
The protein tyrosine phosphatase SHP-2 is required for EGFRvIII
oncogenic transformation in human glioblastoma cells

Yi Zhan1, George J. Counelis1, and Donald M. O’Rourke*,1,2
1 Department of Neurosurgery, University of Pennsylvania School of Medicine, Philadelphia, PA
19104, USA
2 Department of Pathology and Laboratory Medicine, University of Pennsylvania School of Medicine,
Philadelphia, PA 19104, USA

Abstract
Oncogenic EGFRvIII is a naturally occurring oncoprotein and is expressed in about 40–50% of
human glioblastomas, particular those that arise de novo. To understand the molecular mechanisms
by which this oncoprotein alters transforming phenotypes, and since our previous work indicated
that SHP-2 protein tyrosine phosphatase activity modulated EGFRvIII activation and downstream
signaling, we examined whether SHP-2 plays a role in EGFRvIII-induced oncogenesis by using both
PTEN-deficient U87MG.EGFRvIII and PTEN-intact LN229.EGFRvIII cells. Inhibition of SHP-2
expression by Shp-2 siRNA inhibited cell growth, transformation and altered morphology of these
EGFRvIII transformed GBM cells. Ectopic expression of a PTPase-inactive form of SHP-2, SHP-2
C459S, but not its wild-type SHP-2 or either of two SH2 domain mutants, abrogated transformation
of EGFRvIII-expressing glioblastomas in soft agar and in nude mice. SHP-2 C459S cells grew slower
and exhibited a more flattened morphology with more organized actin stress fibers under both full
growth and low serum conditions. Furthermore, shp-2 +/− and −/− mouse embryonic fibroblasts
(MEFs) could not be transformed by EGFRvIII while shp-2 +/+ MEFs displayed a fully transformed
phenotype upon introduction of EGFRvIII, again indicating a requirement for functional SHP-2 in
EGFRvIII transformation. Moreover, the SHP-2 PTPase activity inhibitor NSC-87877 inhibited
endogenous SHP-2 activity, Erk phosphorylation and transformation in both GBM cell lines.
EGFRvIII expression recruited SHP-2 to the receptor complex to transduce signals and also increased
SHP-2 phosphorylation at Tyr542. Inhibition of EGFRvIII-induced cell growth and transformation
by SHP-2 C459S or shp-2 siRNA was mediated by its ability to block cell cycle progression at
different phases in these GBM cells. These data indicate that differential activation of SHP-2
phosphorylation at Tyr542 in these two GBM cell lines likely results in increased different PTPase
activity and distinct mechanisms of cell cycle progression andSHP-2, in particular its PTPase activity,
plays a critical role in EGFRvIII-mediated transformation.
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Introduction
The epidermal growth factor receptor (EGFR) gene is often amplified and mutated in human
cancers [1,2]. EGFRvIII is the most common mutation of EGFR and frequently correlates with
advanced diseases including malignant gliomas, breast carcinomas, non-small cell lung
carcinomas, prostate and ovarian cancers [3–5]. This mutated oncoprotein is expressed on the
cell surface but is not present in any normal adult tissues, making it an attractive target for
anticancer therapy [4,6]. EGFRvIII is constitutively phosphorylated in the absence of EGF
[7]. This constitutive kinase activity has been shown to dysregulate signals leading to increased
tumorigenicity and resistance to therapy [7,8]. Targeting EGFRvIII for cancer therapy by using
monoclonal antibodies or kinase inhibitors is under investigation [5,9]. However, the
intracellular signals activated by oncogenic EGFRvIII are poorly understood. Therefore,
understanding the signaling pathways of EGFRvIII may provide new strategies for cancer
treatment.

Activated EGFR initiates a cascade of phosphorylation events that transduce signals to change
a variety of biological processes [10–12]. These protein phosphorylation events are regulated
by a set of protein kinases and protein phosphatases. One of the protein tyrosine phosphatases
(PTPase), SHP-2 (also termed PTPN11, PTP1D, PTP2C, PTPL1, SHPTP3 and Syp) [13–15],
has been shown to be involved in positively regulating signals initiated by epithelial growth
factor (EGF) and also other growth factors such as platelet-derived growth factor (PDGF) and
insulin to change biological phenotypes [16,17]. Upon RTK activation, SHP-2 interacts with
phosphotyrosine residues of receptors or adaptor molecules to transduce signals and regulates
downstream Ras/ERK or PI3-K/Akt pathways. SHP-2 plays an important role in cell
proliferation and differentiation [18]. A catalytically inactive form of SHP-2 (C459S) reduced
mitogenesis stimulated by insulin and EGF [19,20]. A N-terminal deletion of SHP-2 not only
reduced ERK activity induced by IGF-I, EGF and PDGF, but also inhibited the expression of
the beta subunit of platelet-derived growth factor receptor in mouse embryonic fibroblast cells
[21,22]. Additional evidence indicates that SHP-2 plays a critical role in the regulation of cell
spreading, migration, and cytoskeletal organization of fibroblasts and epithelial cells [23,24].
Importantly, the catalytic activity of SHP-2 is required for most of these biological processes
[19,20].

Recent studies showed that SHP-2 plays an important role in cell transformation and in human
diseases. SHP-2 mediates v-Src-induced morphological transformation in fibroblasts and is
required for hematopoietic cell transformation [25,26]. Gain-of-function of SHP-2 was found
in Noonan syndrome-associated leukemias [27]. SHP-2 is also mutated in human cancers and,
interestingly, these mutations resulted in an activated form of SHP-2 to enhance transformation
[28–30]. SHP-2 was overexpressed in breast tumors [31]. However, the role and mechanism
of adaptor recruitment, including SHP-2, following activation of EGFR by oncogenic mutation,
have not been defined. Previously we showed that overexpression of SHP-2 C459S in
EGFRvIII transformed glioma cells inhibited MAPK activity and downregulated EGFRvIII
tyrosine phosphorylation (pTyr), suggesting a SHP-2-mediated downstream signaling loop can
feedback to regulate EGFRvIII pTyr [32]. Therefore, we examined whether SHP-2 couples
EGFRvIII signals to downstream events to regulate EGFRvIII-mediated biological responses,
specially cell growth and transformation

In this study, we demonstrate that the PTPase activity of SHP-2 is required for the naturally
occurring EGFRvIII oncoprotein to transform glial cells and mouse embryonic fibroblasts.
Cells expressing PTPase-inactive SHP-2 C459S or shp-2 siRNA demonstrated reduced
transforming efficiency and this inhibited phenotype correlated to a block in cell cycle
progression. These results suggest that the SHP-2 PTPase is functionally coupled to activated
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EGFRvIII and that EGFRvIII requires SHP-2 to transform cells. Importantly, SHP-2 may
represent a good therapeutic target in EGFRvIII transformed human cancer cells such as GBMs.

