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A B S T R A C T

Activated forms of the platelet derived growth factor receptor alpha (PDGFRa) have been

described in various tumors, including FIP1L1-PDGFRa in patients with myeloproliferative

diseases associated with hypereosinophilia and the PDGFRaD842V mutant in gastrointes-

tinal stromal tumors and inflammatory fibroid polyps.

To gain a better insight into the signal transduction mechanisms of PDGFRa oncogenes, we

mutated twelve potentially phosphorylated tyrosine residues of FIP1L1-PDGFRa and iden-

tified three mutations that affected cell proliferation. In particular, mutation of tyrosine

720 in FIP1L1-PDGFRa or PDGFRaD842V inhibited cell growth and blocked ERK signaling in

Ba/F3 cells. This mutation also decreased myeloproliferation in transplanted mice and

the proliferation of human CD34þ hematopoietic progenitors transduced with FIP1L1-

PDGFRa. We showed that the non-receptor protein tyrosine phosphatase SHP2 bound

directly to tyrosine 720 of FIP1L1-PDGFRa. SHP2 knock-down decreased proliferation of

Ba/F3 cells transformed with FIP1L1-PDGFRa and PDGFRaD842V and affected ERK signaling,

but not STAT5 phosphorylation. Remarkably, SHP2 was not essential for cell proliferation

and ERK phosphorylation induced by the wild-type PDGF receptor in response to ligand

stimulation, suggesting a shift in the function of SHP2 downstream of oncogenic receptors.

In conclusion, our results indicate that SHP2 is required for cell transformation and ERK

activation by mutant PDGF receptors.
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1. Introduction
 SHP2, encoded by the PTPN11 gene, is a ubiquitously
The fusion of the FIP1L1 gene with PDGFRA is generated by a

cryptic deletion on chromosome 4q12 and is responsible for

the development of myeloid neoplasms associated with

hypereosinophilia, a disease that is also referred to as chronic

eosinophilic leukemia (Vardiman et al., 2009).

FIP1L1 (Factor interacting with Pap1-like 1) is the homologue

of a yeast gene, FIP required for mRNA polyadenylation

(Ezeokonkwo et al.). PDGFRA encodes the platelet-derived

growth factor receptor a chain (PDGFRa), which belongs to the

receptor-tyrosine kinase family (Andrae et al., 2008; Toffalini

and Demoulin, 2010). All breakpoints identified to date in

PDGFRA are located within exon 12, which encodes the juxta-

membrane domain, an inhibitory sequence located between

the transmembrane and the kinase domains (Cools et al.,

2003a).Apartial deletionof thisdomain is sufficient to constitu-

tively activate the tyrosine kinase activity of PDGFRa (Stover

etal., 2006).Mostpatients respondwell to thetyrosinekinase in-

hibitor imatinibmesylate (Glivec),which blocks PDGF receptors

as well as ABL and c-KIT (Gleich et al., 2002; Metzgeroth et al.,

2008). Nevertheless, some patients acquire imatinib-resistant

mutations, such as T674I or D842V (Lierman et al., 2009).

Expression of FIP1L1-PDGFRa (FPa) in the Ba/F3 hematopoi-

etic cell line and in CD34þ human hematopoietic progenitors

promotes cytokine-independent cell growth (Buitenhuis

et al., 2007; Cools et al., 2003a; Montano-Almendras et al.,

2012). In Ba/F3 cells, the FIP1L1 part can be replaced by a sim-

ple tag, suggesting that it is dispensable for FPa activation

(Stover et al., 2006). By contrast, deletion of the FIP1L1 part

decreased the impact of the oncoprotein in human hemato-

poietic progenitors (Buitenhuis et al., 2007). We observed

that FPa escapes the normal degradation of activated recep-

tors, leading to the accumulation of the oncoprotein and an

enhanced transformation potential (Toffalini et al., 2009).

In addition to fusion genes, point mutations in PDGFRA

were identified in various cancers, including gastrointestinal

stromal tumor (GIST), glioma, FPa-negative hypereosinophilic

syndrome and inflammatory fibroid polyps (Elling et al., 2011;

Heinrich et al., 2003; Huss et al., 2012; Velghe et al., 2013). The

most common activating mutation is D842V, which is located

in the activation loop of PDGFRa (Dewaele et al., 2008). It is pre-

sent in 8% of all patients with GIST and is resistant to imatinib

(Corless et al., 2005; Dewaele et al., 2008; Elling et al., 2011).

Recently, this mutation was reported in a few patients diag-

nosed with multiple myeloma (Mulligan et al., 2013).

Signal transduction by wild-type PDGFRa has been exten-

sively studied (Heldin et al., 1998). Theactivatedkinasedomain

phosphorylates at least ten tyrosine residues within the cyto-

solic part of the receptor. These phosphorylated tyrosines act

as docking sites for the Src homology 2 (SH2) domains ofmulti-

ple signalingmediators, including SRC kinases, the SHP2 phos-

phatase, the signal transducers and activators of transcription

(STAT), phospholipaseCg, phosphatidylinositol-3kinase (PI3K)

and adaptor proteins such asGRB2, SHCandNCK (Heldin et al.,

1998). Much redundancy has been found among phosphory-

lated tyrosines and signaling molecules as these pathways

regulate broadly overlapping sets of genes, which promote

cell survival and proliferation (Fambrough et al., 1999).
expressed non-receptor protein tyrosine phosphatase, which

contains two N-terminal SH2 domains and a C-terminal pro-

tein tyrosine phosphatase domain. Germline PTPN11 muta-

tions were reported in Noonan and LEOPARD syndromes,

whereas somatic mutations occur in several neoplasms,

such as juvenile myelomonocytic leukemia (Chan et al.,

2008). The full activation of SHP2 requires the binding of the

two SH2 domains to a doubly phosphorylated peptide

(Heldin et al., 1998; Pluskey et al., 1995). In this respect, tyro-

sine residues 720 and 754 in PDGFRa have been described to

bind SHP2 and could have a role in SHP2 activation (Bazenet

et al., 1996; Rupp et al., 1994). A second possible activation

mechanism implicates the association between the SH2 do-

mains and one or two phosphorylated tyrosines located in

the C-terminal tail of SHP2 (Lu et al., 2001; Neel et al., 2003).

