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FIG. 4. SH2 and middle SH3 domains of Nck are required for the regulatory effect of Nckp on PDGFR signaling. Cells were transfected with either the SH2
mutant NckB-R312K (A, A’, B, and B’), with the triple SH3 mutant NakB-W39/149/235K (C, C’, D, and D), or with the individual SH3 mutants indicated (E to J').
The rest of the experimental procedures were identical to those described for Fig. 1. Three independent experiments were carried out, and they showed similar results.

fine ring of polymerized actin at the periphery of the cell was
seen by staining with thodamine-labeled phalloidin (Fig. 1A).
Following PDGF treatment for 15 min, a dramatic alteration in
the actin cytoskeleton of the cell, including accumulation of
polymerized actin in the peripheral plasma membrane and
formation of lamellipodia and membrane edge ruffles, could be
visualized (Fig. 1B) under the fluorescent microscope. Of the
212 parental cells examined, 208 showed this phenotype (see
statistical analyses in Fig. 5). Similar results were observed in
cells transfected with an empty pRKS expression vector (Fig.
1D versus C). These results have established NIH 3T3 cells as
an adequate cell culture system for studying PDGFR signaling
to the actin cytoskeleton.

We have previously shown that Ncka binds directly to hu-
man PDGFR at Y751 (22), and Nckf binds 10 times better
than Ncka to the PDGFR, via an unknown site (4). We tested
if overexpression of HA-tagged wild-type Ncka and Nckp

would interfere with (enhance and suppress) PDGF-stimulat-
ed actin polymerization. To examine expression of transfected
HA-Nck and changes of the actin cytoskeleton in the same
cells, HA-Nck-positive cells were identified by anti-HA anti-
body blotting, followed by FITC-conjugated secondary anti-
body staining, whereas the actin cytoskeleton was visualized by
staining with rhodamine-labeled phalloidin, as previously used.
It is also shown in Fig. 1E to H' that enforced overexpression
of wild-type Ncka or wild-type Nckp had no significant effect
on the actin structure in serum-starved, unstimulated cells
(Fig. 1E and G). Expression of HA-Ncka or HA-NckB protein
in the same cells was indicated by FITC staining (Fig. 1E’" and
G'). In the PDGF-stimulated cells, cells transfected with wild-
type Ncka exhibited a pattern of actin assembly similar to that
in the cells transfected with the vector alone (Fig. 1F versus D),
i.e., polymerized actin assembly at the leading edge of the
plasma membrane and formation of membrane ruffles. Expres-
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sion of HA-Ncka protein in the same cell was indicated by
FITC staining (Fig. 1F"). Surprisingly, in cells transfected with
the wild-type NckB, the PDGF-stimulated accumulation of
actin in membrane ruffles was dramatically inhibited (Fig. 1H)
in more than 80% of HA-Nckp-positive cells (71 of 87) exam-
ined (see statistical analysis in Fig. 5). Expression of trans-

fected HA-NckB in the same cell was indicated by FITC stain-
ing (Fig. 1H"). These observations suggest that Nckp but not
Ncka participates in PDGF signaling to the actin cytoskeleton.

Nckf3 binds to a distinct site in the PDGFR and does not
compete with PI3-K binding. One could argue that the inhib-
itory effect of NckB was due to nonspecific binding competition
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for PDGFR, occupying the binding sites of other signaling
proteins such as PI3-K and Ncka, which have a common bind-
ing site, Y751 (22). To address this problem, we set out to
identify the NckB binding site in human PDGFR-3. TRMP
cells expressing all the possible PDGFR phosphotyrosine mu-
tants, previously described (12), were used for the experiment.
Lysates of these cells either untreated or treated with PDGF
were resolved in duplicate in SDS gels, transferred to a nitro-
cellulose membrane, and blotted either with an antiphospho-
tyrosine antibody or with purified GST-Nckf proteins. The
GST-NckB-bound PDGFR was further visualized by anti-GST
antibody immunoblotting, followed by ECL. The advantage of
this technique is that it allows determination of direct interac-
tion between Nckp and PDGFR. It is shown in Fig. 2Aa that
comparable amounts of PDGFR in various cell lines were
subjected to the binding study. While GST-Nck@ was able to
bind the wild type and most of the PDGFR mutants (Fig. 2Ab,
lanes 2 to 8 lane 11), its binding to the PDGFR with a single
mutation at Y1009 or double mutations at Y1009 and Y1021
was dramatically reduced (lanes 9 and 10). The slightly re-
duced binding to the Y740/751F mutant was not always repro-
ducible.