Materials and methods
Materials

Fetal bovine serum was purchased from HyClone (Logan, UT). Dulbecco’s Modified Eagle’s
Medium (DMEM) was obtained from Mediatech Cellgro (Kansas City, MO). Penicillin,
streptomycin, lipofectamine and lipofectamine 2000 were from Invitrogen Life Technologies
(Carlsbad, CA). Anti-SHP-2 and anti-actin antibodies were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA) and Sigma separately. The anti-SHP-2 Tyr542 antibody
was obtained from Epitomics (Burlingame, CA). Anti-phospho-Cdc2(Tyr15), anti-cdc2, anti-
phospho-Akt (Ser473) and anti-Akt antibodies were purchased from Cell Signaling
Technology (Beverly, MA). Anti-phospho-Erk and anti-Erk1/2 antibodies were from Promega
Corporation (Madison, WI). SHP-2 PTPase substrate DiFMUP (6,8-difluoro-4-
methylumbelliferyl phosphate) was obtained from Invitrogen (Carlsbad, CA) and its inhibitor
NSC-87877 (8-Hydroxy-7-(6-sulfonaphthalen-2-yl)diazenyl-quinoline-5-sulfonic acid,
Disodium Salt) from Calbiochem (San Diego, CA). All other chemicals were obtained from
commercial sources.

Cell Culture and Cell Transfection
All of the cell lines were cultured in DMEM with 10 % fetal bovine serum supplemented with
100U/ml streptomycin/penicillin and plus different selection reagents as indicated below at
37°C in a humidified atmosphere of 5% CO2 incubator. The human GBM cell line
U87MG.EGFRvIII was obtained from Dr. Webster Cavenee (Ludwig Cancer Institute, San
Diego, CA) and previously described [32]. U87MG.EGFRvIII cells were grown with 400μg/
ml G418. The EGFRvIII stable transfectants expressing different Shp-2 mutants (shp-2 wild-
type; the PTPase-inactive shp2, shp-2 C459S; the two SH2 domain mutants that are incapable
of binding Tyr(P) residues, shp-2 R32E and shp-2 R138) were cultured in 40 μg/ml hygromycin
[32]. LN229.EGFRvIII cells were obtained from Dr. Hui-Kuo G. Shu (Department of Radiation
Oncology, Emory University, Atlanta, Georgia) and cultured with 1.2 μg/ml puromycin. Wild-
type (Shp-2+/+), heterozygous and homozygous Shp-2 mutant (Shp-2+/− and Shp-2−/−)
mouse embryonic fibroblast cell lines (MEF) were obtained from Dr. Gen-Sheng Feng (The
Burnham Institute, La Jolla, CA) and were previously described [21]. The MEF cell lines were
transfected with either empty vector or a vector containing the EGFRvIII oncogene (1726/
zeoGW-EGFRvIII) by lipofectamine as described previously [33]. The shp2+/+ and shp2+/−
stable clones were selected with 50 μg/ml zeocin and the shp2−/− clones were selected with
10 μg/ml zeocin.

RNA Interference Studies
Small interfering RNA (siRNA) specific for shp-2 (5′-GAAUAUGGCGUCAUGCGUGTT-3′
and 5′-CACGCAUGACGCCAUAUUCTT-3′) [34] and scrambled shp-2 siRNA 5′-
AGUUAUAAGGCGGUCGUGCTT-3′ and 5′-GCACGACCGCCUUAUAACUTT-3′ were
synthesized by Dharmacon Research, Inc. (Lafayette, CO). SiRNAs were transfected into
U87MG.EGFRvIII and LN229.EGFRvIII cells by using 3 μl of Lipofectamine 2000 reagent
from Invitrogen Life Technologies (Carlsbad, CA) [34] for 6 hour and then recovered in
DMEM plus 10% FBS.

MTT Assay
For cell proliferation, 2000–4000 cells were seeded in 96 well plates. At each time point as
indicated in the figure, 20μl of MTT solution (5 mg/ml in PBS) was added to each well. After
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3to 4 hour incubation at 37 °C, 100 μl of the extraction buffer (20% w/v of SDS, 50% N,N-
dimethylformamide, pH 4.7) was added and incubated at 37°C for overnight. The optical
density at 570nm was measured using an enzyme-linked immunosorbent assay reader at
specific time points as designated.

Soft Agar Assay and Tumorigenicity Studies
Cells were trypsinized and suspended in 2ml top agar containing 10% serum and 0.3% agarose.
The mixtures were then plated in 6-well plates containing 2ml bottom agar with 10% serum
and 0.6% agarose. The plates were incubated at 37 °C at 5% CO2 for 2to 4 weeks. The colonies
were stained using a 0.25-mg/ml solution of [2-(p-iodophenyl)-3-(p-nitropheyl)-5-phenyl
tetrazolium chloride and incubated at 37 °C for overnight and photographed. 1×105

U87MG.EGFRvIII expressing Shp-2 mutants and 3000 EGFRvIII expressing mouse
embryonic fibroblast (MEF) were used for this assay. For shp-2 siRNA (see below) study,
U87MG.EGFRvIII and LN229.EGFRvIII cells were transiently transfected with 20 picomoles
scrambled shp-2 siRNA and shp-2 siRNA for 6 hour by lipofectamine 2000 and recovered in
DMEM plus 10% serum for two days. Then cells were split and 1–2×105 cells were used for
soft agar assay. For SHP-2 inhibitor study, NSC-87877 was added to mix with the cells in the
top agar. For tumor formation in vivo, cells were trypsinized and suspended in DMEM.
5×105 cells per 0.1 ml were injected into each flank of the nude mice. Tumors were monitored
weekly after inoculation. Three to four weeks later, mice were sacrificed and tumors were
dissected and photographed.