SHP2 regulates many signaling pathways such as JAK/STAT,

PI3K/PKB and RAS/mitogen-activated protein kinases

(MAPK). Besides its catalytic role, SHP2 also plays an adaptor

role by recruiting signaling molecules such as STAT, GAB1/2

and GRB2, which is an essential component of the MAPK

pathway (Kallin et al., 2004; Liu and Qu, 2011; Neel et al.,

2003). SHP2 controls the activation of the RAS/MAPK pathway

by PDGF at least in some cell types (Araki et al., 2003; Bennett

et al., 1994; Ronnstrand et al., 1999; Zhang et al., 2004). Two re-

ports also suggested that SHP2 is required for chemotaxis but

not for proliferation induced by PDGF (Bazenet et al., 1996;

Ronnstrand et al., 1999).

While signaling by wild-type PDGF receptors has been

intensively studied for almost three decades, surprisingly lit-

tle is known about the pathways required for cell transforma-

tion by oncogenic PDGF receptor mutants. In the present

study, we identified tyrosine 720 as a critical site for SHP2

recruitment by FPa, activation of ERK and transformation of

hematopoietic cells. SHP2 was similarly important for the

D842V mutant but not for the wild-type receptor.
2. Material and methods

2.1. Antibodies, inhibitors and constructs

Anti-PDGFRa (951), anti-phosphotyrosine (PY99) and anti-

STAT5 (C-17) antibodies were purchased from Santa Cruz

Biotechnology (Santa Cruz). Anti-phospho-PLCg1 (Tyr783),

anti-phospho-ERK1/2 (Thr202/Tyr204), anti-phospho-SHP2

(Tyr542), anti-SHP2 and anti-PLCg antibodies were purchased

from Cell Signaling. The anti-ERK2 (EET) rabbit polyclonal

antiserum was previously described (Leevers and Marshall,

1992). Anti-phospho-STAT5 (Tyr694) antibodies were pur-

chased from Cell Signaling and Signalway Antibody (SAB). A

mouse monoclonal antibody against b-actin (clone AC-15)

was purchased from Sigma. Imatinib was purchased from

LC laboratories (Woburn, MA, USA). PDGF-BB, stem cell factor

(SCF) and FLT3 ligand (FLT3L) were obtained from PeproTech.

The RNAi Consortium lentiviral mouse PTPN11/SHP2

shRNAwas obtained from Thermo scientific. Three constructs

(TRCN0000029875, TRCN0000029877 and TRCN0000029878)

wereusedfor thisstudy.ThenegativepLKO.1-puroshScramble

http://dx.doi.org/10.1016/j.molonc.2014.02.003
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control was purchased from Addgene (#1864). pLKO.1-puro

Turbo GFP was purchased from Sigma (#SHC003). The human

FIP1L1-PDGFRA fusion cDNA was described earlier (Cools

et al., 2003a) and comprised the first 923 nucleotides of FIP1L1

(EnsemblTranscript IDENST00000337488) and the last 1573nu-

cleotidesofPDGFRA(EnsemblTranscript IDENST00000257290).

FIP1L1-PDGFRa in the retroviral pMSCV-GFP vector was previ-

ously described (Cools et al., 2003a) and subcloned in the AgeI

site of the lentiviral pTM895-GFP vector, which was a kind gift

from Pr. T. Michiels (Brussels, Belgium). Wild-type PDGFRA

cloned in pEF-MYC-CYTO (Invitrogen) was described previ-

ously (Velghe et al., 2013). Point mutations were created by

site directed mutagenesis using the QuickChange� XL-II kit

(Stratagene) according to manufacturer instructions. All con-

structs were checked by sequencing.

2.2. Transfection, infection, and thymidine
incorporation assay

The human embryonic kidney (HEK)-293T cells and IL-3-

dependent Ba/F3 murine hematopoietic cell line were main-

tained in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco)

with 10% fetal bovine serum (FBS), 50 U/ml penicillin and

50 mg/ml streptomycin (Gibco). Retroviral particles were pro-

duced by HEK-293T cells transfected by the calcium phos-

phate method as previously described (Toffalini et al., 2009).

Two days after transfection, Ba/F3 cells were infected once,

as described (Toffalini et al., 2010), and sorted after 24 h by

flow cytometry according to GFP expression. Lentiviral parti-

cles were produced by HEK-293T cells. Cells were seeded in

10 cm plates. After one day, plasmid DNA (18 mg) was co-

transfected with the packaging plasmids pCMV-dr8.2 dvpr

(10 mg), pCMV-VSV-G (6 mg) and pRSV-Rev (6 mg). The DNA

was diluted to a final volume of 675 ml with water and mixed

with 750 ml of BBS buffer (50 mM N,N-bis-(2-hydroxyethyl)-2-

aminoethane-sulfonic acid, pH 7, 280 mM NaCl, 1.5 mM

Na2HPO4) and 75 ml CaCl2 2.5 M. The solution was incubated

for 20 min at room temperature. Chloroquine (25 mM) was

added to HEK-293T cells for 20 min at 37 �C. Precipitates

(1.5 ml) were added to each plate. Four hours after transfec-

tion, cells were washed and incubated in medium during

48 h. Supernatants were used to infect Ba/F3 cells twice as

described (Medves et al., 2010). Cells were sorted by flow

cytometry after 24 h according to GFP expression. Ba/F3 cells

expressing shRNA or GFP were created by lentiviral infection

as described above. Cells were selected with 2 mg/ml puromy-

cin and IL-3. Puromycin was removed 24 h before

experiments.

