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ABSTRACT
In the clinical treatment of lung cancer, therapy failure is mainly caused by
cancer metastasis and drug resistance. Here, we investigated whether the tyrosine
phosphatase Shp2 is involved in the development of metastasis and drug resistance
in non-small cell lung cancer (NSCLC). Shp2 was overexpressed in a subset of lung
cancer tissues, and Shp2 knockdown in lung cancer cells inhibited cell proliferation
and migration, downregulated c-Myc and fibronectin expression, and upregulated
E-cadherin expression. In H1975 cells, which carry double mutations (L858R +
T790M) in epidermal growth factor receptor (EGFR) that confers resistance toward
the tyrosine kinase inhibitor gefitinib, Shp2 knockdown increased cellular sensitivity
to gefitinib; conversely, in H292 cells, which express wild-type EGFR and are sensitive
to gefitinib, Shp2 overexpression increased cellular resistance to gefitinib. Moreover,
by overexpressing Shp2 or using U0126, a small-molecule inhibitor of extracellular
signal-regulated kinase 1/2 (ERK1/2), we demonstrated that Shp2 inhibited
E-cadherin expression and enhanced the expression of fibronectin and c-Myc through
activation of the ERK1/2 pathway. Our findings reveal that Shp2 is overexpressed
in clinical samples of NSCLC and that Shp2 knockdown reduces the proliferation and
migration of lung cancer cells, and further suggest that co-inhibition of EGFR and Shp2
is an effective approach for overcoming EGFR T790M mutation acquired resistance to
EGFR tyrosine kinase inhibitors (TKIs). Thus, we propose that Shp2 could serve as a
new biomarker in the treatment of NSCLC.

effective in the treatment of patients with advanced lung
cancer, with the median survival time being only 8–10
months [3]. Recently, targeted therapies involving the
use of epidermal growth factor receptor-tyrosine kinase
inhibitors (EGFR-TKIs) were reported to be beneficial
for NSCLC patients, but the response to EGFR-TKIs
was limited mainly to NSCLC patients carrying EGFR
mutations (50% of Asian patients and 15% of Western

INTRODUCTION
Lung cancer is a leading cause of cancer death
worldwide. Lung cancer has been reported to account for
13% of all new tumor cases [1], and 50% of patients with
stage I or II non-small cell lung cancer (NSCLC) have been
found to develop systemic metastases despite complete
resection [2]. Traditional chemotherapy is only modestly
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patients), and ~20%–30% of these patients failed to respond
to the drugs [4]. Furthermore, some of these patients might
develop resistance to EGFR-TKIs, frequently through
the EGFR T790M mutation or through upregulation of
c-MET or other receptors [5]. Consequently, only 10%–
20% of NSCLC patients might benefit from EGFR-TKIs
treatments, and improved therapeutic approaches are
clearly required. Thus, to enable the development of new
and effective targeted therapeutic drugs for lung cancer,
considerable research effort is currently being devoted
toward enhancing our understanding of the mechanisms
and molecules that regulate the growth and migratory
behavior of lung cancer cells.
Protein
tyrosine
phosphorylation
and
dephosphorylation levels in cells are governed by the
balanced actions of protein tyrosine kinases (PTKs) and
protein tyrosine phosphatases (PTPs) [6]. Whereas PTKs
have been widely reported to promote the development of
human cancers, PTPs have been mostly regarded as tumor
suppressors. However, increasing evidence suggests that
certain PTPs can also promote cancer development (i.e.,
act as oncogenes), such as the PTP Shp2 (src homology
2 domain-containing tyrosine phosphatase 2), which is
encoded by PTPN11 [7]. Shp2—the first PTP-superfamily
member identified to act as an oncogene—functions in
the control of cell proliferation, survival, differentiation,
invasion, metastasis, and morphogenesis [8].
Shp2 is a ubiquitously expressed PTP that
participates in signaling events proximal to receptor PTKs,
such as EGFR and PDGF, insulin, and IGFI hematopoietic
receptors [9]. Activated Shp2 has been reported to mediate
growth factor-stimulated Ras-ERK1/2 (extracellular
signal-regulated kinase 1/2) activation and promote cell
growth and survival [7]. How Shp2 mediates Ras-ERK1/2
activation remains incompletely understood, although the

