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ABSTRACT
Epidermal growth factor receptor (EGFR) mutants drive lung tumorigenesis and 

are targeted for therapy. However, resistance to EGFR inhibitors has been observed, 
in which the mutant EGFR remains active. Thus, it is important to uncover mediators 
of EGFR mutant-driven lung tumors to develop new treatment strategies. The protein 
tyrosine phosphatase (PTP) Shp2 mediates EGF signaling. Nevertheless, it is unclear 
if Shp2 is activated by oncogenic EGFR mutants in lung carcinoma or if inhibiting the 
Shp2 PTP activity can suppress EGFR mutant-induced lung adenocarcinoma. Here, we 
generated transgenic mice containing a doxycycline (Dox)-inducible PTP-defective 
Shp2 mutant (tetO-Shp2CSDA). Using the rat Clara cell secretory protein (CCSP)-
rtTA-directed transgene expression in the type II lung pneumocytes of transgenic 
mice, we found that the Gab1-Shp2 pathway was activated by EGFRL858R in the lungs 
of transgenic mice. Consistently, the Gab1-Shp2 pathway was activated in human 
lung adenocarcinoma cells containing mutant EGFR. Importantly, Shp2CSDA inhibited 
EGFRL858R-induced lung adenocarcinoma in transgenic animals. Analysis of lung tissues 
showed that Shp2CSDA suppressed Gab1 tyrosine phosphorylation and Gab1-Shp2 
association, suggesting that Shp2 modulates a positive feedback loop to regulate 
its own activity. These results show that inhibition of the Shp2 PTP activity impairs 
mutant EGFR signaling and suppresses EGFRL858R-driven lung adenocarcinoma.

INTRODUCTION

Shp2 is a nonreceptor PTP encoded by the human 
PTPN11 gene [1]. It has tandem SH2 domains in the 
N-terminal region, a PTP domain, and a C-terminal region 
containing tyrosine phosphorylation sites. Binding of Shp2 
SH2 domains to specific tyrosine phosphorylated sites 
relieves autoinhibition and activates Shp2. In epidermal 
growth factor (EGF)-stimulated cells, Shp2 binds to 
tyrosine-phosphorylated Gab1 at the bisphosphoryl 

tyrosine-based activation motif (BTAM) consisting of 
phosphorylated Tyr-627 and Tyr-659 [2]. Gab1-Shp2 
binding activates the Shp2 PTP activity and mediates 
activation of Erk1/2 and Src family kinases (SFKs) by 
EGF [2-5]. Thus, in addition to EGFR, EGF paradoxically 
activates a PTP to mediate the EGFR protein tyrosine 
kinase (PTK) signaling.

Knockdown of Shp2 by shRNAs partially 
inhibits proliferation of cancer cells in cell cultures [6]. 
Importantly, far greater effects of Shp2 knockdown have 
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been observed consistently in tumor xenograft growth 
assays in vivo, suggesting that Shp2 plays a critical role 
in tumor growth [6, 7]. Since Shp2 plays a positive role 
in oncogenic signaling and tumorigenesis, it is a potential 
target for development of novel anti-cancer drugs. In fact, 
several efforts are underway to develop Shp2 inhibitors as 
potential therapeutic agents [8-14].

EGFR is the second most frequently mutated 
oncogene in lung adenocarcinoma after KRAS [15]. 
Significantly, Shp2 is a positive regulator of both EGFR 
and Ras signaling. Moreover, gain-of-function (GOF) 
Shp2 mutants are found in human lung carcinomas and 
can induce lung tumors in mice [16, 17]. Approximately 
80% of EGFR mutations in non-small cell lung cancer 
(NSCLC) are either deletion of the conserved four 
amino acids LREA residues in exon 19 or a L858R point 
mutation in exon 21 [18]. Expression of these GOF EGFR 
mutants in type II lung pneumocytes directed by a rat 
Clara cell secretory protein (CCSP) promoter in CCSP-
rtTA/tetO-EGFR mutant bitransgenic mice induces lung 
adenocarcinoma [19-21]. NSCLC harboring these GOF 
EGFR PTK domain mutants are selectively sensitive to 
the EGFR-selective PTK inhibitors (TKIs) erlotinib and 
gefitinib. However, de novo and acquired drug resistance 
mechanisms such as the gatekeeper T790M EGFR 
mutation have been observed in lung cancer patients [18, 
21, 22]. Therefore, it is necessary to develop new EGFR 
PTK inhibitors and/or to target additional tumor promoting 
molecules to improve lung cancer treatment [18, 21, 22].

Although EGF stimulates Shp2 activation, it is not 
entirely clear whether Shp2 is active in lung epithelial 
cells harboring GOF EGFR mutants and whether Shp2 is 
important for mutant EGFR to drive lung adenocarcinoma. 
In this study, we generated transgenic mice expressing 
a PTP-defective (catalytic residues C459S/D425A 
mutations), dominant-negative Shp2 mutant (tetO-
Shp2CSDA) to assess the effects of Shp2 PTP inhibition 
in a transgenic mouse model of mutant EGFR-driven lung 
adenocarcinoma. Using NSCLC cell lines carrying GOF 
EGFR mutants and transgenic mice expressing EGFRL858R, 
we provide evidence that EGFR mutants activate Shp2 
in human lung adenocarcinoma cells and in mouse lung 
tissues. Furthermore, Shp2CSDA suppresses EGFRL858R-
induced lung adenocarcinoma in transgenic animals.

RESULTS

Shp2 signaling pathway is activated by mutant 
EGFR in lung adenocarcinoma cells

EGFR activates Shp2 by phosphorylating Gab1, 
which binds and activates Shp2 [2]. In HCC827 and 
H1975 human lung adenocarcinoma cells that harbor 
mutant EGFR (del19 and L858R/T790M mutations, 
respectively), Gab1 was constitutively tyrosine 
phosphorylated and bound Shp2 (Fig. 1). This indicates 

Figure 1: Shp2-mediated Erk1/2 pathway is activated by mutant EGFR in lung adenocarcinoma cells. HCC827 (A) and 
H1975 (B) cells were mock-treated or treated with EGFR PTK inhibitors erlotinib or WZ4002 as indicated. Cell lysates were analyzed 
by immunoblotting with indicated antibodies or subjected to immunoprecipitation with anti-Gab1 antibody and immunoprecipitates were 
analyzed by immunoblotting with antibodies to Shp2 or Gab1.
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that Shp2 is constitutively activated in these lung 
adenocarcinoma cells. Moreover, active Erk1/2 (pErk1/2) 
was readily detectable in these cells (Fig. 1). To determine 
whether Gab1 tyrosine phosphorylation and binding to 
Shp2 are attributed to mutant EGFR in these cells, we 
treated HCC827 and H1975 cells with the EGFR tyrosine 
kinase inhibitor erlotinib or WZ4002. Erlotinib inhibited 
EGFR and Gab1 tyrosine phosphorylation in HCC827 
cells at the lowest concentration tested (0.25 µM). This 
led to dissociation of Shp2 from Gab1 (Fig. 1A). H1975 
cells are resistant to erlotinib due to the T790M gatekeeper 
mutation [21]. Hence, erlotinib did not cause Gab1-
Shp2 dissociation in H1975 cells (Fig. 1B). WZ4002 
was reported to inhibit the EGFR T790M mutant [23]. 
Treatment of H1975 cells with WZ4002 inhibited EGFR 

and Gab1 tyrosine phosphorylation and resulted in Gab1-
Shp2 dissociation (Fig. 1B, right panels).