Human pEF-MYC-CYTO PDGFRA (wild-type, D842V, Y720F

or D842V/Y720F) was introduced in Ba/F3 cells by electropora-

tion (200 V, 75 U, 1300 mF) with 50 mg of DNA. Cells were

selected in the presence of G418 (3 mg/ml) and sorted by

flow cytometry as described (Velghe et al., 2013).

Cell proliferation was measured by [3H]-thymidine incor-

poration assays as described (Toffalini et al., 2009).

2.3. Luciferase assays

HEK-293T cells were seeded in 12-well plates (300 000 cells/

well). After one day, cells were co-transfected by calcium
phosphate method with a luciferase construct controlled by

serum response elements (pSRE-luc, 0.125 mg), the pDRIVE-

chEF1-RU5 vector (pEF1-b-galactosidase, 0.15 mg, Invitrogen)

as internal control and the wild-type human pcDNA3-SHP2

or different mutant forms of SHP2. The mutants pcDNA3-

SHP2 C463S and Y546/584F were created using the

QuikChange� XL-II mutagenesis protocol (Stratagene). After

24 h, cells were lysed and the luciferase activity was moni-

tored using a GLOMAX� instrument (Turner Biosystems).

The data are represented as the average ratio between the

luciferase and the b-galactosidase activity and normalized to

condition with the empty vectors.

2.4. Binding assays

One mg of peptide [CDESTRSYVILSFEN, CDESTRSpYVILSFEN

or CDESTRSpYGGGSFEN] was diluted in 100 ml of DMSO and

mixed with 400 ml of coupling buffer (50 mM Tris, 5 mM

EDTA-Na, pH 8.5), incubated with 500 ml sulfolink coupling

resin (#20401, Thermo scientific) during 15 min at 4 �C with

constant shaking and then for 30 min at room temperature.

Residual reactive sites were blocked with one volume

(500 ml) of L-cysteine (50 mM) during 15 min at 4 �C with con-

stant shaking and 30 min at room temperature. Beads were

washed, suspended in 1 ml of PBS and mixed with 200 ng of

recombinant human active SHP2 (#1894-SH-100, R&D SYS-

TEMS) diluted in binding buffer (50 mM Tris, 150 mM NaCl,

1mg/ml BSA, 0.5% Triton, 2mMDTT, pH 7.5). Beadswere incu-

bated for 2 h at 4 �C with constant shaking, washed once with

PBS and three times with buffer (50 mM Tris, 150 mM NaCl,

0.5% Triton, pH 7.5). Bound proteins were analyzed by West-

ern blot.

2.5. Human CD34þ cell isolation, infection and culture

CD34þ cells were purified from umbilical cord blood after

informed consent of the mother (ethical committee approval

#B403201213787), cultured and transduced with lentiviral par-

ticles as described (Medves et al., 2011; Montano-Almendras

et al., 2012). Cells were sorted by flow cytometry according

to GFP expression.

2.6. Retrovirus production, bone marrow cell
transduction and transplantation

This experiment was performed essentially as previously

described (Cools et al., 2003b). Briefly, retroviral particles

used to infect primary murine bone marrow were generated

by transient co-transfection of HEK-293T cells with a retroviral

pMSCV construct (pMSCV-GFP, -FPa or -FPa Y720F) with a

packaging vector (pIK6.1 MCV.Ecopac). Virus supernatants

were collected and tested as previously described (Schwaller

et al., 1998). BALB/c mice were purchased from Charles River.

Twelve-week old BALB/c male donor mice were sacrificed by

cervical dislocation. Bone marrow was flushed from femurs

and tibias. After red blood cells lysis, hematopoietic stem cells

and progenitors were enriched by removing lineage-positive

cells according to manufacturer instructions (#19756, Stem-

Cell Technologies). Cells were cultured overnight with murine

IL-3 (10 ng/ml, PeproTech), IL-6 (10 ng/ml, PeproTech) and

http://dx.doi.org/10.1016/j.molonc.2014.02.003
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Figure 1 e Identification of the FPa tyrosines residues required for

cell growth. A. Schematic representation of the tyrosine residues

present in FPa. The N-terminal FIP1L1 portion of the fusion is

represented in green. The split kinase domain of PDGFRa is

indicated by orange boxes. Phosphotyrosines (P) in the PDGFRa

portion of the fusion are numbered according to the wild-type

PDGFRa sequence. Some sites have been identified by a

phosphoproteomics study in the FPaD cell line Eol-1 (Goss et al.,

2006). The kinase domain was not drawn to scale. B. Ba/F3 cells were

transduced with retroviral (left panel) or lentiviral plasmid (right

panel) expressing GFP alone, FPa or the indicated FPa mutants in
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Stem Cell Factor (50 ng/ml, PeproTech) in RPMI 1640 (Invitro-

gen) with 20% of FBS, penicillin and streptomycin (transplant

medium) for 24 h. One million cells were seeded in untreated

6-well plates (#734-0948, BD Falcon�) with 1 ml of viral super-

natant and 2 ml of transplant medium containing 8 mg/ml

Polybrene� and centrifuged for 90 min at 2500 rpm. Cells

were incubated in transplant medium for 24 h. The day after,

the percentage of GFP-positive cells was measured by flow

cytometry. One million cells (300 ml) were injected into the

tail vein of sublethally irradiated (5 Gy) 6e8 week old female

recipient mice. Mice were housed in individually ventilated

cages. Peripheral blood was analyzed by differential cell

counts (Animal Blood Cell counter, SCIL). Alternatively, blood

was treated with red blood cell lysis buffer and analyzed by

flow cytometry for GFP expression.

2.7. Flow cytometry

Intracellular staining and flow cytometry were performed as

described (Toffalini et al., 2010). For signaling experiment,

cells were washed to remove IL-3 and starved for 4 h. As a pos-

itive control, some cells were restimulatedwith IL-3 for 20min

after starvation (data not shown). Cells were treatedwith ima-

tinib during starvation, as a control. The cells were incubated

with the anti-phospho-STAT5 (Tyr694) or the anti-phospho-

ERK1/2 (Thr202/Tyr204) antibodies conjugated to Alexa-Fluor

647 (BD Transduction Laboratories). Results were expressed

as percentage of positive cells.

