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We have established the human nck sequence as a new oncogene. Nck encodes one SH2 and three SH3
domains, the Src homology motifs found in nonreceptor tyrosine kinases, Ras GTPase-activating protein,
phosphatidylinositol 3-kinase, and phospholipase C-y. Overexpression of human nck in 3Y1 rat fibroblasts
results in transformation as judged by alteration of cell morphology, colony formation in soft agar, and tumor
formation in nude BALB/c mice. However, overexpression of nck does not induce detectable elevation of the
phosphotyrosine content of specific proteins, as is observed for v-crk, another SH2/SH3-containing oncogene.
Despite this fact, we demonstrate that Nck retains the ability to bind tyrosine phosphorylated proteins in vitro,
using a fusion protein of Nck with glutathione-S-transferase (GST). Moreover, when incubated with lysates
prepared from v-src-transformed 3Y1 cells or the nck-overexpressing cell lines, GST-Nck binds to both p6O"0
and serine/threonine kinases, respectively. Although phosphotyrosine levels are not elevated in the nck-
expressing fibroblasts, vanadate treatment of these cells results in a phosphotyrosine pattern that is altered
from the parental 3Y1 pattern, suggestive of a perturbation of indigenous tyrosine kinase pathways. These
results suggest the possibility that human nck induces transformation in 3Y1 fibroblasts by virtue of its altered
affinity or specificity for the normal substrates of its rat homolog and that Nck may play a role in linking
tyrosine and serine/threonine kinase pathways within the cell.

During the last several years a flurry of experiments have
contributed to the elucidation of the signalling pathways
involved in receptor-mediated growth control. Precipitated
by the discovery of the v-crk oncogene (27), a unifying theme
in tyrosine kinase-initiated pathways became evident from
the work of many groups with the discovery that SH2
domains bind to tyrosine-phosphorylated substrates. Identi-
fied as the transforming gene of the avian CT10 retrovirus,
v-crk is expressed as a Gag fusion protein, p479ag-v-crk.
Expression of this protein was found to elevate cellular
phosphotyrosine levels, yet it encodes no kinase activity of
its own (27). Rather, v-Crk contains sequences that are
homologous to the modulatory domains of nonreceptor
tyrosine kinases, the prototype of which is Src; hence, these
motifs were designated SH2 and SH3 (for Src homology
regions 2 and 3) (28, 36). These sequences were simulta-
neously identified in phospholipase C--y (PLC--y) (41, 42) and
subsequently found in other signalling molecules such as Ras
GTPase-activating protein (GAP) (43) and phosphatidylino-
sitol 3-kinase (PI3-kinase) (5, 33, 39).

Further characterization ofv-crk-transformed chicken em-
bryo fibroblasts (CEF) revealed that specific proteins are
hyperphosphorylated on tyrosine when compared with those
in normal CEF and that the ability of crk mutants to elevate
phosphotyrosine levels correlates with their transforming
ability (29). Moreover, these phosphoproteins are associated
in a stable complex with Crk, and the SH2 domain of Crk is
necessary and sufficient to mediate this interaction (26, 31).
Concomitantly, the work of many groups demonstrated that
the SH2 domains of GAP, PLC--y, and PI3-kinase also
mediate their association with phosphotyrosine-containing
proteins, including activated receptors such as the platelet-
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derived growth factor (PDGF) receptor and the epidermal
growth factor (EGF) receptor (2, 15-17, 19, 23, 24, 31, 32).
Thus, SH2 domains proved to be a convergent means by
which signalling molecules become associated with and, in
some cases, activated by autophosphorylated receptors.

Since the discovery of the v-crk oncogene, other proteins
containing SH2 and SH3 domains, but lacking any recogniz-
able catalytic activity, have been identified. These include
the c-crk proto-oncogene product (35), the p85 regulatory
subunit of PI3-kinase, the hematopoietic factor Vav (4), and
Nck (21). These proteins may serve as adaptor molecules
that link tyrosine kinase receptors to their downstream
effectors.
Nck was fortuitously cloned from a human melanoma

expression library (21). It encodes three SH3 domains fol-
lowed by one SH2 domain. Here, we establish that overex-
pression of nck results in transformation of 3Y1 rat fibro-
blasts. Nck-transformed cells display altered morphology,
the ability to grow in soft agar, and the capacity to induce
tumors in nude mice. However, these cells do not exhibit
gross elevation of phosphotyrosine levels. This is in contrast
to v-crk-induced transformation, which correlates with the
extent of increased tyrosine phosphorylation. Hence, nck
represents a novel SH2/SH3-containing oncogene whose
mechanism of transformation is distinct from that of v-crk.