Western Blot, Immunoprecipitation and Immunofluorescence Analysis
For Western blot analysis, cells were washed with PBS twice before harvest and then lysed in
lysis buffer (20 mM Tris-HCl. PH 7.5, 0.15 M NaCl, 1% Triton x-100, 1 mM PMSF, 1 mM
Na3VO4, 1 mM EGTA, 1μg/ml leupeptin, 2μg/ml aprotinin, 10μg/ml pepstatin). Protein
concentration was measured and equal amount of protein (25 μg) was loaded for electrophoresis
through SDS/8.0% polyacrylamide gels. An enhanced chemiluminescence detection kit was
used to detect the proteins (Amersham, Buckinghamshire, UK). For immunoprecipitation, cells
were lysed in lysis buffer containing 50mM Tris, pH 7.5, 150mM NaCl, 2mM EGTA, 0.1%
Triton-X-100, 1mM PMFS, 10μg/ml aprotinin and leupeptin, and 1mM orthovanadate. After
incubating for 30 minutes on ice, soluble fraction protein concentration was measured and
equal amount of protein was incubated with the appropriate antibody for overnight at 4°C. The
immune complexes were collected with protein A-Sepharose (Sigma) for 1 h, washed three
times with lysis buffer and boiled for 5 min in SDS-polyacrylamide gel electrophoresis sample
buffer (250mM Tris, pH 6.8, 10% SDS, 10% β-mercaptoethanol, and 40% glycerol). Proteins
were resolved by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose,
incubated with indicated antibodies, and visualized by ECL detection system (Amersham,
Buckinghamshire, UK). For immunofluorescent analysis, cells were plated in 12-well plates
on glass cover slips and cultured as indicated in figure legend. Cells were washed twice with
PBS, and fixed in 3.7% paraformaldehyde for 20min. Fixed cells were washed twice with PBS
and permeabilized with 0.5% Triton X-100 in PBS for 5min, and then blocked in PBS
containing 10% bovine albumin. Cells were stained with rhodamine-conjugated phalloidin
(Sigma) in PBS containing 2% bovine albumin for 2 hour at 37°C in a humidified chamber.
Images were captured and analyzed using a fluorescent Nikon Eclipse E 600 light microscope
(Nikon Co., Natick, MA) and a Magnafire CCD camera (Optronics, Goleta, California).

Flow Cytometry Analysis
The cells were trypsinized and harvested. After centrifugation, the cell pellet was washed with
PBS and fixed with 70% ice cold ethanol for 15 minutes, and resuspended in phosphate-
buffered saline containing RNase A for 30 min at room temperature. Cells were washed with
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PBS and propidium iodide (75μg/ml) was then added to evaluate nuclear staining. DNA content
analysis was performed by a fluorescence-activated cell sorter with CellQuest software (FACS
Caliber, Becton Dickinson, San Jose, CA). Data were analyzed by ModiFitLT 3.0 software
(Immunocytometry System, BD Bioscience) for cell cycle distribution.

Immune Complex PTP Assay
Cells were lysed in ice-cold PTP lysis buffer, 25 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM
EDTA, 0.5% Triton X-100, with protease inhibitor cocktail [35]. 500 μg protein of the cell
lysate was immunoprecipitated with anti-SHP-2 antibody plus protein A-Sepharose for 2 to 4
hours at 4°C. The SHP-2 immune complex was resuspended in 100 μl of reaction buffer
containing 20 μM DiFMUP and then incubated at 37 °C for 30 min in a water bath. During the
incubation period, shake the tube to mix the beads every 5 to 10 minutes. After a brief
centrifugation, 100 μl supernatants were transferred into a black 96-well plate and the DiFMU
fluorescence signal was measured at an excitation of 360 nm and an emission of 460 nm. The
remaining immune complexes were boiled and used for SHP-2 immunoblot. To determine
NSC-87877 IC50 for SHP-2 from these GBM cells, the assay was performed in the presence
of this inhibitor.

Results
Catalytically inactive SHP-2 inhibits growth of human GBM cells

We have previously shown that oncogenic EGFRvIII human GBM cells are more tumorigenic
and demonstrate resistance to treatment [32,36]. Constitutive phosphorylation of EGFRvIII
and its enhanced downstream signaling pathways, including MAPK and PI3K/Akt activation,
likely contribute to these biological responses [32,37,38]. SHP-2 participates in RTK pathways
and regulates both MAPK and Akt activities [18,32,39]. Previously, we reported that PTPase-
inactive SHP-2 C459S inhibited basal MAPK activity in EGFRvIII transfected glioma cells,
indicating that SHP-2 modulates signaling downstream of EGFRvIII [32]. In this study, we
analyzed whether SHP-2 is required for EGFRvIII cell proliferation and transformation in
GBMs. We addressed these questions in PTEN-negative U87MG.EGFRvIII and the PTEN-
positive LN229.EGFRvIII GBM cells. Shp-2 siRNA was introduced into these cells to inhibit
SHP-2 expression and its effects on these biological responses were monitored. Introduction
of 20 picomoles shp-2 siRNA [34] resulted in a dramatic reduction of SHP-2 protein expression
compared to control scrambled shp-2 siRNA on day three after transient transfection in both
GBM cells (Fig. 1A). We thus used this same strategy to evaluate whether inhibition of SHP-2
expression affected cell proliferation. Cells transfected with control or shp-2 siRNA were
counted at indicated time points and we found that shp-2 siRNA suppressed GBM cell growth
compared to control cells (Fig. 1B). To further evaluate the influence of distinct SHP-2 mutants
on the growth of EGFRvIII subclones, we employed clones expressing wild-type SHP-2,
PTPase-inactive SHP-2 (SHP-2 C459S), and two distinct SH2 domain point mutants of SHP-2
(SHP-2 R32E, SHP-2 R138E) to evaluate cell growth in 10% serum by the MTT assay which
was performed daily after cell seeding. PTPase-inactive SHP-2 C459S expressing EGFRvIII
subclones exhibited a slower growth rate compared to other SHP-2 subclones and empty vector
controls (Fig. 1C). Similar results were obtained with LN229.EGFRvIII cells expressing SHP-2
C459S (data not shown). Taken together, these data suggest that SHP-2, in particular the
PTPase activity of SHP-2, contributes to GBM cell growth.

PTPase-inactive SHP-2 inhibits GBM transformation and tumorgenicity in vivo and alters F-
actin stress fiber organization

Since SHP-2 is required for GBM cell growth, we examined whether SHP-2 participates in
GBM cell transformation. We used siRNA to inhibit SHP-2 expression in transient transfection
assays to examine whether inhibition of SHP-2 affected cell morphology and transformation
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of the GBM cells. We found that cells transfected with shp-2 siRNA (Fig. 2A, b, d) formed
fewer colonies after 3 to 4 weeks than cells transfected with scrambled shp-2 siRNA (Fig. 2A,
a, c). Consistent with this, cells with shp-2 siRNA showed a more flattened morphology (Fig.
2A, f, h). Thus, these data suggest that SHP-2 regulates EGFRvIII cell transformation in GBM
cells. Interestingly the expression of PTPase-inactive SHP-2 C459S, but not its SH2 domain
point mutants, SHP-2 R32E and SHP-2 R138E, also caused morphological changes in GBM
subclones (Fig. 2B, upper panel). Clones expressing SHP-2 C459S showed a more flattened
cell shape in culture in the presence of 10% serum. Conversely, vector control cells grew in
foci typical of highly transformed GBM cells. A similarly transformed morphology was also
observed in cells expressing wild-type SHP-2, and the SHP-2 R32E and SHP-2 R138E mutants.
Therefore, only expression of PTPase-inactive SHP-2 C459S profoundly altered GBM cell
morphology.