2.8. Immunoprecipitation and western blot

5� 106 Ba/F3 cells expressing FPa, wild-type PDGRa ormutants

were lysed in Triton X-100 buffer as described (Toffalini et al.,

2009). In immunoprecipitation experiments, cell lysates were

incubated overnight with the anti-SHP2 antibody (1 mg) and

antibody complexes were collected using protein-A/G-beads

as described (Toffalini et al., 2009). Western blot analysis was

performed as previously described (Toffalini et al., 2009).

2.9. Statistics

All experiments were repeated at least three times with iden-

tical results, unless otherwise stated. In most figures, the

average of multiple replicate experiments is shownwith stan-

dard error of the mean (S.E.M.). Individual representative ex-

periments are shown with standard deviation (S.D.).

Statistical analysis was performed using Student t-test (*,

p < 0.05; **, p < 0.01; ***, p < 0.001).
the presence of IL-3. GFP-expressing cells were sorted by flow

cytometry. Sorted cells were washed to remove IL-3, seeded and cell

proliferation was assessed by measuring the [3H]-thymidine

incorporation after 24 h. The proliferation of cells transduced with

FPa was used as a reference (100%). The average of three

independent experiments is shown with S.E.M. All cell lines

proliferated similarly in the presence of IL-3 (data not shown). C.

Tyrosine phosphorylation and FPa expression were assessed by

western blot on total cell lysates of transduced Ba/F3 cells cultured

without IL-3 for 4 h.
3. Results

3.1. Tyrosine residue 720 is required for proliferation
induced by FPa

Tobetter characterize the signalingpathwaysactivatedby FPa,

we mutated twelve potentially phosphorylated tyrosine resi-

dues into phenylalanine (Figure 1A). Ten different tyrosines

http://dx.doi.org/10.1016/j.molonc.2014.02.003
http://dx.doi.org/10.1016/j.molonc.2014.02.003
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Figure 2 e Importance of residue Y720 in vivo and in human CD34D

progenitors. A. GFP expression was measured by flow cytometry

analysis in mouse hematopoietic stem cells and primitive progenitors.

The cells were isolated from bone marrow, depleted in lineage-

positive cells and transduced with GFP, FPa or FPa Y720F retroviral

particles. The average GFP fluorescence value (ten mice per group) is

shown with S.D. B. 106 cells were transplanted in BALB/c mice.

Three weeks after transplantation, GFP expression was measured by

flow cytometry in white blood cells (WBC). The average value (ten

mice per group) is shown with S.D. C. Mice were sacrificed after 3

weeks and spleens were weighted (n [ 5). A unilateral Student t-test

was performed. D. Proliferation test was performed in CD34D cells

isolated from human umbilical cord blood, transduced with GFP

(green triangles), FPa (open blue squares) or FPa-Y720F (orange

squares) and seeded at 3.104 cells/well in presence of recombinant

human SCF and FLT3L both at 25 ng/ml. Viable cells were counted

in the presence of Trypan blue. One representative experiment out of

four is shown.
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have been shown to be phosphorylated in wild-type PDGFRa

(Heldin et al., 1998). Wewill refer to these tyrosines using their

location in the wild-type PDGFRa amino-acid sequence. These

residues were mutated either individually or two by two. For

instance, the two binding sites for the PI3K subunit p85 (Y731

and Y742), for SHP2 (Y720 and Y754) or phospholipase Cg

(Y988 andY1018)weremutated together. In addition, two tyro-

sines within the FIP1L1 part of FPa, located at position 110 and

113 (Figure 1A), were also reported to be phosphorylated in a

phosphoproteomics study of the EOL-1 eosinophilic leukemia

cell line and were included in the present study (Goss et al.,

2006).

The FPa mutants were introduced in the IL-3-dependent

Ba/F3 cell line using a retroviral vector, as described (Cools

et al., 2003a; Toffalini et al., 2010, 2009). Homogenous cell pop-

ulationswere sorted by flowcytometry based on greenfluores-

cent protein expression (GFP), whichwas driven by an internal

ribosomal entry site (IRES) located after the FPa sequence. We

performed [3H]-thymidine incorporation assays as a read-out

of proliferation (Toffalini et al., 2010). In the absence of IL-3,

cells expressing the Y720F or the Y110/113F construct showed

a significantly decreased proliferation. A similar effect was

observed with the double mutant Y720/754F. Interestingly,

proliferation of FPa mutated at Y1018 alone or in combination

with Y988 was enhanced, suggesting that this mutation may

disrupt a negative signaling pathway. The proliferation of

Ba/F3 expressing the other mutants did not significantly differ

from cells expressing FPa (Figure 1B). All cell lines grew simi-

larly in the presence of IL-3 (data not shown).

In the present study, we focused on the Y720F mutation,

which produced the most dramatic effect. First, we tested

whether this mutation affected the overall phosphorylation

of FPa on tyrosines by western blot. Figure 1C shows that

FPa auto-phosphorylation was not affected, indicating that

this mutation had no impact on the FPa tyrosine kinase activ-

ity. Altogether, these results suggested that phosphorylated

Y720 may recruit signaling proteins that are required for

FPa-induced proliferation.

