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Most anaplastic large cell lymphomas (ALCL) express onco-
genic fusion proteins derived from chromosomal translocations
or inversions of the anaplastic lymphoma kinase (ALK) gene.
Frequently ALCL carry the t(2;5) translocation, which fuses the
ALK gene to the nucleophosmin (NPM1) gene. The transform-
ing activity mediated by NPM-ALK fusion induces different
pathways that control proliferation and survival of lymphoma
cells. Grb2 is an adaptor protein thought to play an important
role in ALK-mediated transformation, but its interaction with
NPM-ALK, as well as its function in regulating ALCL signaling
pathways and cell growth, has never been elucidated. Here we
show that active NPM-ALK, but not a kinase-dead mutant,
bound and induced Grb2 phosphorylation in tyrosine 160. An
intact SH3 domain at the C terminus of Grb2 was required for
Tyr160 phosphorylation. Furthermore, Grb2 did not bind to a
single region but rather to different regions of NPM-ALK,
mainly Tyr152–156, Tyr567, and a proline-rich region, Pro415–417.
Finally, shRNA knockdown experiments showed that Grb2 reg-
ulates primarily the NPM-ALK-mediated phosphorylation of
SHP2 and plays a key role in ALCL cell growth.

Anaplastic large cell lymphoma (ALCL)2 is a non-Hodgkin’s
lymphoma characterized by the t(2;5)(p23;q35) chromosomal
translocation that generates an oncogenic fusion protein,
NPM-ALK. The t(2,5) translocation represents the more fre-
quent alteration in the ALCLs and is detected in 75–80% of the
ALCL patients. The NPM-ALK fusion protein, which includes
the NPM oligomerization motif and the ALK catalytic domain,
is constitutively activated through autophosphorylation (1, 2).
NPM-ALK-induced signaling pathways control cellular pro-

liferation, inhibit apoptosis, and modify cell-cell adhesion and

migration (3–6) and cytoskeleton reorganization and transfor-
mation (6, 7). NPM-ALK transforming activity is mediated by
different cellular pathways through several downstream adap-
tors or scaffolding molecules with Src homology 2 (SH2) or
phosphotyrosine binding domains that bind to the autophos-
phorylated NPM-ALK tyrosine residues (2). Many studies have
identified several NPM-ALK-interacting molecules such as
PLC-�, IRS-1, Hsp90, Grb2 (growth factor receptor-bound
protein 2), ShcC, Jak2, Jak3, PI3K, Stat3, and Stat5 (8). Adap-
tor proteins Shc (SH2 domain-containing transforming pro-
tein), IRS-1 (insulin receptor substrate 1), and Grb2 bind
NPM-ALK directly or in complexes, but their specific role in
NPM-ALK-mediated lymphomagenesis is still unclear (2, 8).
Shc and IRS-1 are tyrosine-phosphorylated and bind NPM-
ALK in defined regions (Tyr567 and Tyr152–156 of NPM-ALK,
respectively); however, they are dispensable for NPM-ALK-
mediated transformation of NIH3T3 cells. In contrast, the
interaction betweenNPM-ALK andGrb2 is still poorly charac-
terized (9, 10).
Grb2 is an ubiquitously expressed adapter protein involved

in the signal transduction pathways of protein-tyrosine kinase
(11). Grb2 is a 26-kDa protein without catalytic activity and
consists of a single SH2 domain flanked by two SH3 domains
(12, 13). The SH2 domain of Grb2 specifically binds the tyro-
sine-phosphorylated peptide sequences of receptor tyrosine
kinases such as the EGF receptor (14), PDGF receptor (12), and
T-cell receptor (15) and of oncogenic fusions such as BCR-ABL
(16) and TPR-MET (17). The SH3 domains of Grb2 bind to
proline-rich motifs on the guanine nucleotide-releasing factor
Sos (Son of sevenless), leading to the activation of the Ras/
MAPK pathway. Two phosphorylation sites on Grb2 have been
identified thus far at position Tyr209 in BCR-ABL-expressing
cells (16) and Tyr160 by pp60c-src (18).
In this study, we have demonstrated thatGrb2 binds to active

NPM-ALK and is phosphorylated in human ALCL cells. We
identified Tyr160 as a major phosphorylation site of Grb2 by
NPM-ALK. Remarkably, we found that Tyr160 of Grb2 also is
phosphorylated by other oncogenic fusion tyrosine kinases
such as TPR-MET, BCR-ABL, and TEL-JAK2, as well as by
wild-type receptor tyrosine kinases such as ALK and MET.
Further, we show that NPM-ALK combined mutations in
Tyr152–156, Tyr567, and Pro415–417 almost completely abrogated
Grb2 binding and Tyr160 phosphorylation. Finally, we show
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that Grb2 is essential for the activation of SHP2 in ALCL and is
required for sustained ALCL cell growth.

MATERIALS AND METHODS

Cell and Culture Conditions—Human embryonic kidney
(HEK) cells HEK-293T and 293T-Rex Tet-On (Invitrogen)
were cultured in DMEM supplemented with 10% FBS. In HEK-
293T tetracycline-inducible systems, tetracycline was added to
the medium at 1 �g/ml.