An established role of Shp2 in EGFR signaling is to 
mediate Erk1/2 activation. As shown in Fig. 1, inhibition 
of Gab1-Shp2 interaction by erlotinib in HCC827 and by 
WZ4002 in H1975 cells correlated with inactivation of 
Erk1/2. In comparison, erlotinib did not inhibit Erk1/2 in 
H1975 cells. These data indicate that the Shp2 signaling 
pathway is activated by the GOF EGFR mutants in these 
lung adenocarcinoma cells. 

To determine if Shp2 is involved in cell proliferation 
of HCC827 and H1975 cells, we used siRNAs to knock 
down Shp2 in these cells. Consistent with a role of Shp2 
in mediating Erk1/2 activation, Shp2 knockdown reduced 
pErk1/2 level in HCC827 and H1975 cells (Fig. 2A). 

Figure 2: Effects of Shp2 inhibition on lung adenocarcinoma cells containing mutant EGFR. A, HCC827 and H1975 cells 
were transfected with Shp2 siRNAs (siR), non-silencing control siRNA (NS), or mock-treated (P). Cell lysates were analyzed for Shp2 
knockdown and active Erk1/2 by immunoblotting. B, Cells were plated in 96-well plates followed by transfection with Shp2 siRNAs or 
control siRNA as above. The relative number of viable cells was measured 6 days post transfection and normalized to untransfected cells. 
Data represent two (HCC827) and four (H1975) independent experiments performed in quintuple. *, p <0.05. C, HCC827 containing Dox-
inducible Shp2 shRNAs [6] were treated with Dox or left untreated, cell lysates were analyzed with indicated antibodies. D, HCC827 cells 
were transfected with HA-Erk2 plus control vector (-), Gab1FF, or Shp2CSDA, and treated with EGF or left untreated. HA-Erk2 activation 
were analyzed by immunoblotting of pErk2 after immunoprecipitation of the transfected HA-Erk2. E, HCC827 and H1975 cells were 
treated with indicated concentrations of SPI-112Me in 96-well plates as described in Materials and Methods and viable cells were measured 
on Day 6. Data were from three independent experiments performed in triplicates (n = 9) (graph). Right panel, cells were treated with SPI-
112Me overnight and cell lysates were analyzed by immunoblots with indicated antibodies.
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While the non-silencing (NS) siRNAs had no effect on 
the pErk1/2 level or cell proliferation, Shp2 knockdown 
inhibited proliferation of HCC827 and H1975 cells by 
42% and 39%, respectively (Fig. 2A, B).

To further confirm that Shp2, Gab1-Shp2 
interaction, and Shp2 PTP activity mediate Erk1/2 
activation in lung adenocarcinoma cells that harbor 
mutant EGFR, we compared the pErk1/2 level in isogenic 
HCC827 cells containing two different Dox-inducible 
Shp2 shRNAs (Fig. 2C). We also determined effects of 
a Shp2-binding defective Gab1Y627F/Y659F mutant 
(Gab1FF) and a Shp2 PTP-inactive mutant (Shp2CSDA) 
on Erk1/2 activation in HCC827 cells (Fig. 2D). The 
pErk1/2 level was markedly reduced in Dox-induced Shp2 
knockdown in HCC827 (Fig. 2C). Expression of Gab1FF 
or Shp2CSDA inhibited activation of co-transfected 
Erk2 both in the absence or presence of EGF exposure 
in HCC827 cells (Fig. 2D). These data demonstrate 
that Gab1-Shp2 interaction and Shp2 PTP activity play 
important roles in mediating Erk1/2 activation by the 
mutant EGFR in HCC827 cells.

SPI-112Me is a cell permeable Shp2 inhibitor [11, 
24]. To further evaluate the role of Shp2 PTP activity 
in HCC827 and H1975 cells, we treated these cells 
with various concentrations of SPI-112Me. SPI-112Me 

inhibited pErk1/2 and proliferation of HCC827 and H1975 
cells (Fig. 2E). 

Generation of transgenic mice carrying a Dox-
inducible PTP-defective Shp2 mutant

GOF EGFR mutants induce lung tumors in 
transgenic mouse models of lung adenocarcinoma [19-
21]. To determine if inhibition of Shp2 PTP activity can 
suppress lung tumor development in a transgenic mouse 
model of mutant EGFR, we generated transgenic mice 
containing a Dox-inducible PTP-defective, dominant-
negative Shp2 (Shp2CSDA). By design, controlled 
expression of Shp2CSDA in the progenitor cells of lung 
adenocarcinoma can be achieved by breeding the tetO-
Shp2CSDA transgenic mice with CCSP-rtTA transgenic 
mice [25] and feeding the CCSP-rtTA/tetO-Shp2CSDA 
(C/Sdn) bitransgenic mice with Dox diet (Fig. 3B).

We obtained 41 pups from two separate 
microinjection experiments. Among them, 9 founder lines 
exhibited germline transmission of the tetO-Shp2CSDA 
transgene. By RT-PCR analysis of mRNA expression 
and immunoprecipitation-immunoblotting analysis of 
protein expression, we identified transgenic mice that 

Figure 3: Generation and characterization of transgenic mice. A, Diagrams of the tetO-Shp2CSDA, tetO-EGFRL858R [19] and 
CCSP-rtTA [25] transgenes of mice used in this study. B, The breeding scheme for production of bitransgenic and tritransgenic mice. C, 
Tissue samples from brain (Br), lung (Lu), liver (Li), spleen (Sp), kidney (Ki), small intestine (In), and colon (Co) of monotransgenic 
tetO-Shp2CSDA Line-65 (S65) and Line-669 (S669) mice were analyzed by RT-PCR for the presence of Shp2CSDA mRNA. D, C/
Sdn bitransgenic mice from Line-65, Line-389, and Line-669 were fed with regular chow or Dox diet for 4 weeks. Lung tissue samples 
were analyzed by RT-PCR to examine Shp2CSDA mRNA expression. E, C/S65/EL858R and C/S669/EL858R tritransgenic mice were 
fed with regular rodent chow or Dox diet for 2 or 4 weeks. Lung tissue samples were analyzed by RT-PCR for mRNA expression or by 
immunoprecipitation-immunoblotting analysis for the presence of Shp2CSDA protein.
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either had detectable leaky (un-induced) expression of 
the Shp2CSDA transgene or had no detectable leaky 
expression (Fig. 3 and Supplementary Fig. 1). Some of 
these transgenic lines were crossed with CCSP-rtTA mice 
to generate C/Sdn bitransgenic mice and screened for 
Dox-inducible expression of Shp2CSDA in the lung. After 
initial characterization, we selected Line-65 and Line-669 
for the subsequent study (Fig. 3). Line-65 had detectable 
mRNA of the Shp2CSDA transgene in the absence of Dox 
in the brain, lung, liver, spleen, kidney, small and large 
intestine. Nevertheless, upon Dox induction, Shp2CSDA 
expression was increased in the lung of these mice (Fig. 
3E). Line-669, as well as Line-389, had no detectable 
Shp2CSDA in the absence of Dox and showed Dox-
induced expression of Shp2CSDA mRNA and protein 
in the lung. Moreover, Dox-induced bi- or tritransgenic 
mice containing Line-65 did not appear to have higher 
Shp2CSDA protein in the lung tissues than those 
containing Line-669.