3.2. Mutation of residue Y720 impairs both
myeloproliferation in mice and proliferation of human
hematopoietic progenitors in vitro

The strong impact of a single tyrosine mutation in FPa trans-

formation was surprising because previous studies on wild-

type PDGF receptors and the ETV6-PDGFRb fusion pointed to

a high level of redundancy between individual phosphory-

lated tyrosine residues (Tallquist et al., 2003; Tomasson

et al., 2000). To rule out an artifact of the Ba/F3 model, we

tested the ability of the FPa Y720Fmutant to transformmouse

hematopoietic cells in vivo. To this end, we used the previously

described bone marrow transplantation mouse leukemia

model. BALB/c mice were transplanted with lineage-negative

cells bearing either nonmutated FPa or the Y720Fmutant. Pre-

vious reports showed that FPa induces a myeloproliferative

disorder in thismodel, with increased proliferation ofmyeloid

cells in the peripheral blood and splenomegaly (Stover et al.,

2006). As a control, we confirmed that the expression levels

of the mutants were similar in transduced cells before trans-

plantation (Figure 2A). Three weeks after transplantation,
the proliferation of the FPa and FPa Y720F myeloid cells in

the blood was analyzed by flow cytometry based on GFP

expression. The percentage of white blood cells expressing

GFP was significantly different between the two conditions,

indicating that the Y720F mutation severely reduced the

FPa-driven disease (Figure 2B). In agreement with this obser-

vation, the spleen weight was reduced in the Y720F mice

compared with FPa mice, further illustrating the reduced

oncogenic activity of Y720F (Figure 2C). Together, these results

suggest that the Y720F mutation limits the development of a

FPa-driven myeloproliferative phenotype in mice.
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Figure 3 e Mutation of residue Y720 affects signaling induced by FPa. A. Western blot analysis of Ba/F3 cells transduced with lentiviral plasmid

encoding GFP, FPa or FPa Y720F. Cells were washed and cultured without IL-3 for 4 h before being treated or not with imatinib (500 nM), as

indicated. Total cell lysates were analyzed by western blot with the indicated antibodies. BeC. Flow cytometry analysis of transduced Ba/F3

stained with fluorescent anti-phospho-STAT5 (left panel) or anti-phospho-ERK1/2 (right panel) antibodies. 106 cells were permeabilized, washed

and incubated without IL-3 before applying the staining. As a negative control, cells were treated with imatinib (500 nM). The percentage of

positive cells compared with background staining is indicated. The average of two independent experiments is shown with S.E.M.
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We have previously demonstrated that FPa stimulates the

proliferation of human CD34þ stem and progenitor cells iso-

lated from umbilical cord blood (Montano-Almendras et al.,

2012). Figure 2D shows that CD34þ cells transduced with a

lentivirus expressing FPa proliferated to a higher extent

compared with cells expressing FPa Y720F in liquid cultures.

After six days, the number of cells transduced with the

mutant was significantly decreased compared with FPa cells.

These experiments confirmed the importance of residue

Y720 in vivo and in primary human hematopoietic cells.

3.3. Mutation of residue Y720 disrupts FPa signaling
pathways

Previousstudieshave shownthat the transcription factor STAT5

and thekinases ERK1/2are important signalingmediators of FPa

(Buitenhuis et al., 2007; Cools et al., 2003a). We first tested the

activation of these mediators by western blot using phospho-

specific antibodies directed against key phosphorylated sites

that are predictive of the activity of these two factors. We

observed that STAT5 phosphorylation in Ba/F3 cells expressing

the Y720F mutant decreased considerably compared with the

FPa condition (Figure 3A).Asa control,we treatedcellswith ima-

tinib, a selective inhibitor of PDGFR, which inhibited STAT5

phosphorylation as expected. This result was confirmed by

flow cytometry after intracellular staining with phospho-

specific antibodies (Figure 3B). We next analyzed the ERK1/2

pathway, which was also activated by FPa in an imatinib-

dependent manner (Figure 3A). Themutation of Y720 abolished

phosphorylation of ERK1/2 by FPa. The same results were ob-

tained by flow cytometry after intracellular staining (Figure 3C).

Thus,adecreasedactivationofSTAT5andERK1/2by thismutant

could explain its decreased ability to stimulate proliferation.

We next evaluated the phosphorylation of PLCg in Ba/F3

cells expressing FPa (Figure 3A). In line with recent results

showing that PLCg is activated by PDGFRb fusion proteins

(Medves et al., 2010), FPa was also found capable of including
a strong PLCg phosphorylation. The extent of the phosphory-

lationwas decreased in the case of the Y720Fmutant although

not completely suppressed, indicating that this mutation does

not disrupt unselectively all signaling pathways activated by

FPa. Altogether, these findings point towards an important

role of residue Y720 in FPa signaling.

3.4. FPa Y720 binds to SHP2

Previous reports suggested that the protein tyrosine phospha-

tase SHP2 interacts with tyrosine 720 in wild-type PDGFRa,

even though a direct binding has not been formally demon-

strated (Bazenet et al., 1996; Heldin et al., 1998). In addition,

SHP2 is a known regulator of the ERK pathway (Araki et al.,

2003). To evaluate the interaction between FPa and SHP2, we

performed co-immunoprecipitation experiments. SHP2 was

able to co-immunoprecipitate with FPa but not with the

Y720F mutant in Ba/F3 cells (Figure 4A). Moreover, we showed

that the immunoprecipitated SHP2 can interact with the phos-

phorylated form of FPa but not FPa Y720F (Figure 4B) even

though they were similarly phosphorylated in Ba/F3 cells

(Figure 1C). This experiment suggested that SHP2 is recruited

by tyrosine 720 of FPa, in line with the published results on

wild-type PDGFRa. Accordingly, mutation of Y720 also abol-

ished the phosphorylation of SHP2 induced by FPa

(Figure 4B). To establish whether SHP2 binds directly to FPa

Y720, we tested the ability of a recombinant SHP2 protein to

bind a phosphorylated peptide of 15 residues corresponding

to the sequence surrounding Y720. Figure 4C shows that

SHP2 could directly bind the phospho-Y720 peptide and that

this binding required Y720 phosphorylation. As SHP2 was

shown to interact with hydrophobic residues located close to

phosphorylated tyrosines, we substituted the val-ile-leu

sequence that is adjacent to tyr720 by three glycine residues

(Martinelli et al., 2008; Sweeney et al., 2005). This mutation

prevented the interaction of recombinant SHP2with the phos-

phorylated peptide, indicating that the recruitment is

http://dx.doi.org/10.1016/j.molonc.2014.02.003
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Figure 4 e SHP2 binds to phosphorylated tyrosine 720. A-B. SHP2 co-immunoprecipitation with FPa. Ba/F3 cells were transduced with lentivirus