SU-DHL1 and TS (a subclone of SUP-M2) NPM-ALK-posi-
tive human ALCL cell lines were obtained fromNewYork Uni-
versity and maintained in RPMI 1640 medium supplemented
with 10% FBS. Inducible ALK shRNA SU-DHL-1 and TS (SU-
DHL-1 TTA A5 and TS TTA A5, respectively) cells were
obtained by co-transduction with pLV-tTRKRAB (TTA) (19)
vector and pLVTHM vector containing the H1 promoter ALK-
shRNA (A5) cassette (20).
Inducible Grb2 shRNA TS (TS TTA A, B, C, and control

sequence) cells were obtained by co-transduction with pLV-
tTRKRAB (TTA) vector (19) and pLVTHM vector containing
the H1 promoter Grb2 shRNA cassette (20). These cells
undergo NPM-ALK or Grb2 silencing when 1 �g/ml doxycy-
cline is added to the medium for at least 72 h. For co-culture
experiments, cells were mixed in a 1:1 ratio and cultured under
standard conditions for 2 weeks. GFP expression was checked
over time by FACS. For proliferation studies, cells were seeded
3 � 103 cells/ml in duplicate in 12-well plates. Viable cells were
determined by trypan blue exclusion by using a CountessTM
automated cell counter (Invitrogen), and cell growth was
analyzed using the ATPlite assay system (PerkinElmer Life
Sciences).
Cell Transfection and Reagents—Cells were transfected by

Effectene reagent as described by the manufacturer (Qiagen,
Valencia, CA). The amount of DNA for each transfection was
kept constant at 2 �g by adding an appropriate amount of inert
carrier DNA (pBluescript SK plasmid, Stratagene).
ALK inhibitor CEP-14083 (Cephalon) was added at a work-

ing concentration of 300 nM. The PP2 Src family kinase inhibi-
tor was purchased from Calbiochem and used at 30 �M.
Cell Lysis, Coimmunoprecipitation, and Immunoblotting

Analysis—Whole cell extracts were prepared by resuspending
the pelleted cells in lysis buffer containing 20mMTris-HCl (pH
7.4), 150 mM NaCl, 5 mM EDTA, 0,1% Triton X-100, 1 mM

PMSF, 10 mM NaF, 1 mM 3Na3VO4, and protease inhibitors
(Roche Applied Science) with incubation at 4 °C for 30 min.
Cell lysates were collected by centrifugation at 15,000 � g.
Supernatants were analyzed for protein concentration with a
Bio-RadDCprotein assay kit (Bio-Rad Laboratories) and stored
at �80 °C. Twenty micrograms of protein were run on SDS-
PAGE under reducing conditions.
For phosphate digestion, cells were lysed in 20 mM Tris (pH

7.4), 150 mM NaCl, 5 mM EDTA, and 0.1% Triton X-100 in the
presence of protease and in the presence/absence of phospha-
tase inhibitors. 10�g of whole cell lysates were treated with 800
units of �PPase (New England Biolabs) for 1 h at 30 °C.
For immunoprecipitation experiments, 0.5 mg of whole cell

extracts was precleared with 30 �l of protein G-Sepharose
beads (Amersham Biosciences) for 1 h at 4 °C and then incu-

bated with 1–5 �g of monoclonal antibody or 5–10 �g of poly-
clonal antibody at 4 °C for 4 h. Immune complexes were col-
lected on 30 �l of protein G-Sepharose beads, and the beads
were washed three times with lysis buffer. Bound proteins were
recovered by boiling in Laemmli sample buffer and resolved on
SDS-PAGE.
For immunoblotting, proteinswere separated by SDS-PAGE,

transferred to nitrocellulose, and incubated with the specific
antibody. Immune complexes were detected with sheep-anti
mouse Ig antibody conjugated to horseradish peroxidase
(Amersham Biosciences) and visualized by enhanced chemilu-
minescence reagent (Amersham Biosciences) according to the
manufacturer’s instructions. The following antibodies were
used: monoclonal anti-ALK (1:2000; Zymed Laboratories
Inc., Seattle, WA), monoclonal anti-phospho-Tyr (PY100,
1:1000; Cell Signaling Technology), polyclonal anti-Grb2
(1:2000; Santa Cruz Biotechnology), monoclonal anti-actin
(1:2000; Chemicon), polyclonal anti-phospho-Shp2 (Tyr542,
1:1000; Cell Signaling Technology), polyclonal anti-phospho-
Stat3 (Tyr705, 1:1000; Cell Signaling Technology), polyclonal
anti-Stat3 (1:1000; Cell Signaling Technology), polyclonal anti-
phospho-Erk1/2 (1:500; Cell Signaling Technology), polyclonal
anti-Erk1/2 (1:1000; Santa Cruz Biotechnology), monoclonal
anti-JunB (1:2000; Santa Cruz Biotechnology), polyclonal anti-
phospho-Shc (1:1000; Cell Signaling Technology), polyclonal
anti-Shc (1:1000; Santa Cruz Biotechnology), polyclonal anti-
GFP (1:2000; Invitrogen), polyclonal anti-Src (1:1000; Santa
Cruz Biotechnology), polyclonal anti-phospho-Met (1:1000;
Cell Signaling Technology), monoclonal anti-human-Met
(1:1000; Zymed Laboratories Inc.), monoclonal anti-AKT1
(1:1000; Cell Signaling Technology), monoclonal anti-phos-
pho-AKT1 (Ser473, 1:1000; Cell Signaling Technology), mono-
clonal anti-JAK2 (1:1000; Cell Signaling Technology), and
monoclonal anti-JAK3 (1:1000; Santa Cruz Biotechnology).
Secondary anti-mouse or anti-rabbit peroxidase-conjugated
antibodies were purchased from Amersham Biosciences.
DNAConstructs andMutagenesis—Wild-type NPM-ALK or