Although Line-65 mice have a low level of 
leaky expression of the Shp2CSDA mRNA, like other 
Shp2CSDA transgenic mouse lines generated in our study, 
we have not observed any abnormal growth or breeding 
behavior. Histology of lungs from Dox-fed bitransgenic C/
Sdn mice was indistinguishable from that of the wildtype 
mice (Supplementary Fig. 2). 

Shp2CSDA suppresses EGFRL858R-induced Erk1/2 
and Src activation

To determine if the PTP-defective Shp2CSDA 
inhibits Shp2-mediated EGFR signaling in the lungs 
of transgenic mice, we produced CCSP-rtTA/tetO-
EGFRL858R (C/EL858R) bitransgenic mice and CCSP-
rtTA/tetO-Shp2CSDA/tetO-EGFRL858R (C/Sdn/EL858R) 
tritransgenic mice. This was accomplished by crossing 
C/Sdn bitransgenic mice with tetO-EGFRL858R mice (Fig. 
3B). The resulting F1 offspring were then used in our 
study. After induction with Dox for 2-8 weeks, lung tissues 
from the transgenic mice were analyzed.

Immunoblot analysis using an EGFRL858R-specific 
antibody confirmed Dox-induced expression of the 
EGFRL858R mutant in C/EL858R bitransgenic mice and 
C/Sdn/EL858R tritransgenic mice (Fig. 4). Compared 
to wildtype control mice, pErk1/2 and pSrc(Y416) 
levels were increased in the lungs of Dox-induced C/
EL858R bitransgenic mice, indicating that EGFRL858R 
activated Erk1/2 and Src in the lungs of these mice. In 
8 of 9 lung tissue samples that we have analyzed, the 
pErk1/2 levels were decreased in the Dox-induced C/Sdn/
EL858R tritransgenic mice compared to the C/EL858R 
bitransgenic mice (Fig. 4 and Supplementary Fig. 3). 
Similarly, pSrc(Y416) levels were decreased in 5 of 5 lung 
tissue samples from the Dox-induced tritransgenic mice 
compared to the samples from the C/EL858R bitransgenic 
mice. In contrast, no consistent effects on pAkt and pStat3 
were observed in the Dox-induced tritransgenic mice (Fig. 

Figure 4: EGFRL858R-activated signaling molecules in transgenic mice. Transgenic mice were fed with Dox diet for 2-8 weeks. 
Lung tissues were flushed twice with 10 ml PBS and snap-frozen in liquid nitrogen. Frozen tissues were thawed and lysed with the lysis 
buffer. Equal amount of proteins in Triton X-100 soluble supernatants were analyzed by immunoblotting with indicated antibodies. W, 
wildtype, B, C/EL858R bitransgenic, T, C/S65/EL858R or C/S669/EL858R tritransgenic.
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4 and Supplementary Fig. 3). These results suggest that 
Shp2CSDA inhibited EGFRL858R-induced Erk1/2 and Src 
activation in the lungs of these tritransgenic mice.

Shp2CSDA inhibits EGFRL858R-induced lung 
tumors

To analyze the effects of Shp2CSDA on EGFRL858R-
induced lung tumors, C/EL858R and C/Sdn/EL858R mice 
were induced with Dox for 2 to 8 weeks and lung tissues 
were stained with H&E for histological examination. 

Within 2 weeks of Dox induction, C/EL858R mice 
developed focal atypical adenomatous hyperplasia (Fig. 
5A). This progressed rapidly to extensive, diffused non-
mucinous adenocarcinoma with lepidic pattern within 
4 weeks after Dox-induction (Fig. 5A, second column). 
Bronchioloalveolar adenoma appeared at week 6 and 
progressed to more solid adenoma and adenocarcinoma 
(> 0.5 mm in diameter) by week 8 (Fig. 5A). In 
comparison, following parallel Dox induction, C/Sdn/
EL858R tritransgenic mice from both Line-65 and Line-
669 developed markedly fewer hyperproliferative lesions 
compared to C/EL858R bitransgenic mice (Fig. 5A, B).

Figure 5: Lung hyperproliferative lesions in transgenic mice. A, H&E sections of lungs from transgenic mice. Transgenic mice 
were fed with Dox diet for 2-8 weeks. Lungs were collected and processed as described in Materials and Methods. H&E stained slides 
were scanned with a ScanScope XT slide scanner (Aperio). Examples of H&E stained sections at each time point after Dox induction from 
bitransgenic and two different tritransgenic lines are presented. Top panels from each transgenic line show images of whole lung sections. 
The bottom panels from each transgenic line show a higher magnification (200x) of the boxed areas. B, Box-and-Whiskers plot of the 
extent of hyperproliferative lesions in the lungs of Dox-induced transgenic mice. Three 4 µm sections that were 25 µm apart from each 
lung paraffin block were stained with H&E. Images were acquired and analyzed using a histology pattern recognition algorithm (Aperio). 
Areas of hyperproliferative lesions were calculated. Numbers on each column indicate the number of mice analyzed in that set of samples. 
*, p <0.05. Hyperproliferative lesions include atypical adenomatous hyperplasia, non-mucinous adenocarcinoma with lepidic pattern, 
bronchioloalveolar adenoma, and solid adenoma (<0.5 mm in diameter) and adenocarcinoma (>0.5 mm in diameter).
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To measure the diffuse lung hyperproliferative 
lesions in these mouse lung tissues, we used the Aperio 
Genie® histology pattern recognition program to semi-
quantitatively estimate areas of hyperproliferative lesions 
as described in Materials and Methods (Supplementary 
Fig. 4). Although the algorithm recognized the small 
bronchiolar epithelia as lesions, this systematical error 
did not affect our comparison of lung hyperproliferative 
lesions because it generally affected <1% of the estimated 
lesion areas and all lung H&E slides were measured using 
the same set of parameters. 