Changes in cell morphology have been shown to be associated with malignant transformation
in many tumor cell types. To investigate whether the morphological changes induced by
PTPase-inactive SHP-2 C459S expression correlated with a reduction in the transforming
properties of these cells, we compared the ability of U87MG.EGFRvIII cells expressing empty
vector, wild type SHP-2, PTPase-inactive SHP-2 C459S, or either of two SH2 mutants, SHP-2
R32E and SHP-2 R138E, to grow in soft agar. We found that vector control and the distinct
SH2 mutant-expressing cells readily grew in soft agar at similar cell densities, but the PTPase-
inactive SHP-2 C459S-expressing cells lost their ability to grow under the same conditions
(Fig. 2B, middle panel). Thus, the PTPase activity of SHP-2 was shown to be required for
EGFRvIII transformation. Moreover, ectopic expression of PTPase-inactive SHP-2 reverted
EGFRvIII-mediated transformation.

We then assayed GBM cells for their ability to form tumors in nude mice. We focused on
U87MG.EGFRvIII cells expressing empty vector control, SHP-2 wild-type and the PTPase-
inactive SHP-2 C459S form, since the SH2 domain mutants, SHP-2 R32E and SHP-2 R138E,
did not affect cell growth or transformation in soft agar. In mice injected with vector control
and SHP-2 wild type cells, tumors grew 3 to 4weeks after inoculation (Fig. 2B, lower panel).
But in mice injected with SHP-2 C459S-expressing cells, only very small tumors formed when
examined by dissection within the same time period after inoculation (Fig. 2A, lower panel).
Notably, SHP-2 wild type cells grew larger tumors than vector control cells. The illustrated
tumors are one representative example from ten separate experimental injections. These studies
indicate that expression of the PTPase-inactive SHP-2 C459S alters cell morphology and
suppresses transformation mediated by the EGFRvIII oncoprotein.

The phenotypes of U87MG.EGFRvIII subclones stably transfected with either vector, a SHP-2
wild-type allele, or either of the two SHP-2 SH2 mutants, SHP-2 R32E and SHP-2 R138E,
were similar to that of the U87MG.EGFRvIII cells (Fig. 2B). However, U87MG.EGFRvIII
cells transfected with PTPase-inactive SHP-2 C459S showed a markedly flattened morphology
(Fig. 2B). To investigate whether changes induced by SHP-2 C459S expression were
associated with alterations of F-actin structure, actin filaments were visualized with rhodamine-
conjugated phalloidin, as we previously showed in EGFRvIII cells in our laboratory [33].
Immunofluorescence analysis showed that EGFRvIII cells expressing either vector or wild-
type SHP-2 did not exhibit well-defined stress fibers under full growth serum conditions, which
correlated with a transformed phenotype (Fig. 2C, a, b). However, SHP-2 C459S cells showed
a markedly increased and organized actin stress fiber pattern, which correlated with an
untransformed phenotype (Fig. 2C, c). When cells were cultured in low serum, they exhibited
a more elongated cell morphology (Fig. 2C, d, e, f). Notably, SHP-2 C459S cells also
demonstrated a clear and organized pattern of actin filaments (Fig. 2C, f), consistent with an
untransformed phenotype.
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SHP-2 is required for EGFRvIII transformation of mouse embryonic fibroblasts (MEFs)
We have shown that the SHP-2 PTPase domain is important for EGFRvIII-mediated
transformation of human GBM cells. To further investigate the general importance of SHP-2
in EGFRvIII-mediated cell transformation, we employed MEFs that express wild-type Shp-2
(Shp-2 +/+) or allelic deletion of Shp-2 (Shp-2 +/− and Shp-2 −/−) [21]. Shp-2 MEFs were
transfected with the EGFRvIII oncogene and stable clones were selected. Subclones were
examined by western blot analysis and those expressing similar amounts of EGFRvIII were
used for transformation studies (Fig. 3A). Soft agar assays indicated that cells with wild-type
SHP-2 and EGFRvIII expression grew colonies efficiently (Fig. 3B, d), but cells containing
only Shp-2 +/− or Shp-2 −/− were not transformed by EGFRvIII (Fig. 3B, e, f). Therefore,
EGFRvIII transformed only Shp-2 +/+ cells and was unable to transform Shp-2 +/− or Shp-2
−/− cells. The same concentration of zeocin was used to select Shp-2 +/+ and Shp-2 +/− clones
transfected with EGFRvIII, and EGFRvIII only transformed shp-2 +/+ cells, indicating that
the transformation of shp-2 MEFs was due to EGFRvIII. Zeocin did not influence
transformation of shp-2 MEFs in these studies [21]. These results further support that SHP-2
plays a critical and general role in EGFRvIII-induced cell transformation in both glial cells and
fibroblasts, indicating a positive coupling between EGFRvIII signaling and SHP-2 PTPase
activity that is required to maintain oncogenic transformation.

Pharmacologic inhibition of endogenous SHP-2 PTPase activity reduced EGFRvIII-mediated
GBM transformation

Based on our observations, SHP-2 phosphatase activity is required for GBM transformation.
We next employed a pharmacologic SHP-2 inhibitor, NSC-87877, that has been shown to
inhibit SHP-2 PTPase activity in cells [35] to test the role of endogenous SHP-2 in EGFRvIII-
mediated GBM transformation. Although this inhibitor also inhibits the protein tyrosine
phosphatase, SHP-1 (Calbiochem, San Diego, CA), these GBM cells have no detectable SHP-1
(data not shown). This inhibitor’s IC50 values for SHP-2 from U87MG.EGFRvIII and
LN229.EGFRvIII cells are 5.5 μM and 1.8 μM, respectively, in an in vitro SHP-2 PTPase
activity assay (Fig. 4A), indicating the SHP-2 PTPase activity may be differentially regulated
in these cells. Incubation of NSC-87877 with U87MG.EGFRvIII and LN229.EGFRvIII cells
inhibited SHP-2 PTPase activity in a dose-dependent manner (Fig. 4B). It is well known that
SHP-2 is required for Erk activation. To evaluate whether NSC-87877 can inhibit Erk
activation in these GBM cells, the cells were treated with this inhibitor and Erk phosphorylation
was monitored. Fig. 4C shows that NSC-87877 inhibited Erk phosphorylation at 50 μM and
this inhibition was in a dose-dependant manner. The inhibitor also inhibited colony formation
of U87MG.EGFRvIII and LN229.EGFRvIII cells in soft agar (Fig. 4D). NSC-87877 more
potently inhibited LN229.EGFRvIII cells in anchorage-independent growth than
U87MG.EGFRvIII cells at the same dose. This result is consistent with the inhibitory effect
of this inhibitor on SHP-2 PTPase activity from these two cell lines in the in vitro PTPase
assay. Thus, it further suggests that the functional status of SHP-2 may be different in these
two cells. These data collectively indicate that SHP-2 PTPase activity is required for oncogenic
EGFRvIII-induced GBM transformation regardless of the PTEN status in these cells.