expressing GFP alone, FPa or FPa Y720F and cultured without IL-3 for 4 h. SHP2 was immunoprecipitated from cell lysates and analyzed by

western blot with anti-SHP2, anti-PDGFRa, anti-phospho-Y542-SHP2 or anti-phosphotyrosine (PY99) antibodies. The upper and lower arrows on

panel B correspond respectively to the molecular weight of FPa and SHP2. C. Interaction of SHP2 protein with a phosphopeptide corresponding to

the Y720 phosphorylation site of PDGFRa. Purified recombinant SHP2 protein was incubated with beads coupled to the phospho-peptide and

interaction was detected by western blot analysis after extensive washing of the beads. As a control, the experiment was performed with a peptide

containing the non-phosphorylated tyrosine and a mutated phospho-peptide. Input represents 200 ng of recombinant SHP2 protein.
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sequence-specific. Based on these experiments, we concluded

that SHP2 is able to bind directly to phosphorylated Y720 and

the adjacent hydrophobic residues of FPa.

3.5. SHP2 is required for ERK1/2 activation and
proliferation by FPa

To further investigate the role of SHP2 in cell transformation

by FPa, we used a lentiviral vector expressing shRNA that tar-

gets SHP2 (referred to as shSHP2), a control shRNA consisting

of a scramble sequence (shScramble) or GFP. Ba/F3 cells were

transduced with viral particles and selected in the presence of

puromycin.

We analyzed SHP2 expression in puromycin-resistant Ba/

F3 cells by western blot. Figure 5A shows that three different

shRNA suppressed efficiently the expression of SHP2. Accord-

ingly, SHP2 phosphorylation was not detectable in cells

expressing shSHP2. We next measured the proliferation of

the cell lines expressing the different types of shRNA. The re-

sults show that SHP2 knockdown in Ba/F3 cells expressing FPa

significantly reduced thymidine incorporation compared with

control shRNA or GFP (Figure 5B).

We next examined the effect of SHP2 downregulation on

STAT5 and ERK1/2 activation. Expression of shSHP2 in FPa

cells significantly decreased ERK1/2 phosphorylation but had

no effect on STAT5 activation (Figure 5C). These results were

confirmed by flow cytometry after intracellular staining

(Figure 5D). Taken together, these experiments showed that

SHP2 is required for proliferation and ERK1/2 activation by

FPa but not for STAT5 activation.

3.6. The catalytic activity of SHP2 is needed for ERK1/2
activation by FPa

MAPK regulation by SHP2 depends on its catalytic activity and

on its adaptor role although the relative importance of these
two molecular functions has been much debated (Dance

et al., 2008; Neel et al., 2003).

To tackle this issue, we used a luciferase reporter assay in

which FPa stimulates the activity of a promoter driven by

serum-response elements (SRE) in transiently transfected

HEK-293T cells. This promoter is highly sensitive toMAPKacti-

vation. In line with results obtained in Ba/F3 cells, we also

observed a decrease in luciferase activitywhen cells expressed

the Y720F mutant compared with FPa (Figure 6A). The impor-

tance of SHP2 phosphatase activity was determined using a

catalytically inactive dominant negative SHP2 mutant (C463S)

(Walter et al., 1999). In 293T cells transfected with FPa, the

expression of SHP2 C463S induced a significant decrease in

MAPK activation compared with wild-type SHP2, confirming

the role of this phosphatase. To test the implication of the

adaptor role of SHP2,wemutated the twokey tyrosine residues

that act asdockingsites forGrb2,namelyY546andY584 (Dance

et al., 2008). The impact of the SHP2 Y546/584F mutation was

tested in the luciferase assay described above. This mutant

did not affect MAPK activation by FPa (Figure 6B). As a control,

cells were co-transfected with a constitutively activated form

of mouse M-Ras Q71K (Demoulin et al., 2000; Louahed et al.,

1999) in presence or not of the mutant SHP2. As expected,

MAPK pathway was activated in a SHP2-independent manner

by activated RAS (Figure 6C, D). These results confirmed that

the catalytic domain of SHP2 promotes ERK activation by FPa.
3.7. Implication of SHP2 downstream PDGFRaD842V and
wild-type receptor

We next analyzed whether SHP2 was needed for cell transfor-

mation by other oncogenic mutants of PDGFRa. The most

common PDGFRa mutation, D842V, was used for further ex-

periments and combined with Y720F (Corless et al., 2005). Mu-

tants were stably transfected in Ba/F3 cells by electroporation

(Velghe et al., 2013). After sorting Ba/F3 cells expressing

http://dx.doi.org/10.1016/j.molonc.2014.02.003
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Figure 5 e SHP2 is required for ERK1/2 activation and proliferation induced by FPa. A. Ba/F3 cells expressing FPa were transduced with three

different shSHP2 (875, 877, 878), a control shScramble, or a turbo-GFP vector. Cells were selected in the presence of puromycin and IL-3. Cells

were washed, cultured without IL-3 and treated or not with imatinib (1 mM) for 4 h, as indicated. Total cell lysates were analyzed by western blot

with the indicated antibodies. As a positive control of SHP2 phosphorylation, Ba/F3 cells were re-stimulated with IL-3 for 15 min after starvation.