Using this semi-quantitative measurement, the 
average areas of lung hyperproliferative lesions were 8.2, 
50.2, 51.2, and 49.5% in C/EL858R bitransgenic mice 
induced with Dox for 2, 4, 6, and 8 weeks, respectively 
(Fig. 5B). In comparison, the average areas of lung 
hyperproliferative lesions in Line-65 of C/Sdn/EL858R 
(C/S65/EL858R) tritransgenic mice were 7.1, 26.8, 28.9, 
and 31.3% after induction with Dox for 2, 4, 6, and 8 
weeks, respectively. In the Line-669 of C/Sdn/EL858R 
(C/S669/EL858R) tritransgenic mice, the average areas of 
lung hyperproliferative lesions after the same time periods 
of induction were 4.7, 21.4, 26.9, and 36.2%. Statistical 
analysis showed that both lines of C/Sdn/EL858R 
tritransgenic mice had significantly less areas of lung 
hyperproliferative lesions than the C/EL858R bitransgenic 
mice at 4, 6, and 8 weeks after Dox-induction (Fig. 5B). 

At the 8-week time point, 3 out of 10 C/S65/EL858R 
tritransgenic mice and 3 out of 10 C/S669/EL858R 
tritransgenic mice had essentially normal lung histology or 
minimal hyperproliferative lesions (Fig. 5A), whereas all 
lungs from the 11 C/EL858R bitransgenic mice had >30% 
areas of hyperproliferative lesions. Moreover, lung lesions 
in the C/EL858R bitransgenic mice displayed a more 
aggressive phenotype with the appearance of multifocal 
compact masses of adenomas and adenocarcinomas (Fig. 
5A).

Gab1 tyrosine phosphorylation and Shp2 binding 
to Gab1 are inhibited in the C/Sdn/CL858R 
tritransgenic mice

Shp2CSDA inhibited EGFRL858R-induced Erk1/2 
activation in the lungs of transgenic mice (Fig. 4 and 
Supplementary Fig. 3). Previous work has established that 
Shp2 binding to Gab1 (or Gab2) is essential for Shp2 to 
mediate Erk1/2 activation [2, 3, 5, 26]. 

Shp2 from lung of Dox-induced C/S669/EL858R 
tritransgenic mice appeared to have less associated 
tyrosine phosphorylated proteins and Gab1 than that 
from Dox-fed C/EL858R bitransgenic mice (Fig. 6A). To 
determine if Shp2CSDA bound to Gab1 or Gab2 in the 
lungs of our tritransgenic mice, we immunoprecipitated the 

Figure 6: Analysis of Gab1 tyrosine phosphorylation and association with Shp2 in transgenic mouse lung. A, lung tissue 
lysates (4 mg/each) of C/EL858R (B) and C/S669/EL858R (T) mice induced with Dox diet for 6 weeks were immunoprecipitated with 
anti-Shp2. Portions of immunoprecipitates (1/5, 1/5, 1/20) were analyzed by immunoblots with antibodies to phosphotyrosine (PY20), 
Gab1, and Shp2, respectively. Ten μg of tissue lysates were also analyzed by immunoblot with an antibody to actin. B, Lung tissue 
lysates from C/S669/EL858R mice induced with Dox diet for 4 weeks were immunoprecipitated with an anti-Flag antibody. One-tenth of 
immunoprecipitates were analyzed by immunoblotting with an anti-phosphotyrosine antibody (PY20). The rest of immunoprecipitates were 
separated on a SDS-polyacrylamide gel in the same experiment and gel slices were subjected to trypsin-digestion and protein identification 
by LC/MS/MS. Bold letters indicate tyrosine phosphorylation residues have been identified on these proteins. Proteins in parentheses are 
those that known to be tyrosine phosphorylated (based on www.phosphosite.org) that were detected in the indicated gel slices, but their 
tyrosine-phosphorylated tryptic peptides were not detected in our experiment. C, Mouse lung tissue lysates from indicated genotypes fed 
with Dox diet for 4 weeks were immunoprecipitated with the anti-Flag antibody and then immunoblotted with indicated antibodies. D, 
Transgenic mice of indicated genotypes were fed with Dox diet for 4 weeks. Lung tissue lysates were analyzed by immunoblotting with 
indicated antibodies (top panels). Gab1 was immunoprecipitated from these lung tissues and immunoblotted with antibodies to Shp2 or 
Gab1 (lower panels).
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Flag-tagged Shp2CSDA from lung tissues of Dox-induced 
C/S669/EL858R mice. Immunoprecipitates were separated 
on gels and processed for immunoblotting analysis with 
an anti-phosphotyrosine antibody or proteomic analysis 
(Fig. 6B). Tyrosine phosphorylated Gab1 (on Y659) was 
detected in one of the strong reactive bands to the anti-
phosphotyrosine antibody. Gab2 was not found in the 
Shp2CSDA immunoprecipitates by the proteomic analysis, 
possibly because Gab2 is not expressed in mouse lung 
epithelial cells. Other tyrosine-phosphorylated proteins 
detected were Shp2 (on Y62 and Y580 of the human 
Shp2CSDA) and Mpzl1 (on Y263). No mouse-specific 
Shp2 tryptic peptide was detected in the Flag-tagged 
Shp2CSDA immunoprecipitates by the mass spectrometric 
analysis (Supplementary Fig. 5). In a separate experiment, 
we confirmed co-immunoprecipitation of Shp2CSDA and 
Gab1 in lung tissues from Dox-induced tritransgenic mice 
by immunoblotting the Shp2CSDA immunoprecipitates 
with an anti-Gab1 antibody, although the amount of Gab1 
protein co-immunoprecipitated with Shp2CSDA was low 
(Fig. 6C).

We next compared Gab1 tyrosine phosphorylation 
at the Shp2 binding site (pY627) and Gab1-bound Shp2 
in lung tissues from the wildtype, C/EL858R, and C/
Sdn/CL858R mice Dox-induced for 4 weeks. Elevated 
pGab1 (Y627) and Gab1-bound Shp2 were observed in 
the lung tissue from C/EL858R bitransgenic mice (Fig. 
6D). Tissues from both C/S65/EL858R and C/S669/
EL858R tritransgenic mice displayed markedly decreased 
pGab1 and Gab1-bound Shp2 (Fig. 6D). These results 
indicate that Shp2CSDA not only competed with the 
endogenous Shp2 for Gab1 binding but also reduced Gab1 
phosphorylation at the Shp2 binding site, thus preventing 
binding and activation of the endogenous Shp2 by 
EGFRL858R in the lungs of tritransgenic mice.

DISCUSSION

It was previously unclear whether Shp2 is activated 
by oncogenic EGFR mutants and whether inhibition of 
the Shp2 PTP activity can suppress lung tumorigenesis in 
vivo. In this study, we generated novel transgenic mice 
containing a Dox-inducible PTP-defective Shp2CSDA. 
We found that endogenous Shp2 is activated in the lung 
tissues of transgenic mice in vivo by the EGFRL858R 
mutant. Importantly, expression of the dominant-negative 
Shp2CSDA mutant suppressed EGFRL858R-induced lung 
adenocarcinoma in tritransgenic mice. These results 
suggest that Shp2 contributes to the EGFR mutant-
induced lung tumorigenesis and that inhibiting the PTP 
activity of Shp2 can suppress EGFR mutant-induced lung 
adenocarcinomas. 