Similar results were observed in co-immunoprecipitation ex-
periments using our newly developed anti-NckB-specific anti-
bodies (data not shown). These results demonstrate that Nckf
binds to Y1009 on human PDGFR-B. Since this site has pre-
viously been shown to be the binding site for the SH2 domain
of SHP2 (13), Nckp, similar to Nckf, shares a binding site with
another SH2-containing protein. We then tested whether or
not overexpressed NckB would cause nonspecific competition
for other binding sites on PDGFR. We compared the binding
of PI3-K’s p85 subunit to PDGFR in control and NckB-over-
expressing cells, particularly because PI3-K has been shown to
play an important role in PDGF-stimulated actin polymeriza-
tion (8, 42, 43) and shares the binding site Y-751 with the SH2
domain of Ncka. Figure 2B clearly shows that increasing con-
centrations of Nckf expression in cells (c, lanes 3 to 6 versus
lanes 1 and 3) did not affect the amount of p85-coimmunopre-
cipitated PDGFR (Fig. 2Ba, lanes 4 and 6 versus lane 2).
Similar amounts of p85 were recovered by anti-p85 antibody
immunoprecipitation (Fig. 2Bb, lanes 1 to 6). These results
suggest that the observed inhibitory effect of Nck on PDGFR
signaling to the actin cytoskeleton was probably not due to
nonspecific binding competition, although we did not test this
for each of the dozen previously shown PDGFR-binding pro-
teins.

Unfortunately, because Y1009 is also shared by the SH2
domain of SHP2, the PDGFR-Y1009F mutant cannot be used
to evaluate the specificity of Nckp’s effect. Instead, another
approach has been used; see below. A schematic representa-
tion of the binding of the two Ncks to human PDGFR is shown
in Fig. 2C, in which both Ncka and Nckp share a binding site
with another PDGFR-interacting protein(s).

Mutations in the SH2 and SH3 domains of Nckf3 abolish its
interfering effect. To study the possible mechanism of Nckf’s
action, we generated HA-tagged SH2 and SH3 mutants of
these two genes, as schematically shown in Fig. 3. The highly
conserved arginine (R) of the FLVRES motif in the SH2
domains and the first tryptophan (W) of the characteristic
double tryptophans in the SH3 domains were replaced with
lysine residues (K). Figure 3A and B show the list of HA-
tagged wild-type and SH2 mutants and SH3 mutants of Ncka
and Nckp, respectively. To confirm the expression of these
transgenes, pRK5-cDNA constructs were transfected into NIH
3T3 cells, and lysates of the transfected cells were immuno-
blotted with anti-HA-tagged antibody (the transfection effi-
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ciency by Superfect reagent was around 35% for NIH 3T3
cells). It is shown in Fig. 3C and D that a similar level of
protein expression of the various forms of Ncka (C) and Nck
(D) genes was achieved. When the same samples were immu-
noblotted with an anti-Nckp or anti-Nckf antibody (71-2800;
Zymed), which recognize both HA-tagged and endogenous
Nck, five- to sevenfold-higher expression of HA-Nck over en-
dogenous Nck was observed (data not shown).

We first investigated whether or not the SH2 domain of
Nckp was required for its dominant interfering effect. Cells
were transfected with the Nckp SH2 mutant, NckpB-R312K,
and either untreated or treated with PDGF. It is shown in Fig.
4 that expression of HA-NckB-R312K was indicated by an-
ti-HA antibody blotting followed by FITC antibody staining
(A’ and B'). Rhodamine-labeled phalloidin staining of the
same cells revealed that Nckp-R312K had little effect on actin
polymerization in the absence of PDGF (Fig. 4A). However, in
contrast to the effect of wild-type NckB, NckB-R312K was no
longer able to block PDGF-induced membrane ruffling (Fig.
4B). These results suggest that binding to PDGFR is essen-
tial for the function of NckpB. We then tested the role of the
three SH3 domains by using an SH3 triple mutant of Nckp,
NckB-W39/149/235K. NckB-W39/149/235K also failed to block
PDGF-stimulated membrane ruffling (Fig. 4D versus C). Ex-
pression of HA-NckB-W39/149/235K was indicated by anti-HA
antibody blotting followed by FITC antibody staining (Fig. 4C’
and D). In 89 cells examined, all of which positively expressed
NckB-W39/149/235K, we did not detect any significant inhibi-
tion of PDGF-induced membrane ruffling and lamellipodium
formation (see statistical analysis in Fig. 5).