activation could involve several potential mechanisms,
including the dephosphorylation of a RASGAP binding
site on GAB1 or the dephosphorylation of CSK binding
sites on PAG/CBP and paxillin [10, 11]. Because Shp2
functions in multiple oncogenic receptor PTK pathways,
targeting Shp2 could represent a favorable strategy for
improving cancer therapies.
Shp2 has now been widely confirmed to represent
a promising target in cancer treatment [12–15], and Shp2
has been recently suggested to function in tumor initiation
and to enhance tumor maintenance and progression [16–
19]. However, no previous study has comprehensively
evaluated Shp2 function in NSCLC development. We
hypothesized that Shp2 expression contributes to NSCLC
progression and that Shp2 targeting could serve as a
potential treatment for lung cancer. In previous work, we
have focused on PTP actions in diverse signaling pathways
and diseases [20–22]. Here, we specifically investigated
the function of Shp2 in lung cancer by manipulating Shp2
expression in lung cancer cell lines.

RESULTS
Shp2 is overexpressed in clinical samples of
NSCLC
To assess the potential involvement of Shp2 in
NSCLC development, we first examined Shp2 expression
in human NSCLC tumor tissues and paired adjacent
normal tissues. Immunohistochemical staining of 23
distinct tissue samples revealed that Shp2 expression was
significantly higher in lung cancer tissues than in normal
lung tissues (P < 0.001) (Figure 1).

Figure 1: Shp2 expression is increased in non-small cell lung cancer (NSCLC). Anti-Shp2 antibody staining of (A) normal

lung tissue and (B) NSCLC tissue. The IHC semi-quantitative score was derived based on two criteria: the antibody staining intensity was
multiplied by the percentage of tumor cells stained. IHC scores for each set of specimens were averaged (N = 23) and statistically analyzed
(C).
www.impactjournals.com/oncotarget

91124

Oncotarget

Shp2 knockdown inhibits tumor growth and
enhances cellular response to gefitinib

associated with poor prognosis in lung adenocarcinoma
[23]. We performed immunoblotting to examine c-Myc
expression in lung adenocarcinoma cells transfected with
Shp2/control siRNA or Shp2WT/empty vector (Figure
5A, 5B). Whereas Shp2 knockdown resulted in c-Myc
downregulation, Shp2 overexpression led to increased
c-Myc expression (relative to control siRNA or vector
transfection, respectively). Thus, Shp2 expression
promoted c-Myc expression in lung adenocarcinoma cells.

We examined the functional significance of Shp2
expression in NSCLC cells by knocking down Shp2
expression through RNA interference in the cell lines
H1975 and H292 (Figure 2A). In H1975 cells, which are
gefitinib resistant, proliferation was decreased following
Shp2 siRNA transfection, and the IC50 of the cellular
response to gefitinib was reduced from >10 μM to 1.60 μM
after Shp2 depletion (Figure 3A, 3C). Cell proliferation
was also markedly inhibited in the case of Shp2-depleted
H292 cells, but these cells were only slightly sensitized
to gefitinib after Shp2 knockdown (Figure 3B, 3D). In
a complementary set of assays, we examined the effect
of Shp2 overexpression in cells (Figure 2B); whereas
expression of Shp2WT decreased cellular sensitivity to
gefitinib in H292 cells (Figure 3F), the expression did not
alter gefitinib sensitivity in H1975 cells (Figure 3E).

Shp2 promotes epithelial-to-mesenchymal
transition (EMT) and Shp2 inhibition suppresses
EMT
Based on considering the aforementioned results, we
evaluated whether Shp2 affects the expression of the EMTassociated proteins E-cadherin and fibronectin in lung
cancer cells. Following transfection of the Shp2-silencing
siRNA, E-cadherin expression was increased in H1975
cells and fibronectin expression was decreased in H292
cells (Figure 5A). By contrast, E-cadherin expression was
decreased in cells expressing Shp2WT (Figure 5B). These
results indicate that Shp2 promotes EMT and that Shp2
inhibition leads to mesenchymal-to-epithelial transition in
lung cancer cells.