In human lung cancer cell lines harboring either 
the wildtype or mutant EGFR, it was reported that Shp2 
and Erk1/2 were less active in cells harboring mutant 
EGFR [27, 28]. Shp2 Y542 phosphorylation was used as 

the marker of Shp2 activation in these studied. However, 
it has reported that EGFR does not phosphorylate Shp2 
C-terminal tyrosine residues well and the potential Y542 
phosphorylation mediated docking function only plays a 
peripheral, if any, role in EGFR signaling [29]. Moreover, 
constitutive Erk1/2 activation by mutant EGFR could 
result in feedback inhibition that may contribute to a 
lower level of constitutive or transient peak pErk1/2. It is 
possible that other genetic alternations in the few wildtype 
EGFR cell lines also contribute to Erk1/2 activation in 
these cells. In fact, the difference in Erk activation in 
MEF cells transfected with wildtype and mutant EGFR 
was small [27].

Gab1-Shp2 binding activates Shp2 [2]. Constitutive 
Gab1-Shp2 binding in human lung adenocarcinoma cells 
harboring mutant EGFR was observed in a previous study 
[28] and in this study (Fig. 1). Moreover, constitutive 
pErk1/2 was readily detectable in these cells that carry 
mutant EGFR. Using Shp2 siRNAs, Dox-inducible 
shRNAs, Shp2 binding defective Gab1 mutant, and 
PTP-inactive Shp2 mutant, we have provided evidence 
that inhibition of Gab1-Shp2 interaction and Shp2 PTP 
activity suppress Erk1/2 activation in the HCC827 
lung adenocarcinoma cells that harbor a mutant EGFR. 
Although Shp2 knockdown and a Shp2 PTP inhibitor 
suppress cell proliferation and pErk1/2, it is unlikely that 
inhibition of Erk1/2 is the only mechanism that Shp2 
mediates cell proliferation or tumorigenesis. Nevertheless, 
pErk1/2 level provides a marker suitable for monitoring 
Shp2 inhibition in many cases. 

We found previously that the constitutively active 
Shp2E76K mutant increased Gab1 tyrosine phosphorylation 
in the lungs of transgenic mice and in cell lines via a 
mechanism involving Src family kinases [17], suggesting 
that the active Shp2 exerts a positive feedback loop to 
regulate its binding to Gab1. Data in this study show that 
the PTP-defective Shp2CSDA mutant suppresses Gab1 
tyrosine phosphorylation and Src family kinases in the 
lung of tritransgenic mice. This finding provides another 
line of evidence to reinforce the notion that Shp2 controls 
a positive feedback loop to regulate its own activity. In 
the case of GOF active Shp2 mutants, this autoregulatory 
loop is essential for Gab1/Gab2 phosphorylation necessary 
for the oncogenic activity, because an active Shp2 PTP 
needs to dock to Gab1/Gab2 to exert its function. Since the 
endogenous mouse Shp2 in the lungs must dock to Gab1 
in order to mediate mutant EGFR signaling, our finding 
that Shp2CSDA suppresses Gab1 tyrosine phosphorylation 
and Gab1-Shp2 binding provides a mechanistic insight 
into how Shp2CSDA exerts a dominant negative effect 
on the endogenous Shp2. Consistent with regulation of 
SFKs by Shp2, our data show that active SFK levels were 
decreased in tritransgenic mice expressing Shp2CSDA, 
implicating SFKs in the Shp2 autoregulatory loop in these 
mice, although this remains to be verified experimentally. 

Our transgenic animal study represents a significant 



Oncotarget6199www.impactjournals.com/oncotarget

advance over previous subcutaneous tumor xenograft 
experiments with breast and lung cancer cells [6, 7]. 
First, Shp2 knockdown in tumor cells depletes the 
entire Shp2 protein. Besides the PTP activity, Shp2 
contains SH2 domains and two Grb2-binding tyrosine 
phosphorylation sites. When Shp2 is knocked down, all 
three functional regions of Shp2 are lost. These include 
not only the PTP activity but also the potential SH2 
domain competition and Grb2-binding activity of Shp2 
C-terminal phosphorylation sites. Thus, Shp2 knockdown 
may not reflect the true phenotype when the Shp2 PTP 
activity is inhibited by a drug because the small molecular 
PTP inhibitor only suppresses Shp2 PTP activity while 
leaving the SH2 domains and tyrosine phosphorylation 
sites intact. By analogy, a Shp2 knockout mouse model 
would have the same limitation. In contrast, Shp2CSDA 
only affects the PTP activity and thus is a better model of 
Shp2 PTP inhibition. Second, previous studies measured 
subcutaneous tumor xenografts not grown in their 
natural environments in immunocompetent hosts. Our 
study is the first evaluation of Shp2 inhibition in a PTK 
oncogene-driven tumor development model in genetically 
engineered animals.

A major mechanism of drug resistance to EGFR 
TKIs in lung adenocarcinoma is reactivation of the mutant 
EGFR PTK activity. Moreover, de novo resistance to 
EGFR TKIs has also been associated with constitutively 
active EGFR PTK activity. Under these circumstances, our 
data suggest that the Gab1-Shp2 pathway is activated in 
these EGFR inhibitor-resistant lung adenocarcinoma cells 
and promotes tumor growth. Increasing evidence suggests 
that PTK-PTP cooperate to promote human cancer 
development and PTP inhibitors are being developed as 
potential anti-cancer drugs. Our finding that the PTP-
defective Shp2CSDA suppresses EGFRL858R-induced lung 
adenocarcinoma in transgenic mice suggests that Shp2 
PTP is a potential target for therapeutic development in 
EGFR-driven lung adenocarcinoma. Consistent with 
previous studies in cell cultures of lung cancer cells, 
we observed elevated pAkt and pStat3 in the lungs of 
transgenic mice when EGFRL858R was expressed. While 
inhibition of Shp2 had little effect on pAkt and pStat3 
in our mouse model, it is possible but remains to be 
tested that combining Shp2 inhibition with blockage of 
the phosphoinoside-3-kinase-Akt pathway and/or Stat3 
signaling may be a more effective therapy for EGFR 
mutant-associated NSCLC that develop resistance to the 
first-line EGFR PTK inhibitor therapy. 