The effect of Nckp-W39/149/235K on PDGEFR signaling was
unexpected. We initially had predicted that this mutant should
have a strong dominant negative effect because its SH2 domain
was still intact and could compete with endogenous Nckp for
binding to PDGFR. A possible explanation is that mutations in
SH3 domains might have weakened SH2 binding to phospho-
tyrosine. Interestingly, while there is currently no evidence
either for or against this hypothesis, similar results were pre-
viously reported for the Drosophila Nck-like gene Dock, for
which it was shown that a similar mutant had no dominant
negative effect (27).

To identify the specific SH3 domain(s) which is required for
the interfering action of Nck, we tested the effects of each of
the individual SH3 domain mutations of Nck, W39K, W149K,
and W235K. It is also shown in Fig. 4 that NckB-W39K (E and
F) and NckB-235K (I and J) were still able to block PDGF-
stimulated membrane ruffling (F versus E and J versus I). In-
terestingly, the NckB-W149K mutant failed to inhibit PDGF-
induced actin polymerization in the cell (Fig. 4G and H),
resulting in clearly detectable PDGF-induced membrane ruf-
fling (Fig. 4H versus G). These results indicated that the mid-
dle SH3 domain of Nckf plays a critical role. The statistical
analysis of these data is summarized in Fig. 5.

Microinjection of anti-Nckf3-specific antibody inhibits PDGF-
stimulated actin polymerization. As mentioned previously,
since Y1009 is also the binding site for SHP2, the PDGFR-
Y1009F mutant became less useful for determining the specific
effect of NckB on PDGFR-mediated actin polymerization.
Therefore, we undertook a microinjection approach. We first
generated anti-Ncka and anti-Nckf antibodies that recognize
the native forms of Ncka and Nckp, respectively. It is shown in
Fig. 6A that a commercial anti-Nck antibody (71-2800; Zymed)
recognized both HA-tagged Ncka and NckB proteins (lanes 1
and 2). In contrast, our anti-Ncka and anti-NckB antibodies
only recognized HA-tagged Ncka (lanes 3 versus 4) and HA-
tagged Nckp (lanes 5 versus 6), respectively. To confirm that

1sanb Aq 6T0Z ‘vT 1990100 U0 /610 wse qowy//:dny wody papeojumod


http://mcb.asm.org/

VoL. 20, 2000

both Ncka and Nckp are expressed in NIH 3T3 cells, total
lysates of NIH 3T3 and seven other cell lines were immuno-
blotted with either anti-Ncka (Fig. 6B) or anti-Nckp (Fig. 6C)
antibody. It is clearly shown that Ncka is expressed in all the
cells tested (Fig. 6B), whereas Nckp is expressed in most but
not all of the eight cell lines tested (Fig. 6C). Nonetheless,
Ncka and Nckp are coexpressed in NIH 3T3 cells (indicated by
arrows). The anti-Ncka and anti-Nckp antibodies showed neu-
tralizing effects in vitro, since they blocked GST-Ncka and
GST-Nckp binding to PDGFR in a concentration-dependent
fashion (data not shown).

These antibodies were further purified and used for micro-
injection. Figures 6D to F’' show that microinjection of either
an irrelevant rabbit immunoglobulin (D and D’) or anti-Ncka
(E and E’) antibody did not affect PDGF-induced membrane
ruffling (D’ versus D and E’ versus E). In contrast, microin-
jection of the anti-Nckp antibody significantly, albeit not com-
pletely, inhibited the effect of PDGF (Fig. 6F’ versus F). These
results were reproducible in three independent microinjection
experiments. We conclude that Nckp regulates PDGFR sig-
naling to the actin cytoskeleton.

Membrane-bound Nckf inhibits Rac signaling. To gain fur-
ther insights into the mechanisms of Nckp action, we tested
whether or not Nckf interferes with Racl signaling, which is
known to mediate PDGF-induced formation of lamellipodia
and membrane ruffles (28). A Myc-tagged, constitutively active
Racl (Racl-L61) was introduced into NIH 3T3 cells with and
without cotransfection with Ncka or NckB. Constitutively ac-
tive Cdc42 (Cdc42-L61) and Rho (Rho-L63) were included as
controls. Previous studies indicate that membrane localization
is the key step for Nck to activate PAK (17, 34). Therefore, we
speculated that if the binding of Nckp to PDGFR, i.e., relo-
cation from the cytoplasm to the plasma membrane, is an
essential step for NckB to execute its interfering effect on
PDGFR signaling, one would need to construct a constitutively
membrane-bound Nckf to mimic the “active stage” (PDGFR
bound) of Nckp.