Shp2 knockdown reduces migration in NSCLC
cells
Next, Shp2 involvement in the control of
NSCLC cell migration was assessed by manipulating
Shp2 expression and performing wound-healing and
Transwell-migration assays. When Shp2 expression was
downregulated in H292 cells (Figure 2A), wound closure
was slowed (Figure 4A) and migration through the
Transwell membrane was delayed (Figure 4B). However,
Shp2WT expression in H292 cells caused no increase in
cell migration in either the wound-healing assay (data not
shown) or the Transwell-migration assay (data not shown),
which suggests that the parental cancer cell line already
exhibits maximal migration capacity.

Shp2 enhances c-Myc expression and EMT
potentially through Ras/MAPK signaling
To identify the potential signaling pathways by
which Shp2 upregulates c-Myc expression and promotes
EMT, we examined the activation of the Ras/MAPK
pathway, one of the key signaling pathways stimulated by
Shp2 in other cell types. Ras/MAPK pathway activation
was assessed by monitoring the phosphorylation (and thus
the activation) status of the main downstream effector
ERK1/2. Whereas ERK1/2 phosphorylation was higher in
lung adenocarcinoma cells overexpressing Shp2 than in
vector-control cells, ERK1/2 phosphorylation was lower

Shp2 expression enhances c-Myc expression
The c-Myc oncogene is frequently overexpressed
in several types of cancer, and c-Myc overexpression is

Figure 2: Transfection of Shp2 siRNA and Shp2WT cDNA decreased and increased cellular Shp2 expression,
respectively. Equal amounts of lysates prepared from cells transfected with control/Shp2 siRNAs (A) or vector/Shp2WT (B) were
immunoblotted with anti-Shp2 and anti-actin antibodies (N = 3).
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Figure 3: Shp2 knockdown inhibits tumor growth and enhances cellular response to gefitinib. (A), (B) Shp2 knockdown

decreased the proliferation of H1975 cells (A) and H292 cells (B). Lung cancer cells were transfected with Shp2 or control siRNA for 72
h in RPMI 1640 medium containing 0.5% FBS. Cell proliferation was measured using the CCK8 assay at 72 h after transfection, and the
results are expressed as means ± SD (N = 4); *P < 0.05 versus control. (C), (D) Shp2 knockdown enhanced gefitinib sensitivity in NSCLC
cells. (E), (F) Shp2 overexpression decreased gefitinib sensitivity in NSCLC cells. H1975 and H292 cells transfected with Shp2/control
siRNAs or Shp2WT/vector were treated with 0–10 μM gefitinib for 3 days, and then cell proliferation was measured using the CCK8 assay.
The cell-viability percentage was calculated by adjusting the DMSO control group to 100%. Points and error bars represent the mean and
SD values from 3 independent experiments. Black points: control siRNAs/vector; Gray points: Shp2-siRNAs/Shp2WT.
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Figure 4: Shp2 knockdown inhibits the migration of lung cancer cells. Cells transfected with Shp2/control siRNAs were used
in wound-healing assays (A) and Transwell-migration assays (B). In the wound-healing assay, cell images were captured immediately after
wounding and 24 h later. In Transwell-migration assays, equal numbers cells were cultured on Transwell membranes for 24 h, and then the
migrated cells were counted. *P < 0.05 versus controls.

Figure 5: Shp2 expression enhances c-Myc expression and EMT. Shp2 siRNA transfection reduced c-Myc and fibronectin