MATERIALS AND METHODS

Reagents

On-target Smart pool Shp2-specific and non-
silencing control siRNAs were from Dharmacon. Shp2 
shRNAs were described [6]. Gab1FF, Shp2CSDA, and 
HA-Erk2 plasmids used in transfected experiments in cell 
cultures have been described [2, 3, 5]. Erlotinib was from 
LC Chemicals. WZ4002 was from Selleck. SPI-112Me 
was synthesized as described [11]. Antibodies to Shp2, 
Erk1/2, phospho-Erk1/2 (pErk1/2, T202/Y204), Gab1, 
Akt, c-Myc, and β-actin were obtained from Santa Cruz 
Biotechnology. Antibodies to Flag (rabbit), phospho-Gab1 
(pGab1, Y627), phospho-Akt (pAkt, S473), and phospho-
Src (pSrc, Y416) were from Cell Signaling Technology. 
Src antibody was from Calbiochem. The anti-Flag M2 
monoclonal antibody was from Sigma.

Cell cultures, transfection, and cell proliferation 
assay

Cell lines have been maintained in a central 
repository at the Moffitt Cancer Center since 2008. All cell 
lines in the Moffitt repository had been authenticated by 
STR analysis (ACTG Inc, Wheeling, IL) as of September 
2010, and all cells had been routinely tested and were 
negative for mycoplasma (PlasmoTest, InvivoGen, San 
Diego, CA). HCC827 and H1975 lung carcinoma cells 
were cultured in RPMI1640 plus 10% fetal bovine serum 
(FBS) at 37°C in 5% CO2. To examine the effect of siRNA 
on cell proliferation, HCC827 and H1975 cells were plated 
in 96-well plates (2,000 cells/well) in RPMI1640/10%FBS 
for 24 h. Cells were transfected with 25 nM PTPN11 
on-target smart pool siRNAs or non-silencing control 
siRNA using Lipofectamine 2000 (Life Technologies) 
for 4 h. After 6 days, viable cells were measured using 
CellTiter-Glo reagent (Promega). For immunoblotting 
analysis, HCC827 and H1975 cells were plated in 12-
well plates (20,000 cells/well) in RPMI1640/10%FBS 
for 24 h before transfection with 25 nM siRNAs for 6 h 
as above. Cell lysates were prepared and analyzed 3 days 
after transfection. For SPI-112Me treatment, HCC827 
and H1975 cells were plated in 96-well plates (1,000 
cells/well) in RPMI1640/10%FBS for 24 h and then 
incubated with SPI-112Me or solvent control for 6 days 
before analyzing relative cell numbers using CellTiter-Glo 
reagent. 

Transfection of HCC827 cells with Gab1 and 
Shp2 mutants were performed in 6-cm plates containing 
overnight cultures of 7x105 cells/plate. Each plate of 
cells were transfected with 2 μg HA-Erk2 plasmid plus 
2 μg of either pCDNA3.1 vector, pCDNA3.1-Gab1FF, or 
pCDNA3.1-Shp2CSDA using lipofectamine 2000. Forty-
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eight h after transfection, cells were serum-started for 
18 h and stimulated with EGF (2 ng/ml, 10min) or left 
untreated. HA-Erk2 was immunoprecipitated and analyzed 
by immunoblotting as described [5]. 

Immunoblotting and immunoprecipitation

Frozen tissues and cells were lysed for 1 h at 4 °C 
using lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 1 mM EDTA, 1 mM EGTA, 25 mM NaF, 5 mM 
Na4P2O7, 1 mM dithiothreitol, 1 mM Na3VO4, 100 µg/ml 
of phenylmethylsulfonyl fluoride, 2 µg/ml leupeptin, 2 
µg/ml aprotinin, and 1% Triton X-100). Equal amounts 
of proteins from cleared lysates were separated by 10% 
SDS-polyacrylamide gels and transferred to nitrocellulose 
filters for immunoblotting. Flag-tagged Shp2CSDA 
was immunoprecipitated from cleared tissue lysate 
supernatants by using the anti-Flag M2 antibody. Gab1 
was immunoprecipitated using Gab1 mouse antibody. 
Immunoblotting was performed as described previously 
[6, 30-32].

Transgenic mice

A Cre recombinase-mediated cassette exchange 
(RMCE)-capable plasmid L3/L2-tetO (Fig. 3A) was 
constructed [17]. cDNA encoding Flag-tagged, C459S/
D425A mutations of human Shp2 (Shp2CSDA) [5] was 
then subcloned into the EcoRV site between the tetO 
and polyA sequences in L3/L2-tetO to create the L3/L2-
tetO-Shp2CSDA plasmid (Fig. 3A). To generate tetO-
Shp2CSDA transgenic mice, the 5.8 kb BssHII fragment 
of L3/L2-tetO-Shp2CSDA transgene was isolated 
by agarose gel electrophoresis followed by EluTrap 
electroelution and EluTip purification (Whatman). 
Ethanol precipitated DNA was resuspended in sterile 
microinjection buffer (10 mM Tris-HCl, 0.1 mM EDTA, 
pH 7.5) and microinjected at 3 ng/µl into 0.5 dpc fertilized 
FVB/N zygotes. Zygotes were surgically implanted into 
the oviducts of 0.5 dpc pseudopregnant CD-1 females for 
development. Offspring were tail biopsied at weaning and 
genomic DNA screened by PCR to identify transgenic 
lines. Genotyping of tetO-Shp2CSDA transgenic mice 
was performed using the GoTaq® Hot Start Green Master 
Mix (Promega) and the following primers: SHP2T1, 5’- 
AGACGCCATCCACGCTGTTTTGAC-3’ and SHP2T2, 
5’-TCTCTTTTAATTGCCCGTGATGTT-3’. The protocol 
for a 25 µl PCR reaction was: 4 min denaturation at 94 oC, 
35 cycles of 94 oC for 30 sec, 57oC for 30 sec, 72 oC for 30 
sec with a final extension step of 72 oC for 4 min, which 
yields a 450-bp PCR fragment.

CCSP-rtTA transgenic mice (on inbred FVB/N 
background) [25] were provided by Dr. Jeffrey A. Whitsett. 
TetO-EGFRL858R transgenic mice (in B6;CBA) [19] were 
obtained from the NCI-Frederick Mouse Repository. The 

CCSP-rtTA transgenic mice were genotyped as described 
[25]. The tetO-EGFRL858R transgenic mice were genotyped 
as described [19].

Animals were maintained in specific pathogen-
free housing conditions. To activate the transactivating 
function of the rtTA protein, mice were fed with rodent 
chow containing 200 mg/kg doxycycline (Dox diet, 
Bio-Serv). Animal studies and care were approved by 
the Institutional Animal Care and Use Committee of the 
University of South Florida and followed institutional and 
national guidelines.

RT-PCR analysis of Shp2CSDA mRNA

RNA was extracted from frozen tissues using 
Trizol reagent (Life Technologies). Samples were 
treated with DNase I to avoid DNA contamination 
and RT-PCR was performed using the SuperScript 
One-Step RT-PCR Platinum Taq system (Life 
Technologies) with the following primers: SHP2F1: 
5’-GGTTGGACAAGGGAATACGG-3’ and SHP2R2: 
5’-AGGGCTCTGATCTCCACTCG-3’. The protocol for 
a 50 µl RT-PCR reaction was: 30 min cDNA synthesis at 
55 oC, 4 min denaturation at 94 oC then 35 cycles of 94 oC 
for 30 sec, 57 oC for 30 sec, then 72 oC for 30 sec with a 
final extension step of 72oC for 4 min which yields a 462-
bp fragment. 