the kinase-dead mutant NPM-ALKK210R was cloned into
pcDNA5TO vector (Invitrogen) at HindIII/XhoI sites and sta-
bly transfected into 293T-Rex Tet-On cells using Effectene rea-
gent (Qiagen) as described previously (6). Single cell-derived
clones were selected for NPM-ALK or NPM-ALKK210R expres-
sion levels. Pallino vectors containing NPM-ALK, NPM-
ALKK210R, or ATIC-ALK were described previously (21, 22).
PallinoCD8-ALKwas obtained by cloning the extracellular and
intramembranous portion of the human CD8 gene in-frame
with the cytoplasmic portion of the ALK gene by recombinant
PCR. TPR-MET and the MET expression plasmid were kindly
provided by Dr. C. Ponzetto (23). BCR-ABL expression vector
was kindly provided by Dr. Saglio. TEL-JAK2 and TEL-JAK3
were kindly provided by Dr. O. Bernard (24). Human ALK full-
length (ALK-FL) was cloned in pcDNA3 at HindIII/XhoI sites
and hALKF1174L variant was generated by PCR-basedmutagen-
esis (Stratagene, La Jolla, CA).
Grb2WT, the dominant-negative Grb2P49L (mutated in the

N-terminal SH3 domain) and Grb2R86K (mutated in the SH2
domain) cloned in the pRK5 vector were kindly provided byDr.
A. Pellicer, NewYorkUniversity. Grb2 tyrosine-mutated forms
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were generated by PCR-basedmutagenesis. All mutations were
confirmed by DNA sequencing.
shRNA Sequences, Lentivirus Production, and Cell Infection—

Human Grb2-specific shRNA sequences were from the
Open Biosystems TRC lentiviral shRNA library. The sense
strand of Grb2 shRNA that we used is the following: A, 5�-
CAGATATTCCTGCGGGACATA-3�; B, 5�-CGGCTTCAT-
TCCCAAGAACTA-3�; C, 5�-GATCTACATCTGTCTCCA-
GAA-3�; control, 5�-CCTCTCTGTCAAGTTTGGAAA-3�.
The puromycin resistance gene was removed from the

pLKO.1 vector. Lentivirus shGrb2 vectors were constructed by
subcloning the H1 promoter-shALK cassette into the EcoRI-
ClaI sites of the pLVTHMvector (kindly provided by D. Trono,
University of Geneva, Switzerland) (19) as described previously
(20).
shRNAGrb2 lentiviruseswere obtained by co-transfection of

the human HEK-293T cell line (Invitrogen) as described (19).
After 72 h the percentages of transduced cells were analyzed for
GFP expression by FACS. Inducible Grb2 shRNA interference
TS cells were obtained by co-transduction with pLVTHM vec-
tor containing theH1promoterGrb2 shRNAcassette andpLV-
tTRKRAB vector. To generate Grb2 shRNA-resistant con-
structs, wild-type or Y160F Grb2 was mutated in four bases in
the sequence corresponding to the shRNA (Grb2WTINT3/4 or
Grb2Y160FINT3/4).
Statistical Analysis—The difference in cell growth between

the different shGrb2 constructs was evaluated using the
Kruskal-Wallis rank test, and the difference between shGrb2
and the relative INT3/4was evaluated using Student’s t test. A p
value of �0.05 was considered statistically significant.

RESULTS

Grb2 Binds NPM-ALK and Is Tyrosine-phosphorylated—
Grb2 has been shown to bind NPM-ALK and ATIC-ALK in
previous works (25, 26). First we wanted to test whether Grb2
could bind differentALK fusions regardless of their fusion part-
ner or cellular localization. To this end we took advantage of
three different ALK fusions that localize in different cellular
compartments. We transfected human HEK-293T with ALK-
FL, with NPM-ALK (which is both cytoplasmic and nuclear
(27)), with its kinase-dead mutant (K210R), with ATIC-ALK
(which is cytoplasmic), and with a chimeric fusion protein
between CD8 and ALK (CD8-ALK) that localizes to the cyto-
plasmic membrane. Immunoprecipitation with an antibody
that recognizes the ALK portion of these proteins showed that
ALK fusions bound Grb2 regardless of their fusion partner or
cellular localization (Fig. 1A).
Unexpectedly, Grb2 was detected on a gel as two bands with

different levels of mobility: one band with higher mobility
migrating at the expected size of 26 kDa and another with lower
mobility. To assess whether this lower mobility band was
related to NPM-ALK tyrosine kinase activity, we transfected
human HEK-293T cells with either NPM-ALK or its kinase-
dead mutant, NPM-ALKK210R. Direct Western blot and Grb2
immunoprecipitation showed that both the binding and the
lower mobility species appeared only in the presence of active
NPM-ALK (Fig. 1, B and C, and supplemental Fig. 1). To verify
that those bands with different mobility were not an artifact of

NPM-ALK ectopic expression in HEK-293T cells, we analyzed
Grb2 bands as detected in NPM-ALK-positive human lym-
phoma cells. To this end, we took advantage of a cellular system
developed previously by our group based on a doxycycline-de-
pendent inducible anti-ALK shRNA that abrogates NPM-ALK
expression in ALCL (20). Under these conditions, the Grb2
band with lower mobility disappeared after NPM-ALK knock-
down (Fig. 1D) in TS and SU-DHL-1 cells. Similarly, inhibition
of NPM-ALK activity via a specific small molecule, CEP-14083
(28), correlated with the synchronous disappearance of the
lower mobility band of Grb2 (Fig. 1E).

Because ALK is a tyrosine kinase, we reasoned that the lower
mobility band would correspond to a phosphorylated form of
Grb2. Thus, we treated cell extracts from human HEK-293T
cells with �PPase, which dephosphorylates phosphoresidue on
proteins. After �PPase treatment, the lower mobility band of
Grb2 disappeared completely. Furthermore, an antibody spe-
cific for phosphotyrosines highlighted a band corresponding to
the lowermobility band of Grb2 only in lysates not treated with
�PPase (Fig. 1F). Therefore, we concluded that Grb2 is tyro-
sine-phosphorylated in the presence of active NPM-ALK.
Grb2 Tyr160 Is Phosphorylated in the Presence of NPM-ALK—

Seven tyrosine residues are present in the humanGrb2 protein.
Three of them are located in theN-terminal SH3 domain (Tyr7,
Tyr 37, and Tyr 52), two in the SH2 domain (Tyr 118 andTyr 134),
and two in the C-terminal SH3 domain (Tyr 160 and Tyr 209)
(Fig. 2A) as described in UniProt, a freely accessible resource of
protein sequence and functional information.
To identify NPM-ALK-induced Grb2 phosphorylation

site(s), the Grb2 coding region was mutated by means of site-
directed mutagenesis on each tyrosine (Tyr to Phe) and then
co-expressed with active NPM-ALK in HEK-293T cells. Previ-
ous studies had demonstrated the importance of Tyr209 inGrb2
phosphorylation after binding with the protein kinase BCR-
ABL (16). We first analyzed the Y209F mutant, which showed
no alteration in the Grb2 migration pattern as compared with
the wild-type form in cells expressing active NPM-ALK (Fig.
2B). Next, we mutated all of the other Grb2 tyrosine residues.
As shown in Fig. 2B, all of these Grb2 mutants exhibited a sim-
ilarmigration pattern of the two bands except for theGrb2Y160F
mutant. Indeed, Grb2 phosphorylation was completely abro-
gated in theGrb2Y160Fmutant as revealed by the disappearance
of the phosphorylated low mobility band by a phosphotyrosine
antibody (Fig. 2C). This observation was confirmed by immu-
noprecipitation of Grb2 protein as shown in Fig. 2D.
Tyrosine Phosphorylation of Grb2 at Tyr160 Is a Common

Feature of Other Oncogenic and Non-oncogenic Kinases—Next
we asked whether the phosphorylation of Grb2 in Tyr160 is lim-
ited to NPM-ALK or is shared by other oncogenic tyrosine
kinases known to interact with Grb2, such as BCR-ABL (29),
TPR-MET (30), and TEL-JAK2 (31). HEK-293T cells were co-
transfected with Grb2 wild type or the Y160F mutant and the
oncogenic kinases NPM-ALK, BCR-ABL, TPR-MET, TEL-
JAK2, and TEL-JAK3, and total cells extracts were analyzed by
Western blot. BCR-ABL, TPR-MET, and TEL-JAK2 induced a
Grb2 phosphorylation similar to that of NPM-ALK, indicating
that other relevant oncogenic kinase fusions have the ability to
induce phosphorylation of Grb2 in Tyr160 (Fig. 3). Notably, we
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showed that a remarkable level of phosphorylation is induced
by BCR-ABL on Grb2 Tyr 160, which was not recognized in a
previous work (16). Interestingly, TEL-JAK3 oncogenic fusion
kinase, which has not been reported to bindGrb2,was unable to
phosphorylate Grb2 (Fig. 3C). These results indicate that Grb2
phosphorylation is a common event in many, but not all, onco-
genic fusion kinases.
Oncogenic fusion kinases are characterized by strong and

continuous kinase activity that alters the intensity and quality
of the downstream signaling as compared with their non-onco-
genic counterparts (32). Therefore, we asked whether Grb2
phosphorylation is detectable also when non-fusion receptor
tyrosine kinases are activated. HEK-293T cells were transfected
with wild-type ALK or MET receptors. Remarkably, Grb2
phosphorylation on Tyr160 was observed in the presence of

both ALK andMET receptors (Fig. 4). Furthermore, an activat-
ing point mutation of the full-length ALK receptor recently
described in neuroblastomas (33) was able to phosphorylate
Grb2 as well. Altogether, these data indicate that phosphoryla-
tion of Grb2 is a common event shared by both wild-type and
oncogenic tyrosine kinases.
The C-terminal SH3 Domain Is Required for Grb2 Tyr160

Phosphorylation—Grb2 acts as an adaptor through its single
SH2 and flanked SH3 domains. The backbone dynamics of
Grb2 fromNMR relaxation data showGrb2 as a flexible protein
inwhich the SH3-SH2 linker regions are flexible (34). TheGrb2
crystal structure shows a compact dimer structure with
intramolecular contact between two SH3 domains (35). Usu-
ally, SH2 domains bind pYXNX phosphotyrosine sequences
and SH3 domain proline-rich sequences. To test whether func-

FIGURE 1. Phosphorylation of Grb2 in NPM-ALK-expressing cells. A, Grb2 low mobility (m) band and binding do not depend on the type or localization of
the ALK fusion proteins. Anti-ALK immunoprecipitations were performed on HEK-293T cells transiently transfected with the indicated ALK full-length and ALK
fusion proteins with or without Grb2. Western blots of total lysates and anti-ALK-immunoprecipitated (IP) proteins were blotted with the indicated antibodies.
B, HEK-293T cells transiently transfected with NPM-ALK or the kinase-dead mutant were immunoprecipitated with anti-ALK antibodies and blotted with ALK
and Grb2 antibodies. C, Grb2 low mobility band is detected only in the presence of the active NPM-ALK but not the kinase-dead NPM-ALKK210R in HEK-293T cells
transfected with Grb2 and NPM-ALK or NPM-ALKK210R and blotted with the indicated antibodies. D, Grb2 lower mobility band is detected in ALCL cells. The TS
and SU-DHL-1 cell lines were transduced with an inducible anti-ALK shRNA lentivirus (TTA ALK) as described under “Material and Methods.” Cells were
cultivated in presence of 1 �g/ml doxycycline (DOXY) for 72 h to knock down NPM-ALK expression, and cell lysates were analyzed by Western blot. E, HEK-293T
co-transfected with NPM-ALK and Grb2 were treated with CEP-14083 inhibitor (300 �M) 24 h after transfection for the indicated time points. The effect on
NPM-ALK, Grb2, and Erk1/2 phosphorylation was followed over time on total cell extracts by Western blot (nt, not transfected). F, NPM-ALK expression was
induced in HEK-293T-Rex by the addiction of 1 �g/ml tetracycline (Tet) to the culture for 24 h. Cell lysates were incubated with or without �PPase. Western blots
were blotted with the indicated antibodies.
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tional Grb2 SH2 and SH3 domains are required for Grb2 inter-
actionwithNPM-ALKor for its phosphorylation, we generated
different Grb2 mutants by site-directed mutagenesis, inserting
a point mutation in each SH domain. As published previously,
the introduction in Grb2 of a single point mutation at position
R86K leads to a SH2 domain loss-of-function mutant, whereas
P49L and G203Rmutants disrupt the N-terminal and C-termi-
nal SH3 domains, respectively (36). Mutations in the SH2
domain (R86K) or the N-terminal SH3 domain (P49L) did not
affect Grb2 phosphorylation. Conversely, a single point muta-
tion disrupting the C-terminal SH3 domain (G203R) com-
pletely abolished Grb2 phosphorylation (Fig. 5A).
Proline-rich Region and Residues Tyr152–156 and Tyr567 of

NPM-ALK Are Involved in Grb2 Binding—NPM-ALK could
potentially bind Grb2 directly or through other proteins such as
SHP2, Shc, and IRS-1 (7), (26). Therefore, we investigated which
region of NPM-ALK was involved in Grb2 binding. Our group
recently performed an extensive phosphomapping of theNPM-
ALK protein in human lymphoma cell lines, showing that at
least 11 NPM-ALK tyrosine residues are phosphorylated in
lymphoma cells (37). Because three of these residues (Tyr338,

Tyr342, andTyr343) are located in theNPM-ALK kinase domain
and abolish its activity whenmutated,3 we decided tomutate all
of the other knownALK tyrosine phosphorylation sites sequen-
tially. Lysates fromHEK-293T cells transiently transfectedwith
these mutants were analyzed by Western blot for Grb2 phos-
phorylation. As expected, the sequential addition of mutations
to NPM-ALK progressively reduced the ALK phosphorylation
status as detected by the phosphotyrosine antibody. Remark-
ably, the decrease in NPM-ALK phosphorylation correlated
with a diminished Grb2 phosphorylation (supplemental Fig. 2).
These data suggest that, in contrast to other tyrosine kinases
such MET (30, 38), no single tyrosine residue on NPM-ALK is
responsible for Grb2 phosphorylation. Rather, Grb2 is re-
cruited and thereby phosphorylated through multiple tyrosine
residues directly toNPM-ALKor via other interacting proteins.
Recently, a proline-rich region inNPM-ALKhas been shown

to regulate the interaction with the SH3 domain of PI3K (39).
Therefore, we asked whether the proline-rich region of NPM-

3 R. Chiarle, unpublished observations.

FIGURE 2. Grb2 Tyr160 is phosphorylated in the presence of active NPM-ALK. A, schematic representation of Grb2 structure and tyrosine residues localiza-
tion. B, HEK-293T cells were co-transfected with Grb2 WT or Grb2 tyrosine mutants together with the active form of NPM-ALK or the NPM-ALK kinase-dead
mutant and blotted with the indicated antibodies. m, mobility. C, HEK-293T cells were co-transfected with Grb2WT, Grb2Y160F, or Grb2Y209F mutants and
NPM-ALK. Total cells extracts were analyzed by Western blot for Grb2, ALK, and p-Tyr. D, anti-Grb2 immunoprecipitation was performed on HEK-293T cells
transiently co-transfected with NPM-ALK or NPM-ALKK210R and Grb2WT or Grb2Y160F. Western blots of total lysates and anti-Grb2-immunoprecipitated (IP)
proteins were blotted with the indicated antibodies.
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ALKwas involved in Grb2 binding and/or phosphorylation. To
this end, we mutated the proline-rich sequence of NPM-ALK
(P415A, P417A, and P415A,P417A).Western blots showed that

the P415A, but not the P417A, com-
pletely abolished Grb2 phosphory-
lation by NPM-ALK (Fig. 5B), but
Grb2 binding to NPM-ALK was not
abolished by such mutations (Fig. 5,
C andD). Finally, because IRS-1 and
Shc bindNPM-ALK and in turn can
recruit Grb2 to NPM-ALK, we
sequentially added to the proline-
rich mutations other mutations in
tyrosine residues Tyr152–156 and
Tyr567 known to abolish NPM-ALK
binding to IRS-1 and Shc, respec-
tively. Although Tyr152–156 and
Tyr567 mutations had little effect
(Fig. 5C, lane 7), the combination of
such mutations with mutations in
the proline-rich domain almost
completely abolished Grb2 binding
to NPM-ALK (Fig. 5C, lane 6).
Overall these data indicated that the
binding and phosphorylation of
Grb2 by NPM-ALK have different
requirements; Grb2 phosphoryla-
tion dependsmainly on the integrity
of NPM-ALK proline-rich region,
whereas it’s binding to NPM-ALK
relies on the same proline-rich
region but also on tyrosine residues
Tyr152–156 and Tyr567.

Finally, because Src has been
described as phosphorylating Grb2
(18), we treated HEK-293T cells
with a Src inhibitor after NPM-ALK
transfection. Whereas Src phosphor-
ylation was almost completely abro-
gated after 1 h of inhibition, Grb2
phosphorylation remained unaf-
fected (supplemental Fig. 3), thus
showing that NPM-ALK-mediated
Grb2 phosphorylation is independ-
ent of Src.
Grb2 Regulates ALCL Lymphoma

Cell Signaling and Proliferation—
To understand the role of Grb2 in
ALCL cell signaling and growth, we
knocked down Grb2 in ALCL cells
through a specific doxycycline-in-
ducible Grb2 shRNA silencing.
Three different Grb2 shRNA se-
quences induced an efficient knock-
down with more than 80% reduc-
tion of Grb2 protein levels, whereas
a fourth sequence did not change
Grb2 levels and was used as a con-

trol (Fig. 6A). Knockdown of Grb2 protein strongly affected the
phosphorylation levels of SHP2 and slightly affected that of Shc,
whereas Erk1/2 phosphorylation was not affected (Fig. 6,A and

FIGURE 3. Phosphorylation site at Tyr160 is shared by several oncogenic kinase. A, HEK-293T cells were
co-transfected with Grb2WT or the indicated mutants and BCR-ABL. Total cells extracts were analyzed by
Western blot for BCR-ABL, Grb2, and p-Tyr. m, mobility. B, HEK-293T cells were co-transfected with Grb2WT or
Grb2Y160F and NPM-ALK or TPR-MET. Total cells extracts were analyzed by Western blot for Grb2, ALK, and MET.
C, HEK-293T cells were co-transfected with Grb2WT or Grb2Y160F and NPM-ALK, NPM-ALKK210R, TEL-JAK2, or
TEL-JAK3. Total cells extracts were analyzed by Western blot for Grb2, Jak2, Jak3, ALK, and p-Tyr.

FIGURE 4. Non-oncogenic tyrosine kinases phosphorylate Tyr160 on Grb2. A, HEK-293T cells were tran-
siently co-transfected with the human WT ALK receptor tyrosine kinase or its activating mutant (ALKF1174L)
combined with Grb2WT or Grb2Y160F. Anti-ALK-immunoprecipitated proteins (IP) and total cell lysates were
analyzed by Western blot with p-Tyr, ALK, and Grb2 antibodies. FL, full length; nt, not transfected; m, mobility.
B, HEK-293T cells were transiently co-transfected with human MET (hMET) receptor tyrosine kinase and Grb2WT

or Grb2Y160F. Cell lysates were analyzed by Western blot. p-Tyr and Grb2 antibodies show that the Y160F
mutation abolishes Grb2 phosphorylation in the lower mobility band.
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B). To exclude the possibility of off-target effects, we generated
a Grb2 cDNA mutated in the shRNA recognition sites and
therefore resistant to shRNAknockdown (Grb2INT3/4).When
Grb2INT3/4 was expressed in ALCL cells, normal levels of
SHP2 and Shc phosphorylation were restored (Fig. 6C).
Finally, we asked whether down-regulation of Grb2 could

affect lymphoma cell proliferation. ALCL cells transduced with
Grb2 shRNA showed a significant disadvantage in co-culture
experiments as compared with control infected cells (p � 0.01)
(Fig. 7A). Again, the proliferation defect was not due to off-
target effects of the shRNA sequences, because it was com-
pletely restored by the expression of the shRNA-resistant
Grb2INT3/4 cDNA. Tyr160 mutated constructs were equally
efficient in restoring ALCL proliferation (Fig. 7B and
supplemental Fig. 4). Overall, these data showed that Grb2 is
fundamental for the phosphorylation of importantmolecules in
NPM-ALK signaling and for ALCL cell proliferation.

DISCUSSION

In the present work, we have characterized the interaction of
the adaptor protein Grb2 with NPM-ALK, the fusion protein
involved in the pathogenesis of the anaplastic large cell lym-
phoma. In particular we have focused on three aspects: the
binding of Grb2 to NPM-ALK in cells, the phosphorylation of
Grb2 by NPM-ALK, and the role of Grb2 in regulating the sig-
naling pathways and proliferation of ALCL cells.

Grb2 has been shown to bind to some receptor tyrosine
kinases or oncogenic tyrosine kinases in specific amino acid
residues. For instance, Met receptor binds Grb2 in a well
described region of its C-terminal tail characterized by the
sequence 1349YVHVNATY1356VNV (30). Similarly, oncogenic
BCR-ABL binds Grb2 within the BCR first exon through the
residue Tyr177. Mutation of Tyr177 to phenylalanine (Y177F)
abolishes Grb-2 binding and abrogates BCR-ABL-induced Ras
activation (40). In the case of NPM-ALK, the binding of Grb2
could not be mapped to a single phosphotyrosine residue. In
contrast to what has been described for BCR-ABL, where Grb2
binds to BCR, which is the fusion partner of the oncogenic
kinase ABL, NPM was dispensable for Grb2 binding, because
both a different fusion construct (ATIC-ALK) or a chimeric
transmembrane construct (CD8-ALK) was able to equally bind
Grb2. Furthermore, extensive mutational analysis showed that
not a single phosphotyrosine residue on NPM-ALK was re-
sponsible for Grb2 binding. Therefore, we concluded that in
cells Grb2 binding to NPM-ALK occurs in multiple regions,
directly or through the interaction with other adaptor proteins.
This is not totally surprising, because in contrast to MET or
BCR-ABL, multiple binding site of Grb2 have been described
for its interaction with other tyrosine kinases such as the EGF
receptor (40). The Tyr152–156 and Tyr567 NPM-ALK mutants
were still able to bindGrb2, as demonstrated previously (9), and

FIGURE 5. Analysis of the Grb2 domains required for Grb2 phosphorylation. A, G203R mutation abolishes Grb2 phosphorylation. HEK-293T cells co-
transfected with NPM-ALK or NPM-ALKK210R in combination with Grb2WT or different Grb2 mutants. Cell lysates were analyzed by Western blot for anti-
phosphotyrosine, anti-ALK, and anti-Grb2 antibodies. EV, empty vector; m, mobility. B, HEK-293T cells transiently transfected with the indicated combinations
of NPM-ALK, NPM-ALKK210R, and NPM-ALK proline mutants and NPM-ALK tyrosine mutants for binding sites for SHC (Y567F) and/or IRS-1 (Y152F,Y156F
(Y152– 6)). Protein extracts were analyzed by Western blot with Grb2, p-Tyr, and ALK antibodies. C, immunoprecipitation (IP) for Grb2 of HEK-293T cells
transfected with combinations of the constructs indicated in A and B. Total lysate (upper lanes) and the anti-Grb2-immunoprecipitated proteins were analyzed
by Western blot with anti-ALK and anti-Grb2 antibodies. Data are representative of one of three independent experiments. D, anti-Grb2 immunoprecipitation
was performed on HEK-293T cells transiently transfected with NPM-ALK, NPM-ALKK210R, and NPM-ALK proline single and double mutants. Western blots of
Anti-Grb2-immunoprecipitated proteins were blotted with the indicated antibodies.
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to phosphorylate it (data not shown). In contrast, we showed
thatmutations in a proline-rich region ofNPM-ALKpreviously
shown to be important for the binding of the p85 subunit of
PI3K (39) were effective in abrogating the phosphorylation of
Grb2 in Tyr160 and only slightly diminished its binding to
NPM-ALK. However, when we combined the mutations of the
proline-rich region with phosphotyrosine residues known to
impair the binding of NPM-ALK to IRS-1 and Shc (Tyr152–156
and Tyr567, respectively), we could almost completely abolish
Grb2 binding to NPM-ALK.
These data led us to conclude that NPM-ALK binds Grb2

through three regions, a proline-rich region, Pro415–417, and
the two phosphotyrosine residues Tyr152–162 and Tyr567, possi-
bly via IRS-1 and Shc. Accordingly, we showed that the C ter-

minal SH3 domain of Grb2 was essential for Grb2 Tyr160 phos-
phorylation but not for its binding toNPM-ALK. Therefore, we
propose a model in which Grb2 binds to NPM-ALK through
multiple regions of NPM-ALK but in which Grb2 Tyr160 phos-
phorylation requires an interaction between the C terminal
SH3 domain of Grb2 and the Pro415–417 proline-rich region of
NPM-ALK.
Regarding Grb2 phosphorylation, initial work showed that

Grb2 was not tyrosine-phosphorylated in response to growth
factor stimulation, at least by EGF (12, 41).More recently, how-
ever, tyrosine phosphorylation of Grb2 in BCR-ABL-trans-
formed cells on residues Tyr7, Tyr37, Tyr52, and Tyr209 in the
SH3 domains has been reported and shown to negatively regu-
late the Ras/MAPK pathway. This effect has been explained by

