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FIG. 9. Comparison of tryptic phosphopeptide maps of Nck. Phosphorylated Nck protein was extracted from excised gel bands (Fig. 8A,
lanes 1, 2, and 3), and digested with folylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin. The trypsin-digested phosphopeptides
were analyzed by electrophoresis on a thin-layer chromatography plate at pH 1.9 in the first dimension, followed by chromatography in the
second dimension in n-butanol:puridine:acetic acid:H20 (187.5:125:37.5:150). The plates were air dried and subjected to autoradiography.
Panels: Con, Nck from unstimulated cells; EGF, Nck from EGF-stimulated cells; V04, Nck from vanadate-treated cells; Mix, mixture of the
samples from EGF and V04 panels. or., origin where samples were spotted. Exposure time, 50 h.

induced by either EGF or vanadate treatment (Fig. 9),
suggesting that similar sites were phosphorylated in re-
sponse to the two different stimuli.

Transfection of Nck into NIH 3T3 cells causes focus forma-
tion. To study the possible cellular function of Nck, we
examined the oncogenic potential of Nck by expressing Nck
cDNA in NIH 3T3 cells by using the retrovirus-expressing
vector pLXSN (33) and performing a focus assay. As a
positive control, the NIH 3T3 cells were transfected with
pIBW-3 vector (2) containing the N-ras gene. Figure 10
shows that foci of NIH 3T3 cells were detected in N-ras
(panel C) and Nck (panel D)-transfected cells. The efficiency
of focus formation induced by Nck is approximately 20-fold
lower than focus formation induced by N-ras. Immunopre-
cipitation of lysed [35S]methionine-labeled cells with anti-
Nck antibodies indicated that the transformed NIH 3T3 cells
express approximately fivefold more Nck proteins as com-
pared with endogenous Nck expressed in 3T3 cells (data not
shown). It appears therefore that Nck is an oncogenic
protein, and its overexpression leads to cellular transforma-
tion.

DISCUSSION
The interaction between tyrosine-autophosphorylated re-

gions in growth factor receptors and SH2 domains of signal-
ling molecules appears to be crucial for determining the
selectivity of signal transduction pathways (reviewed in
references 13, 20, and 28). Therefore, an interesting problem
is the identification of SH2-containing proteins and investi-
gation of their interaction with growth factor receptors. Here
we show that Nck, a protein containing one SH2 and three
SH3 domains, is phosphorylated in response to EGF,
PDGF, and FceRI cross-linking in various cells. Moreover,

Nck is able to interact with tyrosine-autophosphorylated
EGFR and PDGFR, and the association is mediated via the
SH2 domain of Nck. Finally, overexpression of Nck results
in transformation of 3T3 cells. Studies presented in the
accompanying reports show that Nck is phosphorylated in
response to EGF, PDGF, and nerve growth factor stimula-
tion, in response to activation of T-cell receptor or mem-
brane IgM receptor and in v-src-transformed cells (6, 32, 37).
These studies show that Nck is a target for many receptor
and nonreceptor tyrosine kinases.
The fact that Nck binds to tyrosine-phosphorylated EGFR

or PDGFR suggests that Nck is a substrate of these growth
factor receptors in the context of living cells. This notion is
supported by recent experiments showing that tyrosine
phosphorylation of PLC-,y depends upon the interaction
between its SH2 domains and the tyrosine-phosphorylated
carboxy-terminal tail of EGFR (39). Moreover, replacement
of Tyr-766 of the FGFR by a phenylalanine residue abolishes
association with and tyrosine phosphorylation of PLC--y
(34), thus preventing FGF-induced phosphatidylinositol hy-
drolysis. In these two cases, association of PLC--y with
EGFR or FGFR is crucial for tyrosine phosphorylation and
activation of PLC--y. However, other SH2-containing pro-
teins such as p85 or GRB2 do not seem to be tyrosine
phosphorylated in spite of being strongly bound to tyrosine-
phosphorylated PDGFR or EGFR (14, 26).
The fact that vanadate treatment alone leads to tyrosine

phosphorylation of Nck similar to tyrosine phosphorylation
detected in EGF- or PDGF-stimulated cells suggests that, in
the context of living cells, EGF- or PDGF-induced tyrosine
phosphorylation of Nck could be indirect and mediated by
the activation of cytoplasmic tyrosine kinase or the inhibi-
tion of a specific protein tyrosine phosphatase. It is known
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FIG. 10. Transfected Nck causes cell transformation. Carrier (panel A), pLXSN (panel B), pIBW-3ras (panel C), and pLXSNNCK (panel
D) were used in a transfection assay. Microphotographs of the foci produced by pIBW-3ras and pLXSNNCK or control cells were taken after
2 weeks. Magnification, x 150.