Histological examination

After euthanasia, mouse lungs were flushed twice 
with 10 ml PBS, insufflated with 10% buffered formalin, 
and placed with the frontal side of the lungs oriented 
towards the bottom of embedding cassettes. After 
overnight fixation with formalin at room temperature, 
paraffin blocks were prepared using standard procedures 
by the Tissue Core at the Moffitt Cancer Center. Three 
sections (4 µm thick) were cut 25 µm apart. These 
tissue sections were stained with hematoxylin and eosin 
(H&E) for histological examination and analysis of 
hyperproliferative lesions.

After histological examination by two pathologists, 
H&E stain slides were scanned using a ScanScope XT 
(Aperio) with a 20x/0.8NA objective lens at a rate of 5 
minutes per slide via Basler tri-linear-array to acquire 
whole slide images. Genie® v1 histology pattern 
recognition software (Aperio) was used to segment 
hyperproliferative lesions from other lung tissue areas 
and background. This was accomplished using the Aperio 
Nuclear® v9.1 algorithm with a training set of 400 
iterations and pathologist quality control. The optimized 
thresholds were: Averaging radius = 1 µm; Segmentation 
Type = 2 Cytoplasmic Rejection; Threshold Type = 1- 
Edge Threshold with weighted Trimming; Min/ Max Nuc 
Size = 25 µm2/1000000 μm2/; RGB stain = 0/ 0.64307/ 
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0.31756; Positive RGB OD = 0.244583/ 0.509334/ 
0.825081. The resultant hyperproliferative areas were 
calculated as a percentage of lung tissue areas. 

Proteomic analysis

Protein identification by mass spectrometry was 
performed by the Proteomics Core of the Moffitt Cancer 
Center using standard procedures. Briefly, gel slices were 
treated with TCEP and iodoacetamide to reduce and 
alkylate proteins. After in-gel trypsin digestion, peptides 
were extracted and concentrated. A nanoflow ultra high 
performance liquid chromatograph (RSLC, Dionex, 
Sunnyvale, CA) coupled to an electrospray ion trap mass 
spectrometer (LTQ-Orbitrap, Thermo, San Jose, CA) was 
used for tandem mass spectrometry peptide sequencing 
analysis. Five tandem mass spectra were collected in a 
data-dependent manner following each survey scan. The 
MS scans were performed in Orbitrap to obtain accurate 
peptide mass measurement and the MS/MS scans were 
performed in linear ion trap using 60 second exclusion for 
previously sampled peptide peaks. Mascot and Sequest 
searches were performed against the Swiss-Prot mouse 
and human databases. Dynamic modifications included 
carbamidomethylation (Cys), oxidation (Met), and 
phosphorylation (Ser/Thr/Tyr). Both Mascot and Sequest 
search results were compiled in Scaffold. 

Statistical analysis

Statistical analysis was performed using unpaired 
t test with Welch’s correction, without assuming equal 
SDs. A difference in means with p < 0.05 was considered 
statistically significant.

ACKNOWLEDGMENTS

We thank Jeffrey A. Whitsett for the CCSP-rtTA 
transgenic mice, Derek C. Radisky and Alan P. Fields for 
advice and assistance, and the Moffitt Animal, Tissue, 
Analytic Microscopy, Chemical Biology, Molecular 
Genomics, and Proteomics Core staff for assistance. This 
work was supported by grants from NIH (R56CA077467, 
R01CA178456, R21CA175603, P50CA119997, 
P30CA076292) and Florida Biomedical Research Program 
(3KB06, 4BB01).

REFERENCES

1. Chan G, Kalaitzidis D and Neel BG. The tyrosine 
phosphatase Shp2 (PTPN11) in cancer. Cancer Metastasis 
Rev. 2008; 27(2):179-192.

2. Cunnick JM, Mei L, Doupnik CA and Wu J. 
Phosphotyrosines 627 and 659 of Gab1 constitute a 

bisphosphoryl tyrosine-based activation motif (BTAM) 
conferring binding and activation of SHP2. J Biol Chem. 
2001; 276(26):24380-24387.

3. Cunnick JM, Dorsey JF, Munoz-Antonia T, Mei L and 
Wu J. Requirement of SHP2 binding to Grb2-associated 
binder-1 for mitogen-activated protein kinase activation in 
response to lysophosphatidic acid and epidermal growth 
factor. J Biol Chem. 2000; 275(18):13842-13848.

4. Cunnick JM, Meng S, Ren Y, Desponts C, Wang HG, Djeu 
JY and Wu J. Regulation of the mitogen-activated protein 
kinase signaling pathway by SHP2. J Biol Chem. 2002; 
277(11):9498-9504.

5. Ren Y, Meng S, Mei L, Zhao ZJ, Jove R and Wu J. Roles of 
Gab1 and SHP2 in paxillin tyrosine dephosphorylation and 
Src activation in response to epidermal growth factor. J Biol 
Chem. 2004; 279(9):8497-8505.

6. Ren Y, Chen Z, Chen L, Fang B, Win-Piazza H, Haura 
E, Koomen JM and Wu J. Critical role of Shp2 in tumor 
growth involving regulation of c-Myc. Genes Cancer. 2010; 
1(10):994-1007.

7. Aceto N, Sausgruber N, Brinkhaus H, Gaidatzis D, Martiny-
Baron G, Mazzarol G, Confalonieri S, Quarto M, Hu G, 
Balwierz PJ, Pachkov M, Elledge SJ, van Nimwegen E, 
Stadler MB and Bentires-Alj M. Tyrosine phosphatase 
SHP2 promotes breast cancer progression and maintains 
tumor-initiating cells via activation of key transcription 
factors and a positive feedback signaling loop. Nat Med. 
2012; 18(4):529-537.

8. Zhang X, He Y, Liu S, Yu Z, Jiang ZX, Yang Z, Dong Y, 
Nabinger SC, Wu L, Gunawan AM, Wang L, Chan RJ and 
Zhang ZY. Salicylic acid based small molecule inhibitor 
for the oncogenic Src homology-2 domain containing 
protein tyrosine phosphatase-2 (SHP2). J Med Chem. 2010; 
53(6):2482-2493.

9. Liu S, Yu Z, Yu X, Huang SX, Luo Y, Wu L, Shen W, 
Yang Z, Wang L, Gunawan AM, Chan RJ, Shen B and 
Zhang ZY. SHP2 Is a Target of the Immunosuppressant 
Tautomycetin. Chem Biol. 2011; 18(1):101-110.

10. Chen L, Sung SS, Yip ML, Lawrence HR, Ren Y, Guida 
WC, Sebti SM, Lawrence NJ and Wu J. Discovery of a 
novel shp2 protein tyrosine phosphatase inhibitor. Mol 
Pharmacol. 2006; 70(2):562-570.