EGFRvIII increased EGFRvIII/SHP-2 complex formation and SHP-2 phosphorylation at Tyr542
After studying the importance of SHP-2 PTPase activity in EGFRvIII-transformed GBM cells,
we explored how EGFRvIII expression activated endogenous SHP-2. First, we performed an
immunoprecipitation experiment and found that SHP-2 can be coprecipitated with EGFRvIII
in U87MG.EGFRvIII cells (Fig. 5A). This interaction between EGFRvIII and SHP-2 was
sensitive to the kinase inhibitor AG1478 and suggests that the recruitment of SHP-2 to the
receptor required phosphorylated EGFRvIII. Interestingly, NSC-87877 also inhibited
EGFRvIII/SHP-2 complex formation. We also noticed that NSC-87877 inhibited EGFRvIII
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phosphorylation (Fig. 5A) and Erk phosphorylation (Fig. 4C). This result is consistent with
our previous observation that downstream signaling such as Erk activation regulates upstream
EGFRvIII receptor activity [32]. Since phosphorylation of SHP-2 at its major site Tyr542
increased SHP-2 PTPase activity [40], we monitored SHP-2 phosphorylation status in these
GBMs. We found that EGFRvIII expression induced SHP-2 phosphorylation at Tyr542 and
its PTPase dramatically in PTEN-deficient U87MG cells, but only modestly in PTEN-intact
LN229 cells (Fig. 5B and data not shown). These results suggest that EGFRvIII expression
recruits SHP-2 to an activated complex and induces SHP-2 Tyr542 and its PTPase activity in
GBM cells. But the regulation of SHP-2 PTPase activity may be different in these two distinct
cell lines.

SHP-2 is required for cell cycle progression in PTEN-deficient and PTEN–intact EGFRvIII-
containing GBM cells

To examine mechanisms by which PTPase-inactive SHP-2 C459S mediates suppression of
cell growth and transformation, we examined cell cycle populations in SHP-2 mutant
expressing EGFRvIII cells under different serum concentrations. In 10% serum, PTPase
inactive SHP-2 C459S increased the G2/M population and induced a concomitant decrease in
the G0/G1 population (Fig. 6A, c), as compared to empty vector control and SHP-2 wild type
cells (Fig. 6A, a, b). The increase in G2/M by SHP-2 C459S was partially abrogated by 0.5%
serum (Fig. 6A, f). Thus, the delay in G2/M cell cycle progression by SHP-2 C459S may
contribute to the inhibition of EGFRvIII mediated cell growth and transformation.

Cell cycle progression is regulated by a set of cyclins and cyclin dependent kinases.
Perturbation of these molecules may result in growth arrest at certain growth phases or
checkpoints. For integrity of the G2/M checkpoint, the phosphorylation status of Cdc2
(Tyr15) is of critical importance. Therefore, we examined Cdc2(Tyr15) phosphorylation status
in cells expressing SHP-2 mutants under both full serum (10%) and low serum (0.5%) culture
conditions. We observed a dramatic decrease in Cdc2(Tyr15) phosphorylation in PTPase-
inactive SHP-2 C459S clones compared to that of vector and SHP-2 wild-type clones in 10%
serum (Fig. 6B). The decrease in Cdc2(Tyr15) phosphorylation suggests that the cyclin
dependent kinase, Cdc2, is activated and results in growth arrest at M phase [41]. We also
noticed that the inhibition of Cdc2(Tyr15) phosphorylation could be partially overridden by
low serum conditions, which correlated to the reduction in the G2/M population under these
conditions (Fig. 6B, lane 6, Fig. 6A, f). These results suggest that the PTPase activity of SHP-2
is required for cell cycle progression in cells expressing EGFRvIII and that PTPase-inactive
SHP-2 C459S growth-arrested EGFRvIII cells at G2/M by dephosphorylating Cdc2(Tyr15).

Since we have observed that shp-2 siRNA expression inhibited both PTEN-deficient
U87MG.EGFRvIII and PTEN-intact LN229.EGFRvIII cell proliferation and transformation
(Fig. 1B and 2A). We next also assayed cell cycle distribution in these GBM cell lines. Shp-2
siRNA was used for transient transfections and cell cycle analysis was done on day 5, when
SHP-2 expression was still suppressed after transfection. We found that shp-2 siRNA
expression increased the G2/M population in U87MG.EGFRvIII cells and the G0/G1 fraction
of LN229.EGFRvIII cells (Fig. 6C). These results further suggest that SHP-2 regulates cell
cycle progression of these GBMs.

SHP-2 inhibition by siRNA alters downstream signaling pathways in GBM cells
Many studies have shown that SHP-2 is required to transduce signals to downstream MEK/
ERK and PI-3K/AKT pathways to transform cells [42,43]. Therefore, we examined the
activation of EGFRvIII, MEK/ERK and PI-3K/AKT and the cdc2 cyclin dependent kinase
following SHP-2 inhibition. Immunoblot analysis was performed against phosphorylated
EGFRvIII, Erk, AKT and Cdc2 along with their counterparts, respectively. Consistent with
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our previous observation with SHP-2 C459S expression in U87MG.EGFRvIII cells [32], shp-2
siRNA expression dramatically inhibited EGFRvIII and Erk phosphorylation, while it had a
modest or no effect on their total expression level in U87MG.EGFRvIII cells (Fig. 7). Shp-2
siRNA expression had no effect on Akt phosphorylation in these cells (Fig. 7), but it inhibited
cdc2 phosphorylation at Tyr15 at at the same concentration (20 picomoles) used for
transformation assay in Fig. 2A.

Inhibition of cdc2 phosphorylation at Tyr15 may contribute to subsequent G2/M arrest of
U87MG.EGFRvIII cells. On the other hand, in PTEN-functional LN229.EGFRvIII cells, shp-2
siRNA expression resulted in a dramatic decrease of total EGFRvIII protein and a modest
decrease of other signaling molecules including Erk, Akt and cdc2 in a dose-dependent manner
(Fig. 7) (see discussion section). Taken together, these data suggest that SHP-2 regulates its
downstream MEK/ERK and PI-3K/Akt signaling pathways in a distinct manner in these two
cell lines and therefore may perturb cell cycle progression at different checkpoints.