Figure 7 shows that the farnesylation signal sequence of Ras,
KLNPPDESGPGCMSCKCVLS, was fused to the carboxyl ter-
mini of NckpB and Ncka to create NckB-mem and Ncka-mem,
repectively (Fig. 7A). To verify the effectiveness of the farne-
sylation signal sequence, transfected cells were fractionated
into membrane, cytosol, and nucleus fractions. Equal portions
of the cellular fractions were resolved by an SDS gel, trans-
ferred to a nitrocellulose membrane, and immunoblotted with
anti-HA antibody. It can be seen that the majority of wild-type
Nckp was detected in the cytosol fraction (Fig. 7B, lane 2
versus lanes 1 and 3), and a small amount was detected in the
nuclear fraction (lane 3). However, over 50% of the HA-Nckf-
mem was found in the membrane fraction (lane 4 versus lanes
5 and 6). The small amount of Nckf-mem that still remained
in the cytosol fraction (lane 5) is most likely the unfarnesylated
portion of Nckp-mem. Similar results were observed for Ncka-
mem (Fig. 7C). The majority of the Ncka-mem was found in
the membrane fraction (lane 4 versus lane 1). The amounts of
membrane-associated NckB (NckB-mem) and Ncka (Ncka-
mem) should be regarded as highly significant, because even in
PDGF-stimulated cells, only a small percentage (~5 to 7%) of
Nck binds to the activated PDGFR (15, 22). These membrane-
bound Nck gene constructs were cotransfected with the Rho
GTPases, and their effects on the GTPases’ signaling were in-
vestigated. In these experiments, coexpression of HA-Nck and
Myc-Racl in the same cells was differentiated by double stain-
ing with FITC-conjugated (green) rabbit anti-mouse IgG (against
anti-HA monoclonal antibody) and AMCA-conjugated (blue)
goat anti-rabbit IgG (against rabbit anti-Myc antibody), while
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FIG. 5. Statistical analysis of data shown in Fig. 1 and 4. FITC-staining cells
(80 to 100 cells for each of the conditions) were randomly selected and analyzed
for membrane ruffling and lamellipodium formation in response to PDGF stimu-
lation.Values are [(number of actin-polymerized cells)/(total number of cells)] X
100. Due to variations in exogenous expression levels of any given HA-tagged
Nck construct in different cells, degrees of PDGF-stimulated actin polymeriza-
tion vary. NckB-WTK, NckB-W38/143/229K triple mutant.

the changes in actin polymerization was again visualized by
TRITC-conjugated phalloidin.

Consistent with previously published studies (6), expression
of Racl-L61 induced dramatic lamellipodia and membrane
ruffles as well as filopodia in NIH 3T3 cells (Fig. 8A). The
filopodium formation was likely due to activation of Cdc42 by
Rac-L61 in these cells. Expression of Cdc42-L61 strongly in-
duced filopodium formation (Fig. 8F). For unknown reasons,
Rho-L63 did not cause clear actin stress fiber formation in
NIH 3T3 cells (data not shown). Cells cotransfected with wild-
type Ncka showed little inhibition of Rac1-L61-induced lamel-
lipodium formation and membrane ruffling, although filopodia
no longer appeared (Fig. 8B). Even the membrane-bound
Ncka produced no effect (Fig. 8C). Cells cotransfected with
wild-type NckB exhibited a moderate inhibition of lamellipo-
dium formation and membrane ruffling, although thickness of
the ruffled membrane was still evident (Fig. 8D versus 8A).
Moreover, this moderate inhibition occurred in only 15% of
the positively stained cells examined.

Interestingly, cotransfection with NckB-mem resulted in dra-
matic inhibition of Racl-L61-induced lamellipodium forma-
tion (Fig. 8E) in more than 50% of the NckB-mem-positive
cells, in which membrane ruffling was almost completely gone
and a rather thin and smooth membrane appeared. The statis-
tical analysis of NckB-mem’s effect on Racl-L61 is summarized
in Fig. 8K.