expression, enhanced E-cadherin expression, and decreased ERK1/2 activation (A). Shp2 overexpression reduced E-cadherin expression,
enhanced fibronectin and c-Myc expression, and induced ERK1/2 activation (B). Equal amounts of lysates from cells transfected with
control/Shp2 siRNAs or vector/Shp2WT were immunoblotted with the indicated antibodies (N = 3).
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Figure 6: Shp2 promotes c-Myc expression and EMT through Ras/MAPK signaling. (A) Comparison of gefitinib sensitivity
of H292 cells transfected with vector or Shp2WT and treated with DMSO or U0126; cell survival was measured using the CCK8 assay.
(B) U0126 treatment abrogated Shp2WT-induced upregulation of c-Myc and fibronectin expression and downregulation of E-cadherin
expression in H292 cells. Equal amounts of lysates from cells transfected with vector/Shp2WT were immunoblotted with the indicated
antibodies. (C), (D) U0126 inhibits H292 cell migration; cells treated with DMSO or U0126 were used in wound-healing assays (C) and
Transwell-migration assays (D). *P < 0.05 versus controls.
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in cells transfected with the Shp2 siRNA than in cell
transfected with the control siRNA (Figure 5).
Lastly, to determine whether Shp2 promotes c-Myc
expression and EMT through activation of ERK1/2
signaling, we tested the effect of U0126, a small-molecule
inhibitor of ERK1/2 (Figure 6). Western blotting analysis
revealed that Shp2WT-induced upregulation of c-Myc and
fibronectin expression and downregulation of E-cadherin
expression were abrogated in H292 cells treated with
U0126 (Figure 6B). Accordingly, in H292 cells expressing
Shp2WT, the decreased sensitivity to gefitinib caused by
Shp2 overexpression was counteracted by U0126 (Figure
6A). Moreover, we tested whether U0126 can block the
migration of NSCLC cells. Because Shp2 overexpression
did not markedly affect cell migration in this study (as
noted earlier in this section), we used the parental H292
cells, and we quantified the motility of the cells in the
absence or presence of U0126 by using wound-healing
and Transwell-migration assays. Our results showed that
U0126 was as potent as the Shp2 siRNA in suppressing
the migration and invasive behavior of H292 cells (Figure
6C, 6D).

EGFR-TKIs treatment is associated with survival
in NSCLC patients harboring EGFR activating mutations
[28]. However, despite a highly favorable initial response,
drug resistance and tumor progression occur in most
patients [29, 30]. Because Shp2 functions as a mediator
of EGFR signaling, we investigated whether Shp2
affects cellular sensitivity to the EGFR-TKIs gefitinib. In
gefitinib-resistant H1975 cells, Shp2 knockdown markedly
lowered the gefitinib IC50, this finding indicate that
combined inhibition of EGFR and Shp2 might improve
drug response in tumors harboring the T790M mutation.
Whereas the Shp2 knockdown only slightly affected the
gefitinib sensitivity of H292 cells, which are gefitinibsensitive lung cancer cells. Given that Shp2 promotes
tumor growth and migration through the activation of the
ERK pathway [7], the aforementioned findings raise the
intriguing question of whether EGFR-TKIs completely
inhibit ERK activity. The T790M mutation causes gefitinib
resistance by sterically interfering with gefitinib binding
to EGFR, which can result in diminished impaired ERK
phosphorylation in H1975 cells relative to the H292 cells
that are sensitive to gefitinib [31]. In H1975 cells, Shp2
knockdown reduced ERK phosphorylation by >70%.
This result suggests that ERK inhibition by using only
EGFR-TKIs might not be effective in certain cases, and
that co-inhibition of EGFR and Shp2 might represent a
comparatively more effective strategy for the treatment
of gefitinib-resistant lung tumors. The finding here that
Shp2 overexpression mitigated the effects of gefitinib by
enhancing ERK phosphorylation in H292 cells furthers
bolsters our conclusion. Moreover, growing evidence
indicates that EMT increases resistance to EGFRTKIs therapy [5, 32, 33], and our results showed that
Shp2 knockdown induced E-cadherin upregulation and
fibronectin downregulation, which are characteristic of
mesenchymal-to-epithelial transition and have been found
to be associated with improved response to EGFR-TKIs
treatment.
Metastasis is the main cause of death in the majority
of patients with NSCLC [34]. In this study, we evaluated
critical stages in the invasive metastasis cascade, including
EMT. EMT has been widely demonstrated to be frequently
“hijacked” during metastatic progression through the loss
of epithelial cell-junction proteins, including E-cadherin,
and the gain of mesenchymal markers, such as vimentin
and fibronectin [15, 35]. We observed similar changes here
in lung cancer cells. Notably, Shp2 knockdown suppressed
the migration of lung cancer cells, which agrees with
previous work indicating that positive expression of
Shp2 was closely related to the metastasis of NSCLC to
lymph nodes [36]. Thus, interference with Shp2 function
might provide an approach for inhibiting cancer cell
metastasis. However, we did not detect a major effect of
Shp2 overexpression on metastasis in lung cancer cells.
Shp2 was found to be expressed at higher levels in the
majority of NSCLC specimens than in adjacent normal