Discussion
Oncogenic EGFRvIII is expressed in approximately 50% of human GBMs, particularly de
novo GBMs [6,44–46]. EGFRvIII pTyr and kinase activity are important for its transforming
functions both in vivo and in vitro [7,47,48]. However, little is known about the signaling
pathways that EGFRvIII utilizes to enhance transformation. In this study, we continued to
explore the relationship between the distinct domains of SHP-2 and EGFRvIII, since our
previous work indicated that SHP-2 PTPase activity modulated EGFRvIII pTyr and
downstream signaling [32]. We showed that inhibition of SHP-2 expression by its siRNA and
expression of PTPase-inactive SHP-2 potently suppressed growth and tumorigenicity of human
GBM cells (Figs. 1 and 2). Consistent with this, actin filaments expressed in EGFRvIII cells
expressing PTPase-inactive SHP-2 C459S were more organized than those in parental
EGFRvIII cells under both full serum and low serum conditions (Fig. 2C). Additional
experiments with shp-2 MEFs indicated that EGFRvIII required functional SHP-2 to maintain
oncogenic transformation (Fig. 3). The SHP-2 PTPase activity inhibitor NSC-87877 inhibited
endogenous SHP-2 PTPase activity and transformation of PTEN-deficient U87MG.EGFRvIII
and PTEN-intact LN229.EGFRvIII cells (Fig. 4). EGFRvIII expression increased the
engagement of SHP-2 to the receptor and increased its PTPase activity and phosphorylation at
Tyr542 (Fig. 5). SHP-2-mediated GBM proliferation and transformation occurred through a
regulation of cell cycle progression in these cells. Our data suggest that SHP-2 may mediate
cell cycle progression in part at the G2/M phase in U87MG.EGFRvIII cells and G0/G1 phase
in LN229.EGFRvIII cells (Fig. 6). Coordinately, Cdc2(Tyr15) phosphorylation was decreased
in SHP-2 C459S U87MG.EGFRvIII cells and after shp-2 siRNA expression in
U87MG.EGFRvIII cells (Fig. 6B and 7).

EGFRvIII C-terminal tyrosine residues are constitutively phosphorylated in
U87MG.EGFRvIII cells and LN229.EGFRvIII cells and these phosphorylation sites are likely
to be important for activating downstream signaling pathways. Many studies have shown that
SHP-2 is required to activate wild-type EGFR signaling pathways. EGFRvIII shares the same
phosphorylation sites as wild-type EGFR and, thus, EGFRvIII may use similar signaling
molecules, including SHP-2, to transduce signals and affect biological responses. Here our
results indicated that expression of PTPase-inactive SHP-2 C459S, but not its SH2 domain
point mutants, dramatically inhibited cell growth and tumorigenicity in EGFRvIII-expressing
U87MG.EGFRvIII cells. And the SHP-2 PTPase activity inhibitor NSC-87877 inhibited both
U87MG.EGFRvIII and LN229.EGFRvIII transformation. These data suggest that this
suppression of transformation was dependent on the PTPase activity of SHP-2. In addition,
our data also suggest that inhibition of SHP-2 PTPase activity more specifically inhibited
transformation than proliferation. Because SHP-2 C459S clone only showed slower growth
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rate compared to other clones. But SHP-2 C459S clone completely lost its ability to grow in
soft agar. Therefore, inhibition of EGFRvIII transformation by SHP-2 C459S was not only due
to inhibition of its cell proliferation. Future work will focus on looking for SHP-2 interacting
proteins and/or substrates that may play a role in the growth, differentiation and transformation
of astrocytes.

The pharamacologic inhibitor NSC-87877 also inhibited SHP-2 PTPase activity [35] and
inhibited GBM cell transformation (Fig. 4), indicating the PTPase activity of SHP-2 is required
for EGFRvIII oncogenesis in GBMs. With 24–48 hours of incubation with 50–100μM
NSC-87877, it was observed that inhibition of SHP-2 PTPase activity was 30–40% in these
GBM cells (Fig. 4B). NSC-87877 also inhibited GBM anchorage-independent growth of these
two GBM cells in a dose-dependent manner (Fig. 4D and data not shown). Complete inhibition
of colonies of GBM cell lines in soft agar was observed with higher concentrations (200–
400μM) of NSC-87877 (data not shown), and suggest that more potent SHP-2 inhibitors may
have a more profound inhibitory effects on GBM phenotype. The requirement of higher
NSC-87877 for inhibition of U87MG.EGFRvIII transformation may be due to the enhanced
PTPase activity from higher basal SHP-2 Tyr542 phosphorylation induced by EGFRvIII (Fig.
5B). Regardless, these data indicate that NSC-87877 specifically inhibits EGFRvIII GBM
transformation even in the setting of nonfunctional PTEN. Therefore, SHP-2 may be a more
general therapeutic target than EGFRvIII in GBM cells since EGFR tyrosine kinase inhibitors
seem to be efficacious only in the setting of functional PTEN [49]. Thus, SHP-2 inhibition
provides a valuable tool to further explore GBM transformation and tumorgenicity, particularly
in those tumors that express oncogenic EGFRvIII.

PTPase-inactive SHP-2 C459S and shp-2 siRNA inhibited cell proliferation and transformation
of EGFRvIII cells by perturbing cell cycle progression. PTPase-inactive SHP-2 and shp-2
siRNA caused significant cell growth arrest at G2/M in U87MG.EGFRvIII cells (Fig. 6).
Concomitantly, SHP-2 C459S and shp-2 siRNA inhibited MAPK activity in
U87MG.EGFRvIII cells [32] (Fig. 7) and the MAPK pathway inhibitor PD98059 inhibited
U87MG.EGFRvIII proliferation [50]. Since catalytically inactive SHP-2 reduces MAPK
activity in EGFRvIII cells [32], it is likely that SHP-2 PTPase-regulated MAPK contributes to
cell cycle regulation in U87MG.EGFRvIII cells. Similarly, it has been reported that SHP-2 is
required to arrest MEFs at the G2/M phase in response to DNA damage reagent treatment
[51]. Other studies have demonstrated that MAPK activation is important for the G2/M
transition [52]. Interestingly, a recent study shows that siRNA against EGFRvIII in both
U87MG.EGFRvIII and U373.EGFRvIII cells also caused growth arrest at G2/M [53]. The key
regulatory element in the control of the G2/M phase, Cdc2, also exhibited a decrease in
phosphorylation at tyrosine residue 15 (Figs. 6B). Cdc2(Tyr15) phosphorylation was also
decreased by PD98059 treatment in our studies (data not shown), indicating the activation of
Cdc2 kinase activity and the transition of the cells from G2 to M phase required MAPK
activation [41,54]. Interestingly, nonfunctional SHP-2 also has been shown to increase the
mitotic cell population in response to DNA damage [51]. Phosphorylation of Cdc2(Tyr15) was
increased in U87MG.EGFRvIII cells expressing SHP-2 C459S under low serum (0.5% FBS)
conditions when compared to growth in full serum (Fig. 6B). Since low serum results in an
accumulation of the G1 population, which is consistent with the decrease of Cdc activity and
the increased phosphorylation of Cdc2(Tyr15), these data suggest that low serum tipped the
balance from G2/M to G1 and, coordinately, phosphorylation of Cdc2(Tyr15) was increased
in these cells. Taken together, these data indicate that PTPase-inactive SHP-2 and shp-2 siRNA
expression arrest U87MG.EGFRvIII cells at G2/M and this association correlates with a
decrease in Cdc2(Tyr15) phosphorylation, but an increase in Cdc2(Tyr15) activity.