MATERIALS AND METHODS

Constructs and bacterial fusion proteins. The 2.1-kb EcoRI
fragment encoding full-length human nck cDNA was excised
from pUC19 (21) and inserted into the EcoRI site of the
pMEXneo vector containing the neomycin resistance gene
and the murine sarcoma virus long terminal repeat. To
generate a glutathione-S-transferase (GST)-Nck fusion pro-
tein, the AlwNI-XbaI fragment, encoding the entire nck
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sequence except for the first SH3 domain, was subcloned
into the EcoRI site of the pGEX-3X plasmid (Pharmacia).
This construct is designated GST-Nck. For the GST-SH2
construct, the GST-Nck construct was partially digested
with SmaI and StuI and religated. Fusion proteins were
prepared as described previously (40).

Cell culture. Rat 3Y1 fibroblasts were maintained in Dul-
becco's modified Eagle medium (DEM) containing 5% bo-
vine calf serum. Cell lines expressing nck were generated as
follows. 3Y1 cells (2 x 106 per 10-cm plate) were transfected
with 10 pLg of the nck/pMEXneo construct by the calcium
phosphate method. Cells were allowed to reach confluence,
split 1:4, and placed under G418 selection (active concentra-
tion, 400 ,ug/ml). Individual colonies were picked and ex-
panded.

Northern analysis. RNA was extracted by the guanidine
hydrochloride method (37) and blotted onto Zetabind filters
using the Vacublot system (Stratagene). [a-32P]dCTP-la-
beled probe was prepared by using the random-primer
oligolabeling kit (Pharmacia). As template, a gel-purified
750-bp HincII-NcoI fragment of nck/pMEXneo, containing
solely nck and no plasmid sequences, was utilized. Filters
were washed under high stringency (0.1 x SSC, 650C [lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate]).
Immunoblotting of Nck from cell lines. Confluent 10-cm

plates of the various cell lines were washed twice in phos-
phate-buffered saline (PBS) and then scraped with a rubber
policeman and resuspended in RIPA (10 mM Tris [pH 7.4], 5
mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 150
mM NaCi) containing 0.1% sodium dodecyl sulfate (SDS)
and 1% Trasylol-1 mM phenylmethylsulfonyl fluoride. Ly-
sates were incubated on ice for 10 min and then microcen-
trifuged for 10 min at 4°C. Supernatants were collected, and
protein concentrations were determined by the BioRad
Bradford assay. For anti-Nck immunoblotting, whole-cell
lysates (150 pLg) of each cell line were fractionated by
SDS-polyacrylamide gel electrophoresis (PAGE) blotted
onto a polyvinylidene fluoride (PVDF) membrane in transfer
buffer (18 mM Tris, 150 mM glycine, 20% methanol), and
probed with anti-Nck antiserum. This polyclonal antibody
was raised against a GST fusion with the SH2 and the second
and third SH3 domains of Nck. Detection was via Enhanced
Chemiluminescence (Amersham). For anti-phosphotyrosine
blotting, 100 p,g of total lysate was used per lane. Blots were
probed with polyclonal anti-phosphotyrosine antibody and
detected with 1 I-protein A (Amersham).

Colony formation assays. Cells were washed in PBS,
trypsinized with 0.2% trypsin-1 mM EDTA, resuspended in
10 ml 5% DEM, and counted on a hemacytometer. Various
dilutions (absolute numbers of cells, 103, 104, and 105) were
resuspended in a total of 5 ml of 5% DEM containing 0.4%
agarose and overlaid onto 6-cm plates containing a bottom
layer of 0.8% agarose in 5% DEM (5 ml). The next day,
plates were visually inspected, and those with uneven dis-
tributions of cells were appropriately noted or discarded to
eliminate false positives. For the pooled colony assays in
NIH 3T3 and 3Y1 cells, cells were transfected by the
calcium phosphate method as described above. After an
18-day G418 selection period, colonies were trypsinized and
pooled for plating in 0.4% soft agar as described above.

Injection of nude BALB/c mice. Cells were washed twice in
sterile PBS and trypsinized. 106 cells were resuspended in
100 pl of PBS and injected subcutaneously into each flank of
a nude BALB/c mouse with a 21-gauge needle. Two animals
were used for each cell line.

