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Dok-1 (p62°°*) is a multiple-site docking protein that acts downstream of receptor and nonreceptor tyrosine
kinases. Although it has been proposed to contribute to the control of cell growth and migration through
association with the Ras GTPase-activating protein and the adapter protein Nck, the role of Dok-1 remains
largely unknown. The functions of Dok-1 have now been investigated by the generation of two different COOH-
terminal truncation mutants of this protein: one (DokPH+PTB) containing the pleckstrin homology and
phosphotyrosine-binding domains, and the other (DokPH) composed only of the pleckstrin homology domain.
Both of these mutant proteins were shown to act in a dominant negative manner. Overexpression of each of the
mutants in highly metastatic B16F10 mouse melanoma cells thus both inhibited the tyrosine phosphorylation
of endogenous Dok-1 induced by cell adhesion as well as reduced the association of the endogenous protein with
cellular membranes and the cytoskeleton. Overexpression of DokPH+PTB in these cells also markedly reduced
both the rates of cell spreading, migration, and growth as well as the extent of Ras activation. The effects of
DokPH on these processes were less pronounced than were those of DokPH+PTB, indicating the importance
of the phosphotyrosine-binding domain. These results suggest that at least in B16F10 cells, Dok-1 positively

regulates not only cell spreading and migration but also cell growth and Ras activity.

The abilities to metastasize and to invade tissue are impor-
tant characteristics of transformed cells, often complicating
cancer therapy and becoming critical determinants of patient
prognosis. Although metastasis and tissue invasion are com-
plex, an enhanced motility of cancer cells is thought to con-
tribute to both processes. Cell motility is itself controlled by a
complex mechanism; however, reorganization of the actin cy-
toskeleton and adhesion to extracellular matrix (ECM) pro-
teins have been shown to play crucial roles (20, 26, 35).

The p62"°* (Dok-1) protein was first identified as a common
substrate for activated protein tyrosine kinases (PTKs) such as
v-Abl, v-Src, v-Fps, and v-Fms (7). Subsequent studies revealed
that Dok-1 is constitutively phosphorylated on tyrosine resi-
dues in chronic myelogenous leukemia cells expressing the
oncoprotein p210°“-**" (2, 44). The extent of tyrosine phos-
phorylation of Dok-1 in cells also correlates with the trans-
forming activity of activated PTKs (1, 5, 25, 27). These obser-
vations suggest a causal role for Dok-1 in the acquired features
of transformed cells, such as the aberrant growth and multiple
abnormalities in cytoskeletal function (13). However, the phys-
iological significance of tyrosine phosphorylation of Dok-1 has
remained unclear.

The NH,-terminal region of Dok-1 contains a pleckstrin
homology (PH) domain and a putative phosphotyrosine-bind-
ing (PTB) domain, which are thought to mediate the associa-
tion of this protein with the cell membrane and with phospho-
tyrosine-containing NPXpY motifs, respectively (2, 45). Dok-1
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also contains several consensus sequences for tyrosine phos-
phorylation by cytosolic and receptor PTKs (2, 45). These
tyrosine residues, if phosphorylated, may constitute docking
sites for various Src homology 2 (SH2) domain-containing sig-
naling molecules such as the Ras GTPase-activating protein
(RasGAP), the adapter protein Nck, the cytosolic PTK Csk,
and the product of the X-linked lymphoproliferative syndrome
gene, SH2D1A (2, 31, 39, 41, 42, 45). The structural organiza-
tion of Dok-1 thus resembles that of multiple-site docking
proteins, such as insulin receptor substrate (IRS) proteins (43),
that act downstream of PTKs. Proteins related to Dok-1, in-
cluding Dok-2 (6) (also known as Dok-R or FRIP [16, 29]) and
Dok-L (also known as Dok-3 [4, 22]), have also recently been
identified.

Dok family proteins have been implicated in negative regu-
lation of cell growth in hematopoietic cell lines. Thus, