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Targeted therapy with inhibitors of epidermal growth factor receptor (EGFR) has produced a noticeable
benefit to non-small cell lung cancer (NSCLC) patients whose tumors carry activating mutations (e.g.
L858R) in EGFR. Unfortunately, these patients develop drug resistance after treatment, due to acquired
secondary gatekeeper mutations in EGFR (e.g. T790M). Given the critical role of SHP2 in growth factor
receptor signaling, we sought to determine whether targeting SHP2 could have therapeutic value for
EGFR inhibitor resistant NSCLC. We show that SHP2 is required for EGF-stimulated ERK1/2 phosphoryla-
tion and proliferation in EGFR inhibitor resistant NSCLC cell line H1975, which harbors the EGFR T790M/
L858R double-mutant. We demonstrate that treatment of H1975 cells with II-B08, a specific SHP2 inhib-
itor, phenocopies the observed growth inhibition and reduced ERK1/2 activation seen in cells treated
with SHP2 siRNA. Importantly, we also find that II-B08 exhibits marked anti-tumor activity in H1975
xenograft mice. Finally, we observe that combined inhibition of SHP2 and PI3K impairs both the ERK1/
2 and PI3K/AKT signaling axes and produces significantly greater effects on repressing H1975 cell growth
than inhibition of either protein individually. Collectively, these results suggest that targeting SHP2 may
represent an effective strategy for treatment of EGFR inhibitor resistant NSCLCs.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Protein tyrosine phosphorylation-mediated signal transduction,
governed by the coordinated and balanced activities of protein
tyrosine kinases and protein tyrosine phosphatases (PTPs), plays
a key role in controlling cell growth, differentiation, and apoptosis
[1,2]. Disruption of the process can lead to numerous human dis-
eases including cancer. Consequently, cellular pathways regulated
by tyrosine phosphorylation offer a wealth of molecular targets for
drug discovery, with more than two dozens of small molecule
kinase inhibitors already in the clinic [3]. However, despite the fact
that PTPs have been garnering attention as potential new targets,
they still remain largely underexplored [4,5]. Indeed, the PTPs are
generally viewed antagonistic of the kinase-mediated processes,
although this is not always the case. Several PTPs are shown to
function primarily as signal promoting agents [6]. Thus, inhibition
of a signal-promoting PTP may represent a novel therapeutic
strategy for anti-cancer agents.
The Src homology 2 (SH2) domain-containing PTP2 (SHP2),
encoded by the PTPN11 gene, is required for Ras/ERK1/2 pathway
activation downstream of receptor tyrosine kinases, cytokine
receptors, and integrins, and is a positive regulator of cell growth
and survival [7,8]. Considerable evidence support an oncogenic
role for SHP2. Germline mutations in SHP2 cause noonan syn-
dromes [9], whereas somatic SHP2 mutations occur in several
types of hematologic malignancies, most notably juvenile myelo-
monocytic leukemia and, in solid tumors such as lung cancer, colon
cancer, melanoma, neuroblastoma, and hepatocellular carcinoma
[10–13]. In view of the observed activating SHP2 mutants in vari-
ous kinds of leukemia and solid tumor, SHP2 makes an exciting
target for mechanism-based anti-cancer therapy. Moreover, given
the obligatory requirement of SHP2 in multiple oncogenic receptor
tyrosine kinase pathways, inhibition of SHP2 may also prove effec-
tive for cancers with coactivation of receptor tyrosine kinases,
which respond poorly to kinase inhibitor monotherapy [14].

Non-small cell lung cancer (NSCLC) is the leading cause of death
from cancer. Traditional chemotherapy is only modestly effective,
slightly prolonging survival among patients with advanced disease,
but at the cost of significant adverse effects [15]. The tyrosine
kinase epidermal growth factor receptor (EGFR) is overexpressed
or mutated in a large percentage of NSCLCs and many other epithe-
lial cancers [16]. Recent advances with targeted therapies with
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EGFR inhibitors have provided a noticeable benefit to subsets of
NSCLC patients whose tumors harbor specific mutations in the
gene encoding EGFR [17–19]. The most frequent single activa-
tion-loop mutation (L858R) increases tumor sensitivity to EGFR
blockade with EGFR inhibitors gefitinib and erlotinib [20]. Unfortu-
nately, after treatment with these inhibitors, patients with EGFR/
L858R mutation eventually develop resistance to the drugs
[21,22]. The emergence of the secondary gatekeeper mutation
(T790M) in EGFR/L858R reduces NSCLC responsiveness to gefitinib
and erlotinib and has been reported as a key factor of drug
resistance.

Given the critical role of SHP2 in receptor tyrosine kinase sig-
naling and the difficulty of targeting EGFR due to secondary gate-
keeper mutations (e.g. T790M) that prevent EGFR inhibition, we
sought to determine whether small molecule SHP2 inhibitors could
be used as potential treatment for EGFR inhibitor resistant NSCLC.
To this end, we have identified an indole salicylic acid based SHP2
inhibitor II-B08, which blocks EGFR stimulated ERK1/2 activation
and inhibits GM-CSF induced growth of bone marrow cells bearing
gain-of-function SHP2 mutations (D61Y and E76K) commonly
found in patients with juvenile myelomonocytic leukemia [23].
We further demonstrated that inhibition of SHP2 with II-B08 sup-
presses constitutive growth of myeloid cells bearing oncogenic
KIT/D814V as well as primary bone marrow derived acute myelog-
enous leukemia blasts. Importantly, treatment of a mouse model
bearing KIT/D814V-induced mast cell leukemia with II-B08 pro-
longed mouse survival and reduced splenomegaly and hepatomeg-
aly [24]. In this study we investigated the effect of inhibiting SHP2
activity in an NSCLC cell line H1975, which expresses the T790M/
L858R double-mutated EGFR, rendering the cells resistant to EGFR
inhibitor gefitinib and erlotinib [25,26]. Our results suggest that
targeting SHP2 may represent an effective strategy for treatment
of EGFR inhibitor resistant NSCLCs.
2. Methods

2.1. Cell culture and reagents

Human non small cell lung carcinoma cell line H1975 was ob-
tained from the American Tissue Culture Collection and grown at
37 �C in humidified 5% CO2 in RPMI1640 (Invitrogen) supple-
mented with 10% fetal bovine serum. EGF was obtained from
Sigma and prepared according to the manufacturer’s instruction.
EGF was used to treat cells for various times. For immunoblotting,
we used the following primary antibodies: rabbit polyclonal anti-
bodies against pAKT (Ser473), AKT, phosphorylated extracellular
signal-regulated kinase 1 & 2 (pERK1/2), ERK1/2; and b-actin (Cell
Signaling). The PI3K inhibitor LY294002 was purchased from
Calbiochem. SHP2 inhibitor II-B08 [23] was prepared using a new
strategy optimized for large-scale synthesis provided as
Supplementary data.

2.2. RNA interference studies

Small interfering RNA (siRNA) specific for SHP2 (50-
PCACGCAUGACGCCAUAUUCTT-30) and scrambled siRNA (50-
PGCACGACCGCCUUAUAACUTT-30) were synthesized by Dharma-
con Research, Inc. SiRNAs were transfected into H1975 cells by
using Lipofectamine 2000 reagent from Invitrogen Life Technolo-
gies using the protocol recommended by the manufacturer.

2.3. Cell proliferation assay

Cell proliferation was measured by MTT assay according to
manufacturer’s specifications (Promega). Briefly, H1975 cells
seeded in 96-well plates were treated with up to 100 lM II-B08
for 3 days. Subsequently, fresh media and MTT reagent were added
to the wells, and the plates were incubated for 2–4 h at 37 �C to
maximize signal-to-background. Wells containing only media
were used for background correction. Each experiment was per-
formed at least three times with each condition plated in three rep-
licate wells.

2.4. Human NSCLC tumor xenograft experiments

Five-week old male NOD/SCID mice were housed under patho-
gen-free conditions. Xenograft experiments were performed in
compliance with the relevant laws and guidelines set forth by
the Institutional Laboratory Animal Care and Use Committee of
Indiana University. H1975 cells (3 � 106) were injected into one
flank of each mouse. Tumor size was measured with calipers every
other day. Tumor volume (V) was determined by the equation
V = (L �W2) � 0.5, in which L is the length and W is the width of
the tumor. When xenografts reached volumes of �80 mm3, the
mice were randomly assigned to either control group (n = 5), or
II-B08 treated group (n = 5). These groups received the following
treatments daily by IP injection: solvent control (10% DMSO/PBS),
or II-B08 (100 mg/kg). The experiment was terminated and the
mice were sacrificed when the control tumors reached
�1000 mm3 (on day 18). The tumors were removed, weighted
and photographed.

2.5. Statistical analysis

Results are mean values ± standard error. Statistical analyses
were performed using a Student t-test.
3. Results

3.1. Effect of SHP2 siRNA on H1975 cells proliferation and ERK1/2
activation

To determine whether SHP2 is required for H1975 cell prolifer-
ation, we knocked down SHP2 expression by siRNA interference.
After transfection with SHP2 siRNA for 72 h, SHP2 protein level
in the SHP2 siRNA knockdown cells decreased by more than 80%
compared with that in cells treated with a scrambled siRNA
(Fig. 1A). Decreased proliferation was observed for H1975 cells
transfected with SHP2 siRNA compared to H1975 cells transfected
with the scrambled siRNA (Fig. 1B). Since SHP2 is required to trans-
duce signals from receptor tyrosine kinases to downstream ERK1/2
pathway, we determined whether downregulation of SHP2 could
block ERK1/2 activation. As shown in Fig. 1C, knockdown of SHP2
significantly obliterated the EGF-induced ERK1/2 activation,
whereas no change in phospho-AKT was observed as a result of
SHP2 reduction.

3.2. SHP2 inhibitor II-B08 decreases H1975 cell proliferation and
EGF-mediated ERK1/2 activation

We then investigated whether inhibition of SHP2 by small mol-
ecule inhibitor II-B08 [23] could also reduce H1975 cell prolifera-
tion. To this end, H1975 cells were treated with various
concentrations of II-B08 for 3 days, and the cell number was mea-
sured. Similar to the siRNA interference experiment, II-B08 elicited
a dose-dependent anti-proliferative response in H1975, with an
IC50 value of 16 ± 3 lM (Fig. 2A). To delineate the biochemical
mechanism by which II-B08 exerts its growth inhibitory activity,
we analyzed the effect of II-B08 on EGF-mediated ERK1/2 activa-
tion, which plays a critical role in cell proliferation. SHP2



Fig. 1. Effects of SHP2 knockdown in H1975 cells. (A) SHP2 siRNA decreased SHP2
protein level. (B) SHP2 knockdown decreased H1975 cell proliferation. H1975 cells
were transfected with SHP2 siRNA or scrambled siRNA for 72 h in RPMI1640 with
0.5% FBS. Cell proliferation was measured by MTT after 72-h transfection, and the
results were expressed as mean ± SD (n = 4), ⁄P < 0.05 relative to the scrambled
siRNA and (C) effects of SHP2 knockdown on ERK1/2 and AKT phosphorylation.
H1975 cells were transfected with SHP2 siRNA or scrambled siRNA for 72 h in
RPMI1640 with 10% FBS, and then serum starved in RPMI 1640 without FBS for
another 6 h. Cells were then treated with EGF (50 ng/mL) for various times, rinsed
with cold PBS once and harvested for Western blotting.

Fig. 2. SHP2 inhibitor II-B08 reduces ERK1/2 activation, cell proliferation and tumor
growth. (A) II-B08 dose dependently inhibited H1975 proliferation in 0.5% FBS with
an IC50 of 16 ± 3 lM. Cell proliferation was measured by MTT. (B) II-B08 inhibits
EGF-induced ERK1/2 activation. H1975 cells were cultured in 6-well plates (3 � 105

per well), serum-starved for 6 h, and then treated with 20 lM II-B08 or II-B05 for
1 h, followed by treatment with EGF (50 ng/mL) for various times and (C)
suppression of tumor growth by SHP2 inhibitor II-B08. H1975 xenografts in NOD-
SCID mice were treated with II-B08 (100 mg/kg, ip injection daily) or vehicle control
(DMSO). Tumor size was measured every other day. Each data point represents the
mean ± SD for 5 mice.
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phosphatase activity is known to be required for growth factor in-
duced activation of the Ras-ERK1/2 cascade [7]. We found that
treatment H1975 cells with 20 lM II-B08 significantly abrogated
the EGF-stimulated ERK1/2 activation over a time period of
5–30 min (Fig. 2B). Again, II-B08 exhibited no effect on the EGF-
induced AKT activation. To make certain that the cellular activity
displayed by II-B08 was not due to off-target effects, we also eval-
uated II-B05, a structurally related but inactive analog of II-B08
[23]. As expected, II-B05 at 20 lM had no appreciable effect on
the levels of ERK1/2 and AKT phosphorylation (Fig. 2B).
3.3. II-B08 blocks SHP2-dependent signaling

To provide additional evidence that the effect of II-B08 on intra-
cellular signaling is SHP2 dependent, we evaluated the effect of II-
B08 on EGF-mediated ERK1/2 activation after the level of SHP2 was
downregulated by siRNA. As can be seen in Fig. 3A, II-B08 could
attenuate EGF-induced ERK1/2 activation in H1975 cells treated
with scrambled siRNA, but the ability of II-B08 to inhibit EGF-med-
iated ERK1/2 activation was blunted when SHP2 was knocked
down with siRNA. Again, as a negative control, II-B05 had no effect
on ERK activation. To further establish that SHP2 inhibitors specif-
ically block SHP2-dependent signaling, we analyzed the effect of II-
B08 on ERK1/2 activation after stimulation of the cells by phorbol
12-myristate 13-acetate (PMA). The PMA-induced ERK1/2 activa-
tion has been shown to be independent of SHP2 [27] and instead
depends on activation of protein kinase C and Raf [28] in a
Ras-independent manner [29]. Thus, we predicted that SHP2 inhib-
itors would not inhibit PMA-induced ERK1/2 phosphorylation. As
predicted, we found that II-B08 did not inhibit PMA-induced
ERK1/2 phosphorylation (Fig. 3B). Together, these experiments
establish that II-B08 most likely affects only SHP2-mediated sig-
naling events.
3.4. SHP2 inhibitor II-B08 suppresses H1975 xenograft tumor growth

Given the growth inhibitory activity and specificity for II-B08 in
cell-based assays, we next evaluated the in vivo efficacy of II-B08 in
a xenograft mouse model of NSCLC. H1975 cells (3 � 106) were
injected into the right flank of NOD/SCID mice. All mice were mon-
itored for tumor growth at the site of inoculation by palpation.
Once tumors become palpable, tumor size was measured twice
weekly using calipers. When tumor sizes reach �80 mm3, the mice
were randomized and treated with either vehicle control or II-B08
(100 mg/kg, ip once a day). We found that II-B08 treatment
inhibited H1975 tumor growth by 25% compared with the vehicle
control (Fig. 2C).



Fig. 3. II-B08 blocks SHP2 dependent signaling in H1975 cells. (A) Inhibition of II-
B08 on ERK1/2 phosphorylation was attenuated in H1975 cells transfected with
SHP2 siRNA and (B) II-B08 has no effect on PMA-stimulated ERK1/2
phosphorylation.

Fig. 4. SHP2 inhibitor II-B08 synergizes PI3K inhibitor LY294002 in repressing
H1975 cell proliferation. (A) H1975 cells were treated with II-B08 (30 lM),
LY294002 (20 lM), or both for 1 h, then stimulated with 50 ng/mL EGF for 5 and
15 min. Cell lysates were collected for Western blotting and (B) H1975 cells were
treated with II-B08 (30 lM), LY294002 (20 lM), or both for 72 h, followed by cell
viability by the MTT assay. Data were expressed as mean ± SD (n = 4), ⁄P < 0.05
relative to DMSO control, ⁄⁄P < 0.01 relative to II-B08 or LY294002 single treatment.
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3.5. SHP2 inhibitor II-B08 synergizes with PI3K inhibitor in suppressing
H1975 cell growth

EGF can activate both the Ras-ERK1/2 and PI3K-AKT pathways,
and both of which are important for EGF stimulated cell prolifera-
tion and survival. However, as shown above II-B08 treatment has
no effect on AKT phosphorylation. Consequently, we hypothesized
that targeting SHP2 in combination with PI3K may improve thera-
peutic efficacy over SHP2 inhibition alone. To test this hypothesis,
we examined the effects of SHP2 and PI3K inhibition, individually
and in combination, on EGF-mediated ERK1/2 and AKT activation,
and cell proliferation. As shown in Fig. 4A, inhibition of SHP2 by
II-B08 attenuated EGF-induced ERK1/2 phosphorylation, whereas
inhibition of PI3K with LY294002 abrogated EGF-induced AKT
phosphorylation. Importantly, combined inhibition of SHP2 and
PI3K blocked both ERK1/2 and AKT activation (Fig. 4A) and pro-
duced significantly greater effects on H1975 cell proliferation than
inhibition of either protein individually (Fig. 4B). Thus, SHP2 inhib-
itor II-B08 can synergize with PI3K inhibitor LY294002 in repress-
ing EGF-stimulated H1975 NSCLC proliferation.

4. Discussion

Cellular pathways regulated by tyrosine phosphorylation offer a
rich source of drug targets for developing novel therapeutics. For
example, deregulated tyrosyl phosphorylation, evoked by gain-
of-function mutations and/or over-expression of tyrosine kinases,
contributes to the pathogenesis of many cancers. The potential of
such target-based therapeutic approaches has been well demon-
strated by the successful treatment of a subpopulation of NSCLC
patients carrying specific activating EGFR mutations with small
molecule EGFR inhibitors [17–19]. Unfortunately, patients inevita-
bly acquire secondary mutations in EGFR upon drug treatment,
which interfere with binding of the inhibitors to the receptor, ren-
dering the tumors drug-resistant [21,22]. Thus, it is vital to identify
novel targets for NSCLC already resistant to EGFR inhibitors. Given
the critical role of SHP2 in growth factor receptor (including EGFR)
signaling, inhibitors of SHP2 are expected to have therapeutic va-
lue. In addition, as observed with tyrosine kinases, deregulation
and gain-of-function mutations in SHP2 also contributes to the
pathogenesis of a number of leukemias and cancers [7,8]. The goal
of this study is to evaluate the potential utility of SHP2 inhibition
in an EGFR inhibitor gefitinib and erlotinib resistant NSCLC cell line
H1975, which carries the T790M/L858R double-mutated EGFR
[25,26].

We showed that SHP2 knockdown inhibits EGF-stimulated
ERK1/2 phosphorylation and proliferation in H1975 cells. We
established that the small molecule SHP2 inhibitor II-B08 displays
highly efficacious cellular activity and can specifically block the
SHP2-dependent signaling. We then demonstrated that inhibition
of SHP2 with II-B08 in H1975 cells phenocopies the observed
growth inhibition and reduced ERK1/2 activation seen in cells trea-
ted with SHP2 siRNA. Importantly, we provided evidence that SHP2
inhibitor II-B08 exhibits significant anti-tumor activity in H1975
xenograft mice. Finally, we observed that combined inhibition of
SHP2 and PI3K impairs activity of both the ERK1/2 and PI3K/AKT
signaling axes and produces significantly greater effects on
repressing H1975 cell growth than inhibition of either protein indi-
vidually. This observation is similar to our previous finding that
SHP2 inhibitor II-B08 synergizes with PI3K inhibitor (LY294002)
in suppressing KIT/D814V induced mast cell leukemia [24]. Collec-
tively, these results suggest that targeting SHP2 may represent an
effective strategy for treatment of EGFR inhibitor resistant NSCLCs.
Given that SHP2 is essential for the signaling capacity of multiple
growth factor receptors and that activating mutations in SHP2
have been found in multiple types of leukemias and solid tumors,
further development of SHP2 inhibitors should find broad applica-
tions in neoplastic disorders.
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