Association of GST-Nck with phosphotyrosine-containing

proteins. RIPA lysates of v-crk/3Yl or v-srcI3Yl cells were
prepared as described above. Lysates (100 ,ug) were incu-
bated for 2 h at 4°C with glutathione Sepharose beads
(Pharmacia) covalently linked (by dimethylpimelimidate [9])
to GST, GST-SH2, GST-Nck, or GST-v-Crk. Samples were
washed three times in RIPA containing 300 mM NaCl, twice
in RIPA containing 150 mM NaCl, and then once in RIPA
containing 10 mM NaCl, followed by SDS-PAGE. The gel
was then blotted and probed with anti-phosphotyrosine
polyclonal antibody as described above.

In vitro kinase assays. GST-Nck (approximately 3 ,ug) was
bound to glutathione Sepharose beads and incubated with
150 ,ug of RIPA lysate prepared from each of the cell lines.
Beads were washed as described above and then washed
twice in kinase buffer (20 mM HEPES [N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid], pH 7.0, 0.2% Triton
X-100, 10 mM MnCl2, 1 mM dithiothreitol, 5 mM 3-glycero-
phosphate, 1 mM sodium vanadate). The kinase reaction
was run in 30 IlI of this buffer containing 10 ,Ci of
[(y-32P]ATP (3,000 Ci/mmol) for 15 min at room temperature.
Samples were washed twice in RIPA containing 10 mM
NaCl, boiled in sample buffer, and subjected to SDS-PAGE.
Phosphoamino acid analysis and partial Staphylococcus
aureus V8 digestion were carried out as described previously
(8).
Vanadate treatment of cell lines. Sterile-filtered sodium

vanadate was added to subconfluent cells at a final concen-
tration of 150 p,M for 9 h. Cells were lysed and treated as
described for immunoblotting above.

RESULTS

Generation of nck-overexpressing cell lines. If Nck is in-
volved in regulation of cell growth, it is possible that its
overexpression might result in transformation. To test the
effects of overexpression of the Nck protein, 3Y1 rat fibro-
blasts were transfected with cDNA encoding the full-length
human nck sequence (schematic diagram shown in Fig. 1A)
inserted in the pMEXneo vector. Two weeks after initiation
of G418 selection, resistant colonies were collected and
screened for appropriate expression of nck. Four indepen-
dent cell lines were selected for further characterization. The
Northern blot analysis shown in Fig. 1B establishes expres-
sion of the human nck mRNA, which is 2.1 kb in length. The
levels of nck expression vary, with the highest amount in the
cell line designated Y2, followed by Y4, Y1, and Y18.

Overexpression of nck in these cell lines was confirmed by
immunoblotting of whole-cell lysates with antiserum raised
against a GST-Nck fusion protein which includes the second
and third SH3 domains in addition to the SH2 region of Nck.
This serum recognized the transfected Nck protein, with an
apparent molecular mass of 45 kDa, as well as the endoge-
nous rat homolog (Fig. 2, filled arrowhead). This band was
completely abolished by preincubation of the antibody with
an excess of purified bacterially expressed GST-Nck fusion
protein (data not shown). The level of protein expression
correlates with the amount of nck mRNA detected by
Northern analysis, with nck expression highest in the Y2 cell
line. In addition, a band of equal intensity in all cell lines
appears at approximately 46 kDa (open arrowhead) that is
also completely abolished in the presence of excess antigen
(data not shown). The origin of this protein is presently
unclear, but it may represent an additional isoform of Nck.

Overexpression of human nck induces transformation of
3Y1 cels. We next tested whether overexpression of Nck
causes transformation, using standard assays. As shown in
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FIG. 1. Expression of human nck in rat fibroblasts. (A) Domain

structure of the nck gene product. The human Nck protein com-
prises three SH3 domains (stippled bars), and one SH2 domain
(white bar). The HincII-NcoI fragment represents the portion ofnck
used as a probe in the Northern blot analysis. a.a., amino acids. (B)
Northern blot analysis of nck-expressing cell lines. RNA was
extracted by the guanidine hydrochloride method. Total RNA (10
F.g) was blotted onto Zetabind nylon filter and probed with a 750-bp
HincII-NcoI nck fragment which was [32P]dCrP labeled using the
oligolabeling kit from Pharmacia. Arrowhead indicates the position
of the transfected nck mRNA, which is 2.1 kb in length. Blots were
washed under high stringency (O.lx SSC-1% SDS).

Fig. 3, the nck transfectants show various degrees of mor-
phological alteration. Cell line Y18 (panel E) exhibits the
most striking difference from wild-type 3Y1, with the cells
refractile, rounded up, and piling up into small foci at
confluence. The Y1, Y2, and Y4 cell lines (panels B, C, and
D, respectively) are less rounded up, but are also refractile
and non-contact inhibited at confluence in liquid monolayer
culture.
Another parameter typically used to assess transformation

is anchorage-independent growth. Normal cells require a
solid substrate on which to grow, and if suspended in soft
agar they will not proliferate but become quiescent. Trans-
formed cells, however, lack this requirement and will con-
tinue to grow when suspended in semisolid medium. All of
the nck transfectant cell lines displayed this property, form-
ing colonies at a slower rate and to a smaller size than
v-src-transformed fibroblasts (Fig. 4). Macroscopically visi-
ble colonies appeared approximately 2 weeks after plating in
all the nck-expressing cell lines. Parental 3Y1 cells yielded
no colonies.
The ultimate test of oncogenicity is the ability to induce

tumor formation in vivo. To address this, equal numbers of
nck, v-src, or normal fibroblasts were injected into nude

FIG. 2. Immunoblotting of Nck from cell lines. Whole-cell ly-
sates (150 pg) of the parental and nck-transfected cell lines (indicat-
ed at the top of each lane) were subjected to SDS-PAGE, transferred
to a PVDF membrane, and then probed with anti-Nck antiserum.
Filled arrowhead indicates the position of the transfected human
Nck, which comigrates with endogenous rat Nck. An additional
protein of approximately 46 kDa (open arrowhead) is also recog-
nized specifically by this antiserum.

BALB/c mice. Mice injected with v-srcI3Yl cells rapidly
developed tumors, which were first palpable at approxi-
mately 7 days after injection. As with the colony assay, the
nck transformants lagged slightly behind v-srcI3Yl. All four
Nck-expressing cell lines formed tumors between 10 and 12
days after injection (data not shown). The size of the
nck-induced tumors was comparable to that of those caused
by v-src. No tumors were found in animals injected with the
parental cells.
As further confirmation of the transforming ability of nck,

we performed a pooled-transfectant colony assay. For this
purpose we used the NIH 3T3 murine fibroblast cell line,
which is more readily transformed than are 3Y1 cells. NIH
3T3 cells were transfected either with the pMEXneo vector
alone or with pMEXneo containing the human nck sequence.
G418-resistant colonies were then pooled (at least 30 colo-
nies from either transfection) and resuspended in soft agar.
Approximately 10% of the cells plated from the nck/pMEX-
neo transfection formed colonies, which were macroscopi-
cally visible 16 days after plating (data not shown). In
contrast, the control pMEXneo transfectants exhibited no
colonies even after 4 weeks. This demonstrates that overex-
pression of nck directly causes transformation in NIH 3T3
cells. This experiment was repeated with 3Y1 rat cells, but
no colonies were obtained with the nck/pMEXneo over the
control pMEXneo background. These results indicate that
events in addition to nck overexpression may be required in
3Y1 cells to cause full transformation, but that Nck indeed
contributes to this phenotype.

Nck-expressing cell lines do not exhibit detectable elevations
in phosphotyrosine levels. As mentioned previously, overex-
pression of v-crk in CEF and in 3Y1 cells (25) results in
increased tyrosine phosphorylation of proteins with molec-
ular masses of 60, 70, 90, 110, and 130 to 155 kDa. It was
therefore expected that overexpression of nck might simi-
larly result in hyperphosphorylation of specific proteins on
tyrosine. However, immunoblot analysis using anti-phos-
photyrosine antibody revealed that there was no difference
in overall levels of phosphotyrosine in the nck-transformed
cell lines and in parental 3Y1 cells (Fig. 5). This was
confirmed by labeling the various cell lines in vivo with 32pi
and immunoprecipitating with anti-phosphotyrosine anti-
body. Again, no enhancement of tyrosine-phosphorylated
species was seen in the nck-transformed cells relative to
normal fibroblasts (data not shown). This absence of ty-
rosine hyperphosphorylation is apparently not due to the
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FIG. 3. Morphological alteration of nck-transfected 3Y1 cell lines. (A) 3Y1; (B) Y1; (C) Y2; (D) Y4; (E) Y18.

inability of Nck to bind phosphotyrosine-containing pro-
teins. To see the binding capacity of Nck, GST-Nck beads
(i.e., GST-Nck fusion protein bound to glutathione Sepha-
rose beads) were incubated with v-crk/3Yl or v-srcI3Yl
lysates, washed, and then subjected to immunoblotting with
anti-phosphotyrosine antibody. As shown in Fig. 6, several
phosphoproteins were observed to bind to GST-Nck. More-
over, the isolated SH2 domain of Nck, expressed as a GST
fusion protein, was capable of binding a profile of proteins
similar to that of the GST-Nck construct (Fig. 6, lanes 3 and
7), with equal or higher affinity.
GST-Nck binds to p6O' and serine/threonine kinases in

vitro. Although phosphotyrosine levels were not elevated, it
was nevertheless possible that Nck associates with a protein
kinase, similarly to other SH2-containing proteins. Indeed,
this was found to be the case. GST-Nck beads were mixed

with lysates of the various cell lines and then washed to
remove nonassociated proteins. These GST-Nck complexes
were subsequently incubated with buffer containing
[y-32PJATP; boiled to elute the bound, labeled proteins; and
subjected to SDS-PAGE (Fig. 7A). Several proteins were
detected in this in vitro kinase assay with GST-Nck (Fig.
7A), whereas these were absent when GST was used alone
(data not shown). The spectrum of phosphorylated proteins
is similar in the parental 3Y1 cells and the 3Y1 cells
expressing nck and v-src. However, the kinase activity
associated with GST-Nck in v-src/3Y1 lysates is greatly
elevated (Fig. 7A, lane 6). Since the anti-Nck antiserum was
not suitable for immunoprecipitation, these in vitro kinase
assays could not be performed on Nck immunoprecipitates
from the cell lines.
The major band at approximately 60 kDa represents
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FIG. 4. Anchorage-independent growth of Nck cell lines. Cells were trypsinized and resuspended in DEM containing 5% bovine calf
serum and 0.4% agarose (104 cells per 6-cm plate). Colonies were photographed 18 days after plating at 40x magnification. (A) 3Y1; (B) Y1;
(C) Y2; (D) Y4; (E) Y18; (F) v-src/3Y1.

GST-Nck itself. This fact was verified by blotting these
32P-labeled kinase reactions onto membranes, probing with
anti-Nck antiserum, and chromogenic detection with horse-
radish peroxidase-linked immunoglobulin (data not shown).
Phosphoamino acid analysis of in vitro phosphorylated GST-
Nck from 3Y1 and the nck-expressing cell lines indicates
phosphorylation on serine and threonine residues (Fig. 7B).
Since serine/threonine kinases are abundant in lysates, they
are commonly coprecipitated nonspecifically during immu-
noprecipitation. To exclude the possibility that this GST-
Nck-associated kinase was nonspecific, beads bound to GST
alone were incubated with lysates and washed. Purified
GST-Nck was then added back to the reaction, and an in
vitro kinase assay was performed. Under these conditions,
no phosphorylation of GST-Nck was seen (data not shown),
indicating that the serine/threonine kinase is specifically
associated with Nck.

In contrast to the parental and nck-expressing cells, in
vitro kinase assays of GST-Nck complexes from v-srcI3Yl
lysates resulted in phosphorylation of GST-Nck mostly on
tyrosine. When the GST-Nck beads were incubated with
v-src/3Yl lysates, washed, and subjected to immunoblotting
with anti-Src antibody, p6OvsrC was in fact detected in these
complexes (data not shown). Comparison with whole lysates
indicated that GST-Nck bound approximately 5 to 10% of
the p6ovsrC present (data not shown). V8 digestion of the
60-kDa band in Fig. 7A, lane 6, revealed a pattern that was
distinct from that established for v-Src (data not shown), but
this may be because GST-Nck is the preferred substrate in
this assay.

In the accompanying papers (22, 30, 34), it is reported that
Nck associates with various activated receptors, including
the EGF, PDGF, and immunoglobulin E receptors. Thus, it
appears that in addition to binding to receptor tyrosine
kinases, Nck can also associate with p60src.

Nck, p6OV, and v-Crk bind a common ligand of 130 kDa
in vitro. One of the tyrosine-phosphorylated proteins in
v-src-transformed cells is a 130-kDa species which binds to
the SH2 domain of p60v? (14). A 130-kDa product is also
the major phosphoprotein present in v-crk-transformed cells
and is a candidate for the v-Crk-associated tyrosine kinase
activity. Since the anti-phosphotyrosine blot in Fig. 6 indi-
cated that GST-Nck can bind the 130-kDa phosphoprotein in
v-crk-transformed 3Y1 cells, we explored the possibility that
the 130-kDa band in the in vitro kinase assay (Fig. 7A, all
lanes) might represent the same species. v-Crk was immu-
noprecipitated from v-crk/3Y1 cells (by using anti-gag anti-
body) and subjected to an in vitro kinase assay, and the
130-kDa band was subjected to partial V8 digestion. Figure
7C shows that the 130-kDa protein from v-Crk immunopre-
cipitates is identical to the 130-kDa protein present in the
GST-Nck complexes. Moreover, they are phosphorylated in
a similar manner. These results suggest that p60v-sc, Crk,
and Nck signal in at least partially overlapping pathways,
sharing a common 130-kDa ligand. To further characterize
this protein, attempts have been made to determine whether
it is a tyrosine kinase by filter kinase assays (6), but these
have been unsuccessful thus far.
Vanadate treatment of nck cell lines indicates perturbation

of endogenous tyrosine kinase pathways. It seemed perhaps
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FIG. 6. The full-length Nck protein and its isolated SH2 domain

are both capable of binding phosphotyrosine-containing proteins.
Lysates of v-src/3Yl or v-crk/3Yl cells (100 p.g) were incubated with
purified GST fusion proteins covalently coupled to glutathione-
Sepharose. In addition to the GST-Nck fusion, chimeric proteins
containing the SH2 domain of Nck (GST-SH2) or Gag-v-Crk (GST-
v-Crk) were tested. Complexes were subjected to SDS-PAGE,
blotted onto PVDF membrane, and probed with anti-phosphoty-
rosine antibody. Whole-cell lysates (WC) of v-crk/3Yl (35 pLg) and
v-src/3Yl (25 ,ug) were also loaded.

1 2 3 4 5 6

FIG. 5. Phosphotyrosine levels are not elevated in the nck cell
lines. Whole-cell lysates (100 Fg) were run on SDS-PAGE, blotted
onto a PVDF membrane overnight, probed with polyclonal anti-
phosphotyrosine antiserum, and detected with "2I-protein A.

contradictory that Nck has the capacity to associate with a

number of tyrosine kinases yet no enhancement of tyrosine-
phosphorylated species was seen in the nck-expressing cell
lines relative to normal 3Y1 cells. One possibility was that
changes in phosphorylation did occur, but that they were
below the levels of detection. Alternatively, elevation of
phosphotyrosine content per se might not be crucial to
nck-induced transformation. Rather, expression of human
Nck in rat cells might result in altered affinity or specificity of
the protein for the normal substrates of the rat homolog. In
the hope of unmasking such modulation of tyrosine kinase
activity, cells were grown in the presence of sodium vana-

date, a potent tyrosine phosphatase inhibitor. As shown in
the anti-phosphotyrosine immunoblot in Fig. 8, nck-trans-
formed cells treated with vanadate exhibit a pattern of
tyrosine phosphorylation that is distinct from that observed
in 3Y1 cells. Certain bands are hyperphosphorylated in the
Nck cell lines (indicated by arrowheads), while others are

hypophosphorylated relative to 3Y1 cells (indicated by as-
terisks). The nck-overexpressing cell lines, particularly the
highest expressor Y2, were very sensitive to vanadate,
rounding up and detaching from the plate after several hours
of treatment. However, 3Y1 cells typically exhibited higher
overall phosphotyrosine levels than the nck-transformed
cells. Figure 8 is representative of a number of different
experiments, demonstrating that the various nck-overex-
pressing cell lines demonstrate a similar pattern. Thus,
although human Nck protein levels are lower in lines Y1 and

Y18, a molecular or biochemical modification occurs in these
cells similar to that seen in the Y2 cell line. These experi-
ments indicate that although gross phosphotyrosine levels
are not elevated in the nck-overexpressing cell lines, Nck
does modulate tyrosine kinase, or phosphatase, pathways
within the cell.