FIGURE 6. Grb2 knockdown affects downstream effectors activation. A, TS cells were transduced with lentiviral particles for different sequences (A, B, C, and
control (Ctrl)) of doxycycline-inducible (DOXY) Grb2 shRNA (shGrb2). After 96 h of induction, Grb2 knockdown and its effects on the downstream effectors were
tested by Western blot with the indicated antibodies. B, densitometry analysis of blots from four independent experiments as described in A was performed to
quantify the variation of expression of Grb2 and of downstream proteins phosphorylation. Histograms in the left panel indicate the relative expression level of
Grb2 as percentage of the expression levels detected in non-transduced cells. The difference in relative expression between shGrb2A or -B and control was
evaluated using Student’s t test. Grb2 expression was significantly reduced by both shRNA (*, p � 0.01). The right panel shows the relative phosphorylation
levels of the indicated proteins as percentages of the phosphorylation levels detected in non-transduced cells. The difference in relative phosphorylation
between both shGrb2 and control was evaluated using Student’s t test. SHC and SHP2 phosphorylation was significantly reduced by shRNA (*, p � 0.005; **, p �
0.001). In contrast, ERK phosphorylation was not significantly affected by shRNA. C, TS TTA (doxycycline-inducible) cells were infected with Grb2 shRNA (A or
B) alone or together with shRNA-resistant Grb2 constructs (Grb2WTINT3/4 or Grb2Y160FINT3/4). Cells were cultured for 96 h with (�) or without (�) 1 �g/ml
doxycycline (DOXY). Cell lysates were analyzed by Western blot with the indicate antibodies.
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the fact that Grb2 tyrosine phosphorylation impairs SH3-de-
pendent binding to Sos, thereby blocking Ras activation (16).
Furthermore, a recent report showed a role for tyrosine phos-
phorylation ofGrb2 in prolactin receptor/Jak2 signaling (42). In
this contest, tyrosine phosphorylation of Grb2 was shown to
mediate the inhibitory signals of prolactin on the Ras/MAPK
pathway, thereby allowing for the prolactin antagonismof EGF-
induced cell proliferation in mammary epithelial cells (43).
In our work we show that, in contrast to BCR-ABL and pro-

lactin, NPM-ALK phosphorylates Grb2 mainly in Tyr160. In
fact, the strongest phosphorylated band of Grb2 disappears
with the Tyr160 mutant (Fig. 2). In the blots with an antibody
that recognizes phosphotyrosine residues, a weakly phosphor-
ylated bandwith highmobility that runs in the same position of
unphosphorylated Grb2 is also detectable despite the Tyr160
mutation in Grb2 (Fig. 2C, lane 3). Therefore, it is possible that
other tyrosine residues could be phosphorylated by NPM-ALK
although to amuch lower level that Tyr160. Interestingly, Tyr160
phosphorylation induces a slower migration of Grb2 in acryl-
amide gel, whereas Grb2 phosphorylation in other sites does
not seem to modify the migration pattern of Grb2. In previous

work on BCR-ABL-transformed cells, the high mobility Grb2
band was found to be phosphorylated in Tyr7, Tyr37, Tyr52, and
Tyr209 residues, but Grb2 Tyr160 phosphorylation was not
detected (16). Our data show that BCR-ABL also phosphory-
lates Grb2 in Tyr160. In contrast to NPM-ALK andMET, BCR-
ABL-mediated phosphorylation of Grb2 seems to be equally
distributed between position Tyr160 and other sites. In fact, by
quantifying the intensity of the phosphorylated bands, we
found that the ratio of Tyr160 (low mobility) to Tyr7, Tyr37,
Tyr52, and Tyr209 (high mobility) was 19.2 for NPM-ALK and
8.9 for MET as compared with 0.87 in BCR-ABL-transfected
cells.
Previous reports suggested an inhibitory role of Grb2 Tyr7,

Tyr37, Tyr52, and Tyr209 phosphorylation in receptor tyrosine
kinase signaling (16) (43). Instead, in our system Grb2 Tyr160
mutation was not show to have a role in ALCL proliferation.
Further studies are needed to address whether other biological
effects, such as cell migration and gene expression, are regu-
lated by Grb2 Tyr160 phosphorylation in ALCL cells and to
study the effects of the combination of Tyr160 with other phos-
phorylation sites.

FIGURE 7. Grb2 knockdown affects lymphoma cells proliferation. A, GFP-negative TS TTA cells were mixed in a 1:1 ratio with GFP-positive TS TTA cells
infected with Grb2 shRNA (A or B) or control shRNA. The ratio between the GFP-negative and -positive cells was checked over time by flow cytometry and is
indicated as relative growth. Grb2 shRNA showed a significant disadvantage in co-culture experiments as compared with control (Ctrl) infected cells (p � 0.01).
Results are from three independent experiments. Statistical analysis was performed by Kruskal-Wallis rank test (hypothesis: three samples from the same
population chi-squared � 8.7). The Wilcoxon rank sum test on sample shGrb2A and -B with Bonferroni correction was not significant. B, TS TTA cells transduced
with the indicated constructs were plated to a concentration of 30,000 cells/ml and cultured in presence of 1 �g/ml doxycycline (DOXY). Cells were counted at
the indicated time points. The effects of the shRNA sequences were completely restored by the expression of shRNA-resistant Grb2INT3/4 cDNA (p � 0.014).
Differences in cell growth without doxycycline treatment are not significant. Results are from four independent experiments. The difference in cell numbers
between shGrb2A and shGrb2A�INT3/4 was evaluated using Student’s t test.
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Finally, we have shown that the lack of Grb2 affects NPM-
ALK signaling, in particular Shc and SHP2 activation, without
affecting Erk1/2 activation. Even if Grb2 is a key adaptor mole-
cule involved in the activation of the Ras/MAPK cascade, in its
absence NPM-ALK induces other pathways such as PI3K that
in turn could activate the Ras/MAPK pathway (44). Despite it
limited biochemical effect on the Ras/MAPK pathways, the
down-modulation of Grb2 in ALCL cells strongly impaired cell
proliferation, thus suggesting that Grb2 is fundamental for the
full activation of a signaling cascade that involves Shc and SHP2
and assuring an optimal proliferation of lymphoma cells. Thus,
Grb2 could represent a potential target for controlling cell pro-
liferation in NPM-ALK-mediated lymphomas.
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