Inhibition of SHP-2 by shp-2 siRNA arrested LN229.EGFRvIII cells at the G0/G1 phase rather
than at G2/M which was observed in U87MG.EGFRvIII cells (Fig. 6C). When comparing the
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activation status of the EGFRvIII oncoproteins in these two cell lines following shp-2 siRNA
expression, we found that introduction of shp-2 siRNA resulted in a dramatic decrease of
EGFRvIII expression in LN229.EGFRvIII, but not U87MG.EGFRvIII, cells (Fig. 7). At the
same time, expression of other signaling molecules including Erk, Akt and Cdc2 in
LN229.EGFRvIII cells was also decreased to different levels (Fig. 7). The crystal structure of
SHP-2 showed that the SHP-2 N-SH2 domain interacts with its PTP domain to keep SHP-2
PTPase inactive under unstimulated conditions [55] When the N-SH2 domain of SHP-2
interacts with phosphotyrosine residue of activated RTK or adaptor molecules, its PTP domain
is released and its PTPase is activated. Our results showed that EGFRvIII expression resulted
in its autophosphorylation which further recruited SHP-2 to U87MG.EGFRvIII, but not
LN229.EGFRvIII, cells. This recruitment might result in the release of the SHP-2 PTP domain
to increase its PTPase activity. Furthermore, we propose that the increased tyrosine
phosphorylation of SHP-2 at Tyr542 we observed in U87MG.EGFRvIII cells further enhanced
the SHP-2 PTPase activity, as has been observed in other systems [40]. On the other hand,
there was no detectable recruited SHP-2 to EGFRvIII in LN229.EGFRvIII cells and there was
only a modest increase of SHP-2 Tyr542 and its PTPase activity in this cell line. The different
functional status of SHP-2 in these two cell lines likely alters downstream biochemical changes
and cell cycle progression differently in distinct cell types. Importantly, our data suggest that
SHP-2 regulates GBM proliferation and transformation independent of PTEN status. In
addition, SHP-2 may function downstream of PTEN in these GBM cells. Further experiments
are now ongoing to specifically explore the relationship between PTEN status and SHP-2.

In conclusion, our data indicate that SHP-2 is required for EGFRvIII-induced transformation
in human GBMs and mouse fibroblasts and also demonstrate that SHP-2 PTPase activity
couples EGFRvIII signals to transformation. To our knowledge, this is the first study showing
that the protein tyrosine phosphatase, SHP-2 mediates oncogenic EGFRvIII signals. These
effects may occur by perturbing cell cycle progression through G2/M and G0/G1 in distinct
cell lines. In refractory human cancers expressing the activated EGFRvIII oncoprotein,
therapies that target the SHP-2 PTPase may represent a novel and more broadly applicable
therapeutic strategy.
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Abbreviations
EGFR  

epithelial growth factor receptor

EGFRvIII  
an in-frame deletion of an 801bp sequence of epithelial growth factor receptor

Erk  
extracellular signal-related kinases

MAPK  
Mitogen activated protein kinase

PI3K  
phosphatidylinositol 3′-kinase

cdc2  
cyclin-dependent kinase 1
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MEF  
mouse embryonic fibroblast