DISCUSSION

We have established the nck gene product as a new

oncoprotein. Overexpression of human nck in rat fibroblasts
results in adoption of characteristics typical of transformed
cells. First, the nck-expressing 3Y1 cells exhibit altered
morphology as well as loss of contact inhibition. The various
clones demonstrate different morphologies, with the highest
expressor, Y2, assuming the least-altered morphology. Cells
of the Y18 line, which produces lower levels of Nck, are
much more refractile and rounded in appearance; these cells
even pile up to form small foci at confluence. This lack of
correlation between the level of nck expression and morpho-
logical alteration may be due to differences in additional
genetic alterations accumulated by the individual cell lines.
Indeed, results of the pooled-transfectant colony assay im-
ply that additional mutations may be required for full trans-
formation in 3Y1 cells. Secondly, all of the Nck cell lines are
capable of anchorage-independent growth, a hallmark of the
transformed phenotype. Colony growth occurred at a rate
slightly decreased relative to v-src/3Yl cells, and the sizes of
the colonies formed by the various cell lines were also
diminished. Importantly, anchorage-independent growth
could be induced in two different cell lines, NIH 3T3 and
3Y1, further confirming the role of nck in transformation.
And finally, injection of all nck-overexpressing fibroblast
lines resulted in tumor formation in nude BALB/c mice, at a

rate only slightly lagging behind that of those induced by
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FIG. 7. Serine/threonine and tyrosine kinases associate with GST-Nck in vitro. (A) In vitro kinase assay of GST-Nck complexes.
GST-Nck (approximately 3 p.g of protein) bound to glutathione-Sepharose beads was incubated with 100 pg of RIPA lysate from parental 3Y1,
v-src/3Y1, or Nck-overexpressing cells, as indicated at the top of each lane. Complexes were then washed and incubated in kinase buffer
containing 10 pCi of [y-32P]ATP for 15 min. Samples were washed and subjected to SDS-PAGE and autoradiography. (B) Phosphoamino acid
analysis of in vitro phosphorylated Nck. The 60-kDa bands corresponding to GST-Nck in the kinase assay shown in panel A were excised
from the gel, trypsinized, acid hydrolyzed, and subjected to thin-layer chromatography. The migrations of phosphoserine, phosphothreonine,
and phosphotyrosine are indicated. (C) Partial V8 digestion of the 130-kDa phosphoprotein. In vitro kinase assays were carried out on
GST-Nck/v-src/3Y1 complexes (lane 1) and v-Crk immunoprecipitates, using anti-gag antibody, from v-crk/3Yl cells (lane 2). The 130-kDa
band from both was excised and subjected to partial V8 digestion as described previously. Lanes 3 and 4 represent digests of the 130-kDa
protein from lanes 1 and 2, respectively.

v-src/3Yl-cells. By these criteria, nck can be classified as a
new oncogene.

Several points warrant further discussion. First, it was
observed that NIH 3T3 fibroblasts are directly transformed
by nck in the pooled-transfectant colony assay, in contrast to
3Y1 cells. This may be due to a general species difference in
susceptibility to transformation by the human sequence.
Alternatively, it may be due to the fact that the NIH 3T3 line
is already partially transformed (20).
Another point is that the degree of transformation does not

correlate strictly with the amount of nck overexpression,
since the cell lines expressing low levels induced a pheno-
type comparable to that of the highly expressing line, as
judged by colony formation in soft agar and tumorigenesis.
There are several reasons that may account for this obser-
vation. One possibility is that high levels of nck expression
over the endogenous level are not required for transforma-
tion. The human Nck protein may have an affinity or
specificity different from that of the endogenous protein for
its normal substrates and associated proteins. This is sug-
gested by the results of the experiments in which cells were
grown in the presence of vanadate. A second possibility, as
mentioned above, is that additional genetic changes oc-
curred during establishment of the individual cell lines that
contributed to transformation.