B. [3H]-thymidine incorporation assay was performed in transduced Ba/F3 cells washed to remove IL-3, seeded as described in materials and

methods. Cell proliferation was assessed after 24 h. One representative experiment is shown. C. Western blot analysis of transduced Ba/F3 cells

treated as in A. Total cell lysates were analyzed with the indicated antibodies. The vertical line indicates that lanes were cropped from the image of

a single western blot membrane. D. Flow cytometry analysis of transduced Ba/F3 cells stained with fluorescent anti-phospho-STAT5 (upper panel)

or anti-phospho-ERK1/2 (lower panel) antibodies. 5.105 cells were permeabilized, washed and incubated without IL-3 before applying the

staining. As a negative control, cells were treated with imatinib (1 mM). The average of three independent experiments is shown with S.E.M.
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PDGFRaD842V or PDGFRaD842V/Y720F by flow cytometry, western

blot demonstrated equivalent expression and phosphoryla-

tion between the two conditions in cells treated or not with

IL-3 (Figure 7A). The expression of the mutants was also vali-

dated by flow cytometry analysis and RT-QPCR (data not

shown). We previously reported the activation of STAT5 and

ERK1/2 in Ba/F3 cells transduced with the D842V mutant

(Velghe et al., 2013). We next compared the ability of D842V

and D842V/Y720F to activate these signaling pathways

(Figure 7A). In line with results obtained for FPa, mutation of

Y720F strongly decreased SHP2 and ERK1/2 phosphorylation

by the D842V mutant in absence of IL-3. Interestingly, Y720F

did not change the phosphorylation of STAT5 by D842V, un-

like FPa. Finally, we measured the proliferation in cells
cultured in the absence of cytokines or with PDGF. The results

showed a significant decrease of thymidine incorporation in

cells expressing D842V/Y720F, confirming the importance of

Y720 (Figure 7B). This experiment also showed that PDGF

treatment did not compensate for the loss of the Y720 residue.

In control experiments, the cells transduced with themutants

or the empty vectors proliferated to the same extent in the

presence of IL-3 (data not shown).

We next evaluated the requirement for SHP2 downstream

PDGFRaD842V using shRNA (Figure 8A). SHP2 knockdown

impaired ERK1/2 phosphorylation and cell proliferation

induced by D842V, but did not affect STAT5 phosphorylation

(Figure 8A and B). This indicated that SHP2 plays a similar

role downstream D842V and FPa. These results contrasted

http://dx.doi.org/10.1016/j.molonc.2014.02.003
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Figure 6 e The catalytic activity of SHP2 is required for EKR1/2 activation. 293T cells were co-transfected with FPa and SHP2, SHP2 C463S (A)

or SHP2 Y546F/Y584F (B) and a luciferase construct cloned downstream of a SRE-driven promoter. As a control, the co-transfection of a

constitutive active form of M-Ras with SHP2 mutants in 293T cells was performed (C and D). The average of four independent experiments is

shown with S.E.M.
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with previous studies showing that Y720 and SHP2 are not

essential for cell proliferation induced by wild-type PDGFR re-

ceptors (Bazenet et al., 1996; Ronnstrand et al., 1999). Since

these results had been obtained in a different model system,
Figure 7 e Mutation of Y720 did not affect overall PDGFRaD842V phospho

blot analysis of Ba/F3 cells electroporated with plasmid pEF-MYC-CYTO e

PDGFR mutant were washed and cultured with or without IL-3 for 4 h. T

antibodies. The upper band represents the mature glycosylated membrane

hypoglycosylated form which is located in the reticulum, as described (Hein

electroporated with the empty vector were treated without IL-3 for 3 h 45

phosphorylation, Ba/F3 cells expressing empty vector were treated without

used as control of protein loading. B. [3H]-thymidine incorporation assay w

IL-3 or with PDGF-BB (25 ng/ml). Cell proliferation was assessed after 72

vector. One representative experiment is shown.
we introduced wild-type PDGFRa in Ba/F3 cells and tested

the impact of SHP2-specific shRNA. Although SHP2 was phos-

phorylated upon PDGF-stimulation (Figure 8A, upper right

panel), proliferation of Ba/F3-PDGFRa cells in response to
rylation but affects signaling induced by PDGFRaD842V. A. Western

mpty vector, PDGFRaD842V or PDGFRaD842V/Y720F. Cells expressing

otal cell lysates were analyzed by western blot with the indicated

form of the receptor and the lower band correspond to the immature

rich et al., 2003). As a positive control of phosphorylation, Ba/F3 cells

min and then with IL-3 for 15 min. As a negative control of

IL-3 for 4 h. Anti- actine, SHP2, STAT5 and ERK antibodies were

as performed in transduced Ba/F3 cells washed and cultured without

h. As a negative control, Ba/F3 cells were transduced with the empty

http://dx.doi.org/10.1016/j.molonc.2014.02.003
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Figure 8 e Role of SHP2 downstream of PDGFRaD842V and wild-type PDGFRa. A. Western blot analysis of Ba/F3 cells expressing pEF-MYC-

CYTO PDGFRaD842V or wild-type (WT) PDGFRa transduced with two different shSHP2 (877, 878) or a control shScramble. Cells were washed

and cultured without IL-3 for 4 h. Cells expressing PDGFRa WT are stimulated with PDGF-BB (25 ng/ml). Total cell lysates were analyzed by

western blot with the indicated antibodies. B. [3H]-thymidine incorporation assay was performed in transduced Ba/F3 cells washed and cultured

without IL-3. Cell proliferation was assessed after 24 h. As a positive control, Ba/F3 cells transduced with PDGFRaD842V were treated without IL-

3 for 24 h. Ba/F3 PDGFRaD842V shScramble cells were used as reference. One representative experiment is shown. C. [3H]-thymidine

incorporation assay was performed in transduced Ba/F3 cells washed and cultured without IL-3 or with PDGF-BB (25 ng/ml). Cell proliferation

was assessed after 24 h. As a positive control, Ba/F3 cells transduced with PDGFRa WT were treated without PDGF-BB for 24 h. As a negative

control, Ba/F3 cells transduced with the empty vector were treated without cytokines for 24 h. Ba/F3 PDGFRa WT shScramble cells were used as

reference. One representative experiment is shown.
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PDGFwas onlymodestly affected by shSHP2 (Figure 8C).When

thymidine incorporation level of the control condition (i.e. in

the absence of cytokine) was subtracted, shSHP2 had no

impact on the mitogenic effect of PDGF. In agreement with

these results, SHP2 deficiency did not affect the phosphoryla-

tion of ERK1/2 and STAT5 upon stimulation of the wild-type

receptor by PDGF (Figure 8A).