In contrast, neither Nckp nor NckB-mem showed any inhib-
itory effect on Cdc42-L61-induced filopodium formation (Fig.
81 and J), suggesting that the effect of Nckf3-mem on Racl-L61
was specific. Similarly, neither Ncka nor Ncka-mem had any
effect on Cdc42-L61-induced filopodium formation (Fig. 8G
and H). As previously mentioned, since constitutively active
Rhol, Rhol-L63, did not cause significant stress fiber forma-
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FIG. 6. Microinjection of anti-Nckf but not anti-Ncka antibodies blocks PDGF-stimulated actin polymerization. (A) Lysates of HA-Ncka-transfected (lanes 1, 3,
and 5) or HA-NckB-transfected (lanes 2, 4, and 6) cells were resolved in an SDS gel, transferred to a nitrocellulose membrane, and blotted with either 71-2800 (Zymed;
cross-reacting with o and ) (lanes 1 and 2), anti-Ncka (lanes 3 and 4), or anti-Nckp (lanes 5 and 6) antibody. Results were visualized by ECL. (B and C) Total lysates
of the eight indicated cell lines were resolved in duplicate SDS gels and subjected to Western blotting using either anti-Ncka (B) or anti-Nckp (C) antibody, followed
by ECL. (D to F’) Serum-starved NIH 3T3 cells, cultured in eight-chamber coverslips, were microinjected with either control IgG or antibodies (500 ng/pl), together
with FITC-dextran as a marker protein to identify injected cells. Cells were then stimulated with PDGF-bb (100 ng/ml) for 15 min at 37°C. The actin cytoskeleton was
revealed by rhodamine-labeled phalloidin staining as described in the text. Images were recorded with a Zeiss confocal microscope (magnification, X 150). For one
experiment, 25 to 50 cells were injected with each antibody, and the experiment was repeated three times.
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FIG. 7. Construction of membrane-bound Ncka and NckB. The Ras farne-
sylation sequence, KLNPPDESGPGCMSCKCVLS, was linked in frame to the C
termini (immediately following the last amino acid residues) of the Nck genes
(A). Wild-type (wt) HA-Nckp and HA-NckB-mem gene constructs (B) or HA-
Ncka and HA-Ncka-mem and constructs (C) were transfected into NIH 3T3
cells. After 48 h, cells were subjected to a cellular fractionation procedure (see
text) to obtain the membrane (m), cytosol (c), and nuclear (n) factions. Equal
portions of each of the fractions were analyzed by Western blot analysis using
anti-HA monoclonal antibody 12CAS. The results were visualized by ECL.

tion in NIH 3T3 cells, we were not able to assess the effect of
Ncka-mem or NckB-mem on Rhol-L63 signaling. The statis-
tical analysis of Nckp’s effect on Cdc42-L61 is summarized in
Fig. 8L. The above results suggest that NckB participates, via
an unknown mechanism, in Racl signaling in response to
PDGEF. A likely possibility is that Nckp relocates cytoplasmic
signaling proteins such as PAK to the plasma membrane and
presents them to activated Rac.

DISCUSSION

Nck has been implicated to play a role in cell mitogenesis
and morphogenesis. Recent genetic studies in Drosophila sug-
gest that Nck links cell surface tyrosine phosphorylation to the
actin cytoskeleton during neuronal guidance and targeting (5).
Whether or not Nck has a similar function in mammalian cells
remained unclear. We and others have recently shown that
Nck represents a two-gene family including Ncka (formerly
Nck) and NckB (also known as Grb4/Nck2) (3, 4, 38). It is of
interest to understand whether or not different Nck species
have their own specific functions in cells. In the current study,
we have investigated the roles of Ncka and NckB in PDGF-
stimulated actin polymerization and subsequent membrane
ruffling in NIH 3T3 cells. The results of these experiments show
that Nckp but not Ncka plays a specific role in PDGFR sig-
naling to the actin cytoskeleton. This function of Nckp requires
binding to PDGFR, because the SH2 domain mutant of Nckf
failed to act in a dominant negative fashion and membrane-
bound Nckp showed a constitutive interfering effect. Muta-
tions in the SH3 domains of Nck@ also abolished the inter-
fering effect of Nckp, and the middle SH3 domain of Nckp
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appeared to play the most important role. Interestingly, only
membrane-attached, not cytoplasmic, Nckp blocked the func-
tion of Racl, a mediator between PDGFR and membrane ruf-
fling and formation of lamellipodia. Under similar conditions,
membrane-bound Nckf had no inhibitory effect on Cdc42-
induced formation of filopodia. In comparison, Ncka, either
cytoplasmic or membrane bound, had no effect on either Racl
or Cdc4?2 signaling. These results suggest that Nckp acts either
downstream of or in parallel with Racl signaling in response to
PDGF. We hypothesize that following PDGF stimulation,
NckB associates, via its SH2 domain, with the activated PD-
FGR, thereby relocating its SH3-bound molecules to the plas-
ma membrane. These NckB-SH3-associated molecules then
participate in Racl signaling to the actin cytoskeleton.