Surprisingly, none of the Nck cell lines displays gross
elevations in phosphotyrosine levels, as determined by both
anti-phosphotyrosine immunoblots of whole-cell lsates and
anti-phosphotyrosine immunoprecipitation of 3zPi-labeled
cells. This was unexpected since, following the paradigm of

v-crk-induced transformation, one might predict increased
tyrosine phosphorylation of specific substrates. v-Crk, like
Nck, is a composite of SH2 (one) and SH3 (one) domains,
without juxtaposition of any recognizable catalytic se-
quences. Crk is postulated to induce elevated cellular
steady-state phosphotyrosine, and thereby transformation,
either by maintaining a target kinase in its activated state, by
stabilizing tyrosine phosphorylated substrates, or by a com-
bination thereof. This property of Crk is dependent on its
SH2 domain and also partly on its SH3 domain: while
deletion of the SH3 domain of v-Crk causes a mild decrease
in its ability to elevate phosphotyrosine levels and to trans-
form CEF, deletion of the SH2 domain completely abolishes
these effects (29). We had therefore anticipated that overex-
pression of another SH2/SH3-containing protein might yield
transformation by a similar mechanism. This does not ap-
pear to be the case with Nck. It is possible that small yet
significant elevations in tyrosine phosphorylation of specific
substrates may be beyond the level of detection. However,
vast elevations are not a prerequisite for transformation.

Despite this finding, it appears that Nck does play a role in
several tyrosine kinase-initiated pathways. Our results show
that Nck can associate with p60v-s in vitro. The work
presented in the accompanying papers demonstrates binding
of Nck to the activated EGF, PDGF, nerve growth factor,
and surface immunoglobulin E receptors (22, 30, 34), as well
as its subsequent phosphorylation. The lysis conditions used
for our kinase assays are more stringent (RIPA containing
0.1% SDS) than those that are normally used to examine
receptor complexes (19, 38). Thus, it appears that the
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FIG. 8. Anti-phosphotyrosine Western blot (immunoblot) of
vanadate-treated cell lines. Cells were grown in DEM containing 5%
bovine calf serum and 150 p.M sodium vanadate for 9 h. Whole-cell
lysates (150 pLg per lane) were prepared and subjected to SDS-
PAGE, blotted onto a PVDF membrane, probed with anti-phospho-
tyrosine antibody, and then detected with "2I-protein A. Arrow-
heads indicate bands that are hyperphosphorylated in vanadate-
treated Nck cell lines, while asterisks indicate those that are

hypophosphorylated relative to 3Y1 cells.

association of Nck with p60v-s? is more stable, or that v-Src
is more resistant to denaturation.
Although phosphotyrosine levels are not elevated in the

nck-transformed cell lines, it appears that Nck does affect
tyrosine kinase pathways within these cells. Consistent with
this observation, it was observed that vanadate treatment of
Nck cell lines resulted in a tyrosine phosphorylation pattern
that was altered from that of parental 3Y1 cells. Various
bands appeared to be hypo- or hyperphosphorylated in the
transformed lines, suggestive of a perturbation of endoge-
nous tyrosine kinase/phosphatase pathways. While it is
possible that additional genetic alterations occurred in the
various cell lines to cause full transformation, it is extremely
unlikely that they would have accumulated identical muta-
tions that result in the same alteration of phosphotyrosine
pattern from the parental cells. It is most likely that these
common perturbations in tyrosine phosphorylation are due
to Nck overexpression. As mentioned above, this deregula-
tion may be due to altered affinity or specificity of Nck for its
regulators or effectors. Additionally, overexpression of Nck
may result in constitutive or enhanced activation of its
targets. Thus, we propose that Nck causes transformation
by enhanced or constitutive activation of its effector(s),
because of its overexpression and/or altered affinity relative
to the endogenous protein; this allows their activation and
phosphorylation by upstream regulators of Nck, namely
tyrosine kinases. These putative changes may be too subtle
to see in the absence of vanadate.
Future studies include the identification of Nck effectors

and the domains of Nck required for their regulation. This
includes dissection of the three SH3 domains. Compared to

the role of SH2 regions, the role of SH3 domains in tyrosine
kinase signal transduction has remained nebulous. Thus far,
mutations in the SH3 regions ofv-Crk (35), c-Src (10, 11, 13),
and c-Abl (7, 12) have implicated it as a negative modulator
of kinase activity. Moreover, the presence of these se-
quences in cytoskeleton-associated proteins suggests a role
in subcellular localization (18). Recent genetic studies of
Caenorhabditis elegans have identified an SH2/SH3 adaptor
protein, called Sem-5, that is required for vulval develop-
ment (3). These experiments indicate that the SH3 domains
may be required for downstream signalling after the initial
SH2-mediated binding of Sem-5 to a tyrosine kinase receptor
(presumably the product of the let-23 gene) (1). Identification
of Nck SH3 targets and the possible functional redundancy
of its three SH3 domains will be the focus of future experi-
ments.
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