11. Chen L, Pernazza D, Scott LM, Lawrence HR, Ren Y, Luo 
Y, Wu X, Sung SS, Guida WC, Sebti SM, Lawrence NJ and 
Wu J. Inhibition of cellular Shp2 activity by a methyl ester 
analog of SPI-112. Biochem Pharmacol. 2010; 80(6):801-
810.

12. Scott LM, Lawrence HR, Sebti SM, Lawrence NJ and Wu J. 
Targeting protein tyrosine phosphatases for anticancer drug 
discovery. Curr Pharm Des. 2010; 16(16):1843-1862.

13. Xu J, Zeng LF, Shen W, Turchi JJ and Zhang ZY. 
Targeting SHP2 for EGFR inhibitor resistant non-small 
cell lung carcinoma. Biochem Biophys Res Commun. 2013; 
439(4):586-590.



Oncotarget6202www.impactjournals.com/oncotarget

14. Aceto N and Bentires-Alj M. Targeting protein-tyrosine 
phosphatases in breast cancer. Oncotarget. 2012; 3(5):514-
515.

15. Ding L, Getz G, Wheeler DA, Mardis ER, McLellan 
MD, Cibulskis K, Sougnez C, Greulich H, Muzny DM, 
Morgan MB, Fulton L, Fulton RS, Zhang Q, Wendl MC, 
Lawrence MS, Larson DE, et al. Somatic mutations affect 
key pathways in lung adenocarcinoma. Nature. 2008; 
455(7216):1069-1075.

16. Bentires-Alj M, Paez JG, David FS, Keilhack H, Halmos B, 
Naoki K, Maris JM, Richardson A, Bardelli A, Sugarbaker 
DJ, Richards WG, Du J, Girard L, Minna JD, Loh ML, 
Fisher DE, et al. Activating mutations of the noonan 
syndrome-associated SHP2/PTPN11 gene in human solid 
tumors and adult acute myelogenous leukemia. Cancer 
research. 2004; 64(24):8816-8820.

17. Schneeberger VE, Luetteke N, Ren Y, Berns H, Chen L, 
Foroutan P, Martinez GV, Haura EB, Chen J, Coppola D 
and Wu J. SHP2E76K mutant promotes lung tumorigenesis 
in transgenic mice. Carcinogenesis. 2014; 35(8):1717-1725.

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

19. Politi K, Zakowski MF, Fan PD, Schonfeld EA, Pao W and 
Varmus HE. Lung adenocarcinomas induced in mice by 
mutant EGF receptors found in human lung cancers respond 
to a tyrosine kinase inhibitor or to down-regulation of the 
receptors. Genes Dev. 2006; 20(11):1496-1510.

20. Ji H, Li D, Chen L, Shimamura T, Kobayashi S, McNamara 
K, Mahmood U, Mitchell A, Sun Y, Al-Hashem R, Chirieac 
LR, Padera R, Bronson RT, Kim W, Janne PA, Shapiro GI, 
et al. The impact of human EGFR kinase domain mutations 
on lung tumorigenesis and in vivo sensitivity to EGFR-
targeted therapies. Cancer Cell. 2006; 9(6):485-495.

21. Regales L, Balak MN, Gong Y, Politi K, Sawai A, Le C, 
Koutcher JA, Solit DB, Rosen N, Zakowski MF and Pao W. 
Development of new mouse lung tumor models expressing 
EGFR T790M mutants associated with clinical resistance to 
kinase inhibitors. PLoS One. 2007; 2(8):e810.

22. Pao W and Chmielecki J. Rational, biologically based 
treatment of EGFR-mutant non-small-cell lung cancer. Nat 
Rev Cancer. 2010; 10(11):760-774.

23. Zhou W, Ercan D, Chen L, Yun CH, Li D, Capelletti M, 
Cortot AB, Chirieac L, Iacob RE, Padera R, Engen JR, 
Wong KK, Eck MJ, Gray NS and Janne PA. Novel mutant-
selective EGFR kinase inhibitors against EGFR T790M. 
Nature. 2009; 462(7276):1070-1074.

24. Fragale A, Stellacci E, Ilari R, Remoli AL, Lanciotti A, 
Perrotti E, Shytaj I, Orsatti R, Lawrence HR, Lawrence 
NJ, Wu J, Rehli M, Ozato K and Battistini A. Critical 
role of IRF-8 in negative regulation of TLR3 expression 
by Src homology 2 domain-containing protein tyrosine 
phosphatase-2 activity in human myeloid dendritic cells. J 
Immunol. 2011; 186(4):1951-1962.

25. Tichelaar JW, Lu W and Whitsett JA. Conditional 
expression of fibroblast growth factor-7 in the developing 
and mature lung. J Biol Chem. 2000; 275(16):11858-11864.

26. Meng S, Chen Z, Munoz-Antonia T and Wu J. Participation 
of both Gab1 and Gab2 in the activation of the ERK/MAPK 
pathway by epidermal growth factor. Biochem J. 2005; 
391(Pt 1):143-151.

27. Lazzara MJ, Lane K, Chan R, Jasper PJ, Yaffe MB, Sorger 
PK, Jacks T, Neel BG and Lauffenburger DA. Impaired 
SHP2-mediated extracellular signal-regulated kinase 
activation contributes to gefitinib sensitivity of lung cancer 
cells with epidermal growth factor receptor-activating 
mutations. Cancer research. 2010; 70(9):3843-3850.

28. Furcht CM, Munoz Rojas AR, Nihalani D and Lazzara MJ. 
Diminished functional role and altered localization of SHP2 
in non-small cell lung cancer cells with EGFR-activating 
mutations. Oncogene. 2013; 32(18):2346-2355, 2355 
e2341-2310.

29. Araki T, Nawa H and Neel BG. Tyrosyl phosphorylation 
of Shp2 is required for normal ERK activation in response 
to some, but not all, growth factors. J Biol Chem. 2003; 
278(43):41677-41684.

30. Ren Y, Chen Z, Chen L, Woods NT, Reuther GW, Cheng 
JQ, Wang HG and Wu J. Shp2E76K mutant confers 
cytokine-independent survival of TF-1 myeloid cells by 
up-regulating Bcl-XL. J Biol Chem. 2007; 282(50):36463-
36473.

31. Schneeberger VE, Luetteke N, Ren Y, Berns H, Chen L, 
Foroutan P, Martinez GV, Haura EB, Chen J, Coppola D 
and Wu J. SHP2E76K mutant promotes lung tumorigenesis 
in transgenic mice. Carcinogenesis. 2014; 35(p): 1717-
1725.

32. Ren Y, Zhang Y, Liu RZ, Fenstermacher DA, Wright 
KL, Teer JK and Wu J. JAK1 truncating mutations in 
gynecologic cancer define new role of cancer-associated 
protein tyrosine kinase aberrations. Sci Rep. 2013; 3:3042.