DISCUSSION
We have demonstrated here that Shp2 was
overexpressed in lung cancer tissue samples from a group
of NSCLC patients from Beijing, and that in lung cancer
cells, Shp2 promoted proliferation, reduced gefitinib
sensitivity, and enhanced migration through activation
of the ERK1/2 pathway. These results suggest that Shp2
functions as a key positive regulator of lung cancer
progression. More than 58 different Shp2 mutations have
been identified in various tumors, and in patients with
these tumors, normal cell proliferation and migration are
disrupted [8]. However, in lung cancer, the Shp2 mutation
rate is only 1.81% according to the Catalogue of Somatic
Mutations in Cancer databank (www.sanger.ac.uk)
[24]. Therefore, our finding here that wild-type Shp2
overexpression enhances tumor growth and migration
reveals a broad role of Shp2 in promoting the progression
of lung cancer.
The c-Myc oncogene is regarded as a driver
oncogene that links growth factor stimulation to
proliferation in normal and tumor cells [25]. Our
results showed that Shp2 knockdown inhibited c-Myc
expression, and, accordingly, proliferation was impaired
in Shp2-knockdown cells. Moreover, c-Myc is frequently
overexpressed in lung cancer and promotes tumor
progression in Raf- or Ras-driven lung cancer, and this
is associated with poor prognosis [26, 27]. Our results
also indicated that ERK1/2 signaling, which occurs
downstream of Shp2 and Ras, acted upstream of c-Myc.
Thus, Shp2 might regulate lung cancer cell proliferation
through the ERK/c-Myc signaling axis.
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Cell culture and reagents

lung samples [36]. Therefore, one underlying reason for
the lack of effect of Shp2 overexpression might be that
the metastatic ability of the lung cancer cells was already
enhanced maximally.
Our results indicated that Shp2 expression
potentially induced the cellular EMT program through
activation of the ERK pathway. ERK function in EMT
has been examined not only in normal development, but
also in cancer metastasis. For example, ERK activation
promoted the initiation of epithelial tubule development
through morphological changes [37], and ERK2 was
specifically implicated as an EMT driver [38]. Considering
that U0126 suppressed Shp2-induced EMT and migration
of lung cancer cells in this study, drugs that target the
ERK pathway could potentially be used for treating Shp2overexpressing lung cancers.
Our finding that increased Shp2 expression
promotes the EMT phenotype and c-Myc expression
in lung cancer cells suggests that Shp2 can serve as
a potential target in lung cancer treatment. We have
provided evidence indicating that Shp2 knockdown
reduces the proliferation and migration of lung
cancer cells and that co-inhibition of EGFR and
Shp2 can effectively overcome acquired EGFR-TKIs
resistance. These findings provide a rationale for
future investigations into the effects of small-molecule
inhibitors of Shp2 on lung cancer progression and thus
into a promising new target for lung cancer therapy.

The human NSCLC cell lines H292 (gefitinibsensitive) and H1975 (gefitinib-resistant) were maintained
in RPMI 1640 medium supplemented with 100 U/
mL penicillin, 100 mg/mL streptomycin, and 10% fetal
bovine serum (FBS; Gibco, Gaithersburg, MD) at 37°C
in a 5% CO2 atmosphere. The ERK1/2 pharmacological
inhibitor U0126 was purchased from Calbiochem (Merck,
Darmstadt, Germany) and the EGFR-TKIs gefitinib
(Iressa) was from Tocris Bioscience (Bristol, UK). U0126
was used at 20 μM. Controls were treated with DMSO.

