, Lee HJ, Park HJ, Lee SK. Targeting the
degradation of AXL receptor tyrosine kinase to overcome
resistance in gefitinib-resistant non-small cell lung
cancer. Oncotarget. 2015; 6:10146–10160. doi: 10.18632/
oncotarget.3380.

25. Yuan XY, Fang, ZZ, Huang XY. Observation on the
treatment of 14 cases of advanced gastric cancer with
injection Xiao-Ai-Ping. Shanghai Med Pharm J. 1996;
6:12–13.
26. Wang WY, Zhou Y, Zhang XJ, Gao TH, Luo ZF, Liu MY.
A random study of xiaoaiping injection combined with
chemotherapy on the treatment of advanced non-small cell
lung cancer. Chin Clin Oncol. 2009; 14:936–938.

38. Vuoriluoto K, Haugen H, Kiviluoto S, Mpindi JP, Nevo
J, Gjerdrum C, Tiron C, Lorens JB, Ivaska J. Vimentin
regulates EMT induction by Slug and oncogenic H-Ras and
migration by governing AXL expression in breast cancer.
Oncogene. 2011; 30:1436–1448.

27. Mao SL, Lao AN, Uzawa J, Yoshida S, Fujimoto Y. Five
new pregnane glycosides from the stems of Marsdenia
tenacissima. J Asian Nat Prod Res. 2011; 13:477–485.

39. Cepero V, Sierra JR, Corso S, Ghiso E, Casorzo L, Perera
T, Comoglio PM, Giordano S. MET and KRAS gene
amplification mediates acquired resistance to MET tyrosine
kinase inhibitors. Cancer Res. 2010; 70:7580–7590.

28. Zhu RJ, Shen XL, Dai LL, Ai XY, Tian RH, Tang R, Hu
YJ. Total aglycones from Marsdenia tenacissima increases
antitumor efficacy of paclitaxel in nude mice. Molecules.
2014; 19:13965–13975.

40. Botting GM, Rastogi I, Chhabra G, Nlend M, Puri N.
Mechanism of resistance and novel targets mediating
resistance to EGFR and c-Met tyrosine kinase inhibitors in
non-small cell lung cancer. PLoS One. 2015; 10:e0136155.

29. Han SY, Zhao MB, Zhuang GB, Li PP. Marsdenia
tenacissima extract restored gefitinib sensitivity in resistant
non-small cell lung cancer cells. Lung Cancer. 2012;
75:30–37.

41. Blakely CM, Pazarentzos E, Olivas V, Asthana S, Yan JJ,
Tan I, Hrustanovic G, Chan E, Lin L, Neel DS, Newton
W, Bobb KL, Fouts TR, et al. NF-κB-activating complex
engaged in response to EGFR oncogene inhibition drives
tumor cell survival and residual disease in lung cancer. Cell
Rep. 2015; 11:98–110.

30. Han SY, Zhao W, Sun H, Zhou N Zhou F, An G, Li PP.
Marsdenia tenacissima extract enhances gefitinib efficacy
in non-small cell lung cancer xenografts. Phytomedicine.
2015;22:560–567.

42. Chou TC. Drug combination studies and their synergy
quantification using the Chou-Talalay method. Cancer Res.
2010; 70:440–446.

31. Shi P, Oh YT, Zhang G, Yao W, Yue P, Li Y, Kanteti R,
Riehm J, Salgia R, Owonikoko TK, Ramalingam SS,
Chen M, Sun SY. Met gene amplification and protein
hyperactivation is a mechanism of resistance to both
first and third generation EGFR inhibitors in lung cancer
treatment. Cancer Lett. 2016; 380:494–504.

43. Smolen GA, Sordella R, Muir B, Mohapatra G,
Barmettler A, Archibald H, Kim WJ, Okimoto RA, Bell
DW, Sgroi DC, Christensen JG, Settleman J, Haber DA.
Amplification of MET may identify a subset of cancers
with extreme sensitivity to the selective tyrosine kinase
inhibitor PHA-665752. Proc Natl Acad Sci U S A. 2006;
103:2316–2321

32. Suda K, Murakami I, Katayama T, Tomizawa K, Osada
H, Sekido Y, Maehara Y, Yatabe Y, Mitsudomi T.
Reciprocal and complementary role of MET amplification
and EGFR T790M mutation in acquired resistance to
kinase inhibitors in lung cancer. Clin Cancer Res. 2010;
16:5489–5498.

44. Lutterbach B, Zeng Q, Davis LJ, Hatch H, Hang G, Kohl
NE, Gibbs JB, Pan BS. Lung cancer cell lines harboring
MET gene amplification are dependent on Met for growth
and survival. Cancer Res. 2007; 67:2081–2088.

33. Wilson C, Ye X, Pham T, Lin E, Chan S, McNamara E,
Neve RM, Belmont L, Koeppen H, Yauch RL, Ashkenazi A,

www.impactjournals.com/oncotarget

56905

Oncotarget