that PDGFR activation leads to association with and activa-
tion of pp60cs?C (12, 21). It is therefore possible that cyto-
plasmic protein tyrosine kinases, which may be activated by
PDGFR or EGFR, are in fact responsible for the phosphor-
ylation of Nck on tyrosine residues. Hence, EGF- (or
PDGF-) induced tyrosine phosphorylation of Nck could be a
result of activation of tyrosine kinase(s) and/or inactivation
of specific protein tyrosine phosphatase(s).
Our data suggest that EGF- or PDGF-induced serine/

threonine phosphorylation of Nck is not caused by PKC.
Yet, PMA treatment is able to stimulate Nck phosphoryla-
tion on serine residues. Thus, other growth factor-activated
serine/threonine kinases such as raf or MAP kinase (45)
could be responsible for phosphorylation of Nck. It is
noteworthy that vanadate treatment leads to tyrosine as well
as serine and threonine phosphorylation of Nck, suggesting
that vanadate treatment also leads to activation of serine/
threonine protein kinase(s) responsible for Nck phosphory-
lation.
One class of SH2-containing proteins, including crk, Nck,

and GRB2, is composed virtually of only SH2 and SH3
domains. It was proposed that these proteins function as
adaptors or regulatory components of their specific catalytic
subunits. For example, it is thought that PI3-kinase-associ-
ated p85 is the regulatory subunit of pllO which is likely to
function as the catalytic subunit of PI3-kinase (5). Similar
to Nck, the oncogene product of the avian CT1O virus
p47gagcr` is composed of only SH2 and SH3 domains. v-crk
has been shown to be associated with tyrosine-phosphory-
lated proteins, and its expression leads to enhancement in

total cellular tyrosine phosphorylation (30). Moreover, mu-
tations in the SH2 domain of p47gag9- decrease tyrosine
phosphorylation and abolish virus-induced transformation
(31). We have recently shown that GRB-2 protein, which is
composed of one SH2 domain flanked by two SH3 domains,
exhibits striking sequence homology to the Caenorhabditis
elegans protein Sem-5, which together with let-23 (EGFR-
like) is crucial for signal transduction pathway controlling
vulval induction and sex myoblast migration in C. elegans
(7, 26). On the basis of the resemblance between Nck, crk,
and GRB2, it is likely that Nck is a member of the same
protein family representing a subunit or regulatory compo-
nent of an unknown downstream signalling protein.

Results presented in our report and in the accompanying
reports (6, 32, 37) provide evidence that Nck is phosphory-
lated by different types of tyrosine kinases and that overex-
pression of Nck leads to transformation of mammalian
fibroblasts and tumor formation in nude mice. These results
provide further evidence that Nck plays a role in signalling
pathways crucial for the control of mitogenesis. We show
that fivefold overexpression of Nck is sufficient for transfor-
mation of NIH 3T3 cells. The mechanism of Nck-induced
transformation is not clear. It is noteworthy that the avail-
able cDNA clone of Nck was originally isolated from a
melanoma expression cDNA library (22) and therefore may
contain a mutation(s) which activates its oncogenic poten-
tial. It is therefore not clear at this time whether transfor-
mation is caused by overexpression of a normal or a mutated
form of Nck.

Nevertheless, it is clear from the data presented in this and
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accompanying reports (6, 32, 37) that the elucidation of the
biological role of Nck and its mechanism of action will
provide additional clues concerning the regulatory compo-
nents responsible for the transduction of postreceptor sig-
nals controlling mitogenesis and transformation.
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