Shp2 siRNA and plasmid and transient
transfection
Shp2-control and specific siRNAs were from
Dharmacon RNA Technologies (Lafayette, CO);
the oligonucleotide sequences were the following:
5′-GAACAUCACGGCAAUUAAUU-3′
and
5′-GAACACUGGUGAUUACUAUUU-3′.
Human
wild-type Shp2 (Shp2WT) cDNA was a generous gift
from Prof. Benjamin Peng (Hong Kong University of
Science and Technology, Hong Kong SAR, China); the
cDNA was cloned into pSP64R1 vector. The siRNAs
and the Shp2WT plasmid were transfected into cells by
using Lipofectamine 2000 (Invitrogen Life Technologies,
Carlsbad, CA) according to the protocol recommended
by the manufacturer. Immunoblotting was performed
to assess Shp2 silencing or overexpression at 72 h after
transfection.

MATERIALS AND METHODS
Tumor tissue samples

Cell-proliferation assay

Twenty-three pairs of primary resected NSCLC
tumor specimens and control normal tissue samples,
which were adjacent to and at least 5 cm from the tumor
lesion, were obtained after surgical resection from patients
of Peking People’s University Hospital. This study was
approved by the Institutional Review Board of Peking
People’s University Hospital.

Cell proliferation was measured by performing the
CCK8 assay according to the manufacturer’s specifications
(DOJINDO, Kumamoto-ken, Japan). Briefly, cells seeded
in 96-well plates were treated with up to 10 μM gefitinib
for 3 days. Subsequently, 110 μL of fresh medium
containing 10 μL of CCK8 reagent was added to the
wells, and the plates were incubated for 2 h at 37°C. The
culture plates were then placed on a microplate reader,
and the optical density (OD) was measured at 450 nm.
Wells containing only medium were used for background
correction. Each experiment was performed at least thrice.

Immunohistochemistry (IHC)
IHC was performed to evaluate Shp2 expression in
paraffin-embedded cancer tissue specimens and adjacent
normal specimens (normal controls). Sections were
stained with an anti-Shp2 antibody (1:200; sc-280, Santa
Cruz Biotechnology, Santa Cruz, CA). The IHC semiquantitative score was derived based on two criteria:
Immunoreactivity was classified by estimating the
percentage (P) of cancer cells exhibiting characteristic
staining (from 0% to 100%) and by estimating the
intensity (I) of staining (1, weak; 2, moderate; 3, strong),
and then the score was calculated by multiplying the
percentage of positive cells by the intensity: Q = P × I
(maximum = 3).
www.impactjournals.com/oncotarget

Immunoblotting
Cells exposed to different treatments were lysed on
ice for 1 h in RIPA buffer, and the extracts were used in
western blotting analyses. Proteins were resolved using
SDS-PAGE and transferred to PVDF membranes (NEN,
Boston, MA), which were blocked in TBS containing 5%
skim milk (Sigma, St. Louis, MO) and then incubated
(overnight, 4°C) with mouse monoclonal antibodies
against Shp2 (1:1000; 610622, BD Transduction
Laboratories, San Jose, CA), c-Myc (1:1000; sc-40,
91130
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Santa Cruz Biotechnology), E-cadherin (1:500; 610252,
BD Transduction Laboratories), or GAPDH (1:1000;
Zhongshan Ltd., Beijing, China); or rabbit polyclonal
antibodies against fibronectin (1:250; ab2413, Abcam,
Cambridge, UK) or ERK or p-ERK (both 1:1000; Cell
Signaling Technology, Danvers, MA). Immunoreactive
bands were detected by incubating membranes with
HRP-conjugated secondary antibodies (1 h, room
temperature) and then with enhanced chemiluminescence
substrate.

University of Science and Technology) for the generous
gifts of Shp2WT cDNA and certain other reagents.

CONFLICTS OF INTEREST
There are no conflicts interest to declare.

GRANT SUPPORT
This work was supported by a grant from the Beijing
Natural Science Foundation of China (No. 7172225).

Cell-migration assays
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