The observation that overexpression of wild-type Nckf pro-
duced a dominant negative instead of an enhancing effect on
PDGFR signaling and that, in comparison, overexpression of
wild-type Ncka had no such effect was somewhat unexpected.
A likely explanation is that Nckp orchestrates a number of
SH3-binding proteins and maintains them in a certain stoichi-
ometry in order to execute its function. Increasing the cellular
concentration of NckB alone would disrupt or titrate the ratio
between Nckp and its SH3-interacting proteins. For instance, if
the middle SH3-binding protein plays a critical role, the over-
expressed NckB would have its middle SH3 domain unoccu-
pied due to lack of free middle-SH3-binding proteins in the
cytoplasm. Rao and Zipursky showed that in Drosophila, Dock
requires multiple domains acting in cis. Either a combination
between the middle SH3 domain and the SH2 domain or a
combination between the middle SH3 domain and the first and
the third SH3 domains could mediate the signaling events (27).
In Dock, it was the middle SH3 domain, not the SH2 domain,
that was always required. Furthermore, none of the domain
mutations in the Dock gene could act in a dominant negative
fashion either by itself or in combination (27). We made sim-
ilar observations. We initially predicted that the middle SH3
mutation and the SH3 triple mutations should act in a strong
dominant negative fashion, but they did not. It is possible that
the binding of the middle SH3 domain to its target molecule
plays a role in stabilizing the binding of the SH2 domain to
PDGFR. The second possible explanation for the dominant
negative effect of wild-type Nckp is that NckB plays a negative
role in the PDGFR signaling to the actin cytoskeleton. Over-
expression of Nckf, similar to overexpression of a negative
regulator such as a protein tyrosine phosphatase, would
enhance its endogenous inhibitory effect. In fact, the results of
our mutagenesis studies favor this hypothesis, in which both
the SH2 and the triple and middle SH3 mutants are no longer
able to block PDGFR signaling, or the negative signal can no
longer be propagated through these mutants. While future
studies will be required to further distinguish between these
possibilities, theresultsof our microinjection experimentsstrong-
ly argue that Nckp plays a direct role in PDGFR signaling to
the actin cytoskelton.