In conclusion, using shRNA, we demonstrated that SHP2 is

essential for the stimulation of cell proliferation and ERK1/2

activation by the FPa and D842V oncogenes but not by wild-

type PDGFRa.
4. Discussion

Our results demonstrate that SHP2 is required for cell prolifer-

ation and ERK1/2 activation downstreamof FPa andD842V but

not downstream of wild-type PDGF receptors. This was shown

by mutating a specific SHP2 binding site and by knocking-

down SHP2 with shRNA. Luciferase assay also confirmed the

crucial importance of SHP2 for ERK1/2 activation. Wild-type

and mutant PDGFRa similarly induced the phosphorylation

of SHP2 and ERK1/2, but only mutant oncogenic receptors

required SHP2 for ERK activation and proliferation. This was

consistent with previously published results which demon-

strated that phosphorylation of tyrosine 720 in wild-type

PDGFRa is required for binding of SHP2 but not for activation

of Ras and proliferation (Bazenet et al., 1996).

Our results show that wild-type PDGFRa activate ERK

more efficiently in a SHP2-independent manner. Different
mechanisms downstream wild-type PDGFRa - but not the on-

cogenes - could co-exist to activate the MAPK pathway, in

such a way that ERK1/2 activation is still possible via GRB2

despite the depletion of SHP2 in cells expressing wild-type

PDGFRa.

Similar switches in signaling were reported for KIT and

FLT3 (Toffalini and Demoulin, 2010). For instance, SRC activa-

tion is required to stimulate proliferation by wild-type KIT but

not by the constitutive mutant KITD816V (Sun et al., 2009). It is

alsowell illustrated for FLT3: the internal tandemduplications

(FLT3-ITD, found in acutemyeloid leukemia), induces SRC and

STAT5 activation, unlike the wild-type receptor (Leischner

et al., 2012).

A functional role for SHP2 in oncogenic FPa and

PDGFRaD842V-induced cell transformation has not been previ-

ously demonstrated. Others studies suggested the implication

of SHP2 in leukemogenesis induced by others mutants of the

same receptor family such as KIT and FLT3 (Mali et al., 2012;

Nabinger et al., 2013).

In ourmodel, we alsomeasured the activity of STAT5. SHP2

knockdown did not decrease the phosphorylation of STAT5 in

Ba/F3 cells expressing FPa, D842V or wild-type PDGFRa. By

contrast, a role of SHP2 in STAT5 activation has been sug-

gested in different studies (Xu and Qu, 2008). SHP2 was re-

ported to directly dephosphorylate STAT5 (Chen et al., 2004,

2003) or indirectly enhance STAT5 activation (Ali et al.,

2003). However, this does not seem to apply to PDGF receptor

signaling. So far no direct binding sites for STAT5 have been

reported in PDGFRa, by contrast to PDGFRb (Valgeirsdottir

et al., 1998). In our experiments, tyrosine 720 was involved

http://dx.doi.org/10.1016/j.molonc.2014.02.003
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in STAT5 activation by FPa, possibly by recruiting STAT5

directly or via an adaptor protein. However, we were unable

to detect a co-immunoprecipitation of STAT5 with FPa (data

not shown). Unlike FPa, D842V activated STAT5 indepen-

dently of residue Y720. This may be related to the different

subcellular localizations of the two oncogenes (Toffalini and

Demoulin, 2010). Another tyrosine may also be phosphory-

lated specifically in D842V and acts as alternative docking

site for STAT5. The mechanism by which STAT5 is activated

by mutant and wild-type PDGFRa requires further

investigations.

Our experiment with phosphopeptides shows that SHP2 is

capable of binding directly to Y720 in vitro. Moreover, amino

acids surrounding Y720 in FPa (RSpYVIL) matches the

consensus site for SHP2 SH2 domain binding, except at posi-

tion �2, where a hydrophobic residue is more frequently

found (Martinelli et al., 2008; Sweeney et al., 2005). Our data

are in agreement with the study of Bazenet et al., who also

suggested a direct interaction using an alternative method

(Bazenet et al., 1996). In conclusion, our results point to a

direct binding of SHP2 to Y720. Nevertheless, we can not rule

out the existence of more complex recruitment mechanisms

in vivo. Finally, Y754 in the PDGFRa has been also described

to bind SHP2 (Rupp et al., 1994). However, the phosphorylation

of Y754 was only reported in the heterodimeric PDGFRa/b

complex. If Y754 is phosphorylated in FPa, which remains to

be established, it is clearly not sufficient to recruit SHP2, based

on our co-imunoprecipitation experiments. In addition, the

double mutant FPa Y720/754F presented the same prolifera-

tion defect as the single mutant Y720F. Nevertheless, Y754

may act as a minor binding site for the second SH2 domain

of SHP2, stabilizing the protein complex.

Interestingly, our results show that residues Y110/113,

which have been reported to be phosphorylated in a previous

study (Goss et al., 2006), are also involved in cell proliferation.

In line with our results, Buitenhuis and colleagues showed

that this domain of FPa has a role in human hematopoietic

cell proliferation (Buitenhuis et al., 2007). It remains to be

determined whether Y110/113 act as classical docking sites

for signaling proteins or have a completely different function.

Moreover, we observed that mutation of residue Y1018 led to

a significant increase in cell proliferation, suggesting that a

negative signaling pathway may be associated with this res-

idue. In addition to PLCg, one report suggested that this site

recruits the E3 ubiquitin ligase Cbl (Reddi et al., 2007). While

it is well established that Cbl promotes the degradation of

wild-type PDGF receptors, its role in FPa signaling is not yet

clear (Miyake et al., 1999; Reddi et al., 2007; Toffalini et al.,

2009).

This study demonstrates the important role of SHP2 for cell

transformation by FPa and PDGFRaD842V. The SHP2-MAPK

pathway may therefore represent a potential therapeutic

target, particularly for patients with the D842V mutation,

which is resistance to most tyrosine kinase inhibitors (Corless

et al., 2005).
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