pTyr  
tyrosine phosphorylation

PTEN  
tensin homologue deleted on chromosome 10

PTP  
protein tyrosine phosphatase

GBM  
glioblastoma multiforme
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Fig. 1. PTPase-defective SHP-2 inhibits growth of EGFRvIII GBM cells
(A) U87MG.EGFRvIII and LN229.EGFRvIII cells were transiently transfected with 20
picomoles of scrambled or shp-2 siRNA for 6 hour and cultured in DMEM plus 10% FBS for
72 h. Equal amounts of protein were loaded for SDS-PAGE gel electrophoresis and western
blots were performed with anti-SHP-2 and anti-β-actin antibodies. (B) 20 picomoles of
scrambled shp-2 siRNA and shp-2 siRNA were transfected to U87MG.EGFRvIII and
LN229.EGFRvIII cells for 6 h and cell number was then counted at the indicated time points.
Each column represents the mean ± S.D., n = 4. Data are summarized from four independent
experiments giving similar growth profile. A significant difference is presented (* vs **,
P<0.05). (C) 4000 cells of distinct EGFRvIII clones expressing different Shp-2 mutants were
seeded in 96 well plates and cultured in 10% FBS. The MTT assay was performed at different
experimental time points as noted. The data are shown as means ± S.D. of triplicate samples.
This is one representative of three separate experiments. Significant differences among the
same time points are presented (*, P<0.05).
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Fig. 2. Catalytically inactive SHP-2 PTPase alters EGFRvIII GBM cell morphology, inhibits cell
transformation and tumorgenicity and results in more organized actin stress fibers in EGFRvIII
cells
(A) U87MG.EGFRvIII (a, b, e and f) and LN229.EGFRvIII cells (c, d, g and h) were transiently
transfected with scrambled or shp-2 siRNA for 6 h and cultured in DMEM plus 10% FBS for
48 h. Then cells were split for soft agar transformation assays (n = 3–4). The same transfected
cells were cultured for 5 days in the presence of 10%FBS and photos were taken using phase
contrast microscopy. The data were accrued over three separate experiments. (B) Clones
expressing Shp-2 mutants were cultured in the presence of 10% FBS and photographed using
phase contrast microscopy (upper panel). The middle panel shows that PTPase-inactive SHP-2
C459S inhibited transformation in soft agar. 0.5–1×105 cells expressing Shp-2 mutants were
used for this analysis. Photographs were taken 2–3 weeks after seeding (n=3). The lower panel
shows that expression of SHP-2 C459S inhibited tumor formation in vivo. U87MG.EGFRvIII
cells expressing shp-2 cDNA constructs were injected into flanks of nude mice (0.5 million
cells per injection). Three to four weeks later, tumors were removed upon sacrifice of the
animals. Representative tumors from a total of 10 injections are shown. The average size of
the tumors was calculated as (mm3): Empty Vector, 1057.6±348.3; SHP-2 wild-type, 1982
±811.2 and SHP-2 C459S, 0.021±0.04. A ruler for size reference is shown at the bottom. (C)
U87MG.EGFRvIII cells expressing vector (a, d), shp-2 wild-type (b, e) and shp-2 C459S (c,
f) were cultured on coverslips in 10% serum. After cells were attached, cells were either kept
in 10% FBS medium (a, b, c) or in 0.5% FBS medium (d, e, f) for another 72 h. Then cells
were fixed and stained with rhodamine-conjugated phalloidin and demonstrate that PTPase
defective Shp2 C459S results in a more organized pattern of actin stress fibers in EGFRvIII
cells. These data are representative of three different experiments (n=3).
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Fig. 3. Soft agar colony formation in shp-2 mouse embryonic fibroblasts
(A) Shp-2 +/+. Shp-2 +/− and Shp-2 −/− MEF cells were transfected with EGFRvIII and clones
were selected. Equal amounts of protein were loaded for western blot analysis. The blots were
probed with anti-EGFR (upper panel) and anti-SHP-2 antibodies (lower panel). The upper
panel shows the introduced EGFRvIII and the lower panel shows the intact SHP-2 (upper band)
and the deleted SHP-2 (lower band) [21]. (B) 2500 MEF shp-2+/+ (a, d), shp-2+/− (b, e) and
shp-2−/− (c, f) cells with vector (a, b, c) or with EGFRvIII (d, e, f) expression were suspended
in 2 ml of medium containing 0.3% agarose and 10% serum and seeded on top of 2 ml 0.6%
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agarose layer in 6-well plate. After 3 weeks, the cells were stained and photographed. The data
is shown from three separate experiments (n=3).
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Fig. 4. The SHP-2 inhibitor NSC-87877 inhibited endogenous SHP-2 PTPase activity and inhibited
EGFRvIII-induced transformation in human GBM cells
(A) To determine IC50 of NSC-87877 against SHP-2, SHP-2 was immunoprecipitated from
U87MG.EGFRvIII and LN229.EGFRvIII cell lysates and incubated with different
concentrations of NSC-87877 in the SHP-2 PTPase assay. The data shows the percentage of
inhibition for SHP-2 PTPase activity and present one of three separate experiments. (B) 0.5–
1.0×106 cells were plated in 10-cm dish and cultured for overnight. NSC-87877 (μM) was
added in DMEM/10%FBS for 24 to 48 hours. The cells were harvested and SHP-2 PTPase
activity was determined. The data is presented as percentage of SHP-2 PTPase activity and it
is summarized from two to three different experiments (n=2–3). The immunoblots show the
amount of immunoprecipitated SHP-2 in SHP-2 PTPase activity assay. (C) Cells were serum
starved for 3 hour and then treated with NSC-87877 in the absence of serum for another 3 hour.
Equal amounts of protein were loaded for gel electrophoresis. The blots were probed with anti-
phospho-Erk and total Erk antibodies (n=2). (D) Cells were trypsinized and 0.5–1×105 cells
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were used for soft agar assay along with 100μM NSC-87877. After 3 to 4 weeks of incubastion,
the cells were stained and photographed. The data are from three individual experiments
performed in duplicates and the representative images are shown (n=3)
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Fig. 5. EGFRvIII expression recruits SHP-2 and enhances SHP-2 phosphorylation at Tyr542
(A) 1×106 cells were seeded in 10 cm dishes and then serum starved for 18 to 24 h. 100μM
NSC-87877 was added for 18 to 24 h and 5μM AG1478 was added for 30 min. The cells were
harvested and the cell lysates used for western blot analysis and immunoprecipitation with anti-
SHP-2 antibody followed by SDS-PAGE and immunoblotting with different antibodies (n=3).
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(B) After serum starvation for 24 h, the cells were collected and equal amounts of protein were
used for western blot analysis. The blot was probed with anti-SHP-2 p542 and anti-SHP-2
antibodies (n=3–5).
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Fig. 6. PTPase defective Shp-2 expression results in G2/M cell cycle arrest and decreases Cdc2
(Tyr15) phosphorylation in U87MG.EGFRvIII cells
(A) 5×105 U87MG.EGFRvIII cells expressing empty vector (a, d), Shp-2 wild-type (b, e) and
PTPase-defective Shp-2 C459S (c, f) were seeded in 10-cm dishes in the presence of 10%
serum. After cells attached to the dish, one group of cells was maintained in 10% FBS (a, b,
c) and in an additional group, 10% FBS medium was replaced with 0.5% FBS (d, e, f). All
cells were then cultured for 72 h. Cells were then trypsinized and the DNA content was
analysized by a fluorescence-activated cell sorter. The cell distribution in G0/G1, S, and G2/
M phase and the percentage of cells are indicated in the histogram. Similar results were obtained
in four independent experiments (n=4). (B) Cells were split and allowed to attach to plates in
10% FBS. For one group, 10% FBS medium was replaced with 0.5% FBS and all cells were
cultured for an additional 72 h. Cells were then harvested for western blot analysis. Equal
amounts of protein were loaded and examined with anti-phospho-Cdc2(Tyr15), anti-Cdc2 and
anti-actin antibodies. Three separate experiments were performed (n=3). (C) Cells were
transfected with different amounts of scrambled shp-2 siRNA (a, c) and shp-2 siRNA (b, d)
for 6 h and cultured in 10% serum for an additional 5 days. Cells were then trypsinized and
the DNA content was analysized. The cell distribution in G0/G1, S, and G2/M phase is shown
(a and b are U87MG.EGFRvIII cells; c and d are LN229.EGFRvIII cells). Similar results were
obtained in two to three independent experiments (n=2–3).
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Fig. 7. The effects of Shp-2 siRNA on the activation of EGFRvIII, Erk, Akt and Cdc2 in EGFRvIII
GBM cells
Cells were transfected with different amounts of scrambled shp-2 siRNA and shp-2 siRNA for
6 h and cultured in 10% serum for an additional 5 days. Cells were collected for western blot
analysis. The transfected cells were lysed and equal amounts of protein were used for
electrophoresis and the blots were probed with different antibodies as indicated. The data are
one representative of two to three separate experiments (n=2–3).
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