During the course of this study, a critical issue was the spec-
ificity of Nckp action. We initially argued that overexpressed
NckB may have had nonspecific competition for binding to
other phosphotyrosine sites in addition to binding to its own
site in the activated PDGFR. In this case, overexpressed Nckf
could prevent other PDGFR-binding molecules from getting
into their sites, by which PDGFR signaling to the actin cyto-
skeleton was indirectly blocked. This argument has since been
challenged by three lines of evidence that strongly suggest that
the interfering effect of the overexpressed NckB was specific
for Nckp. First, overexpression of the other Nck family mem-
ber Ncka, which has previously been shown to share a phos-
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photyrosine binding site with one of the two SH2 domains of
the p85 subunit of PI3-K (22), did not show any interfering
effect on either PDGFR or Rac-L61 signaling to the actin
cytoskeleton, even though the SH2 domains of Nck@ and Ncka
have a high degree (85%) of homology. In particular, since
PI3-K has been reported to play a role in PDGF signaling to
the actin cytoskeleton (6, 8), Ncka, not NckB, would be con-
sidered more likely to block PDGF-stimulated actin polymer-
ization. The fact that Ncka did not inhibit PDGFR/PI3-K
signaling to the actin cytoskeleton can be explained by the fact
that the p85 subunit has two SH2 domains and its binding to
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Y740 has a much higher affinity than the binding to Y751 (11).
p85 could even bind PDGFR with a mutation at Y751, where
Ncko binds. It has recently been shown that tyrosine-778 (its
binding protein remains unknown) in PDGFR- plays an im-
portant role in PDGFR signaling to the actin cytoskeleton
(31). Thus, multiple PDGFR-binding proteins may be involved
in regulation of the actin cytoskelton. Second, overexpression
of membrane-bound Nckp inhibited the constitutively active
Rac-L61-induced membrane ruffling and lamellipodium for-
mation, in which SH2 domain binding was apparently not in-
volved because of a lack of PDGFR activation. This observa-
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FIG. 8. NckB-mem but not Ncka-mem inhibits Racl-induced membrane ruf-
fling and lamellipodium formation. Cells were transfected with Rac1-L61 (A) or
Cdc42-L61 (F) (0.3 mg/well) alone or cotransfected with Rac1-L61 plus wild-type
Ncka (B), Racl-L61 plus Ncka-mem (C), Racl-L61 plus wild-type NckB (D),
Racl-L61 plus NckB-mem (E), Cdc42-L61 plus wild-type Ncka. (G), Cdc42-L61
plus Ncka-mem (H), Cdc42-L61 plus wild-type NckB (I) or Cdc42-L61 plus
wild-type NckB-mem (J) (Rac/Cdc42:Nck ratio, 0:3:2.5). To identify the double-
transfected Rac1/Cdc42 plus Nck cells, staining with a combination of mouse
anti-HA antibody 12CAS5 followed by FITC-conjugated rabbit anti-mouse IgG
and rabbit anti-Myc antibody followed by AMCA-conjugated goat anti-rabbit
IgG was used. Changes in actin polymerization were detected by TRITC-conju-
gated phalloidin. Statistical analysis of Racl (K) and Cdc42 (L) was made from
80 to 100 randomly selected FITC and AMCA double-stained positive cells.
Values represent [(number of actin-polymerized cells)/(total number of cells
selected)] X 100. Four independent experiments were carried out, and they
showed similar results.

tion suggests that Nckp acts either downstream of or in parallel
with Racl. NckB could play such a role as “feeding” (i.e.,
relocation of critical effector molecules to the GTP-bound
Racl) Racl with cytoplasmic targets such as PAKI kinase.
Again, under similar conditions, membrane-bound Ncka had
no effect. Third, we have recently generated anti-Ncka and
anti-NckB antibodies which recognize the native forms of the
gene products. Microinjection of anti-NckB antibody but not
anti-Ncka antibody or irrelevant immunoglobulin molecules
significantly blocked PDGF-induced actin polymerization. The
exact mechanism by which the microinjected anti-Nckp anti-
bodies blocked the function of the endogenous NckB in the
cells remains unknown. Assuming that the antibodies block
PDGFR signaling by binding to Nckf and preventing it from
interacting with PDGFR, based on the fact that they had a
neutralizing effect in an in vitro test by blocking GST-Nckp
binding to PDGFR, the microinjection results strongly support
the hypothesis that NckB acts between PDGFR and the actin
cytoskeleton.

The specific function of Ncka remains to be further studied.
Both Northern and Western analyses showed that Ncka is
expressed in all the cell lines so far tested, in comparison to
NckB, whose expression is absent in certain cell types. It is
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possible that Ncka has a similar function to Nckp but mediates
signaling by a different cell surface receptor(s). For instance,
Ncka may mediate Eph receptor signaling in the pathway of
Eph/Nck/NIK/JNK (1). It is also possible that Nck in different
cell types has different functions. In T lymphocytes, Nck (wheth-
er it is Ncka or Nckf remains unknown) is required for T-cell
receptor-mediated interleukin-2 gene expression and, there-
fore, cell proliferation (44) and cytoskeletal assembly (3a).
Now, having recognized Nck as a multiple gene family, we have
begun to reveal the cellular function and specificity of different
Nck adapters. Mice deficient in either Ncka or Nckf have
been made available (T. Pawson, personal communication).
Cell lines derived from these Nck-knockout mice or embryos
will provide powerful tools for better understanding Nck sig-
naling and function. Continued genetic studies of Drosophila
and Caenorhabditis elegans will provide more guidance for
studying the mammalian Nck genes. Lastly, the chromosomal
locations of the Nck genes coincide with the locations of mu-
tations which are associated with a number of human diseases,
including cancer (9, 38). It would be interesting to study wheth-
er Nck gene mutations influence the occurrence or frequency
of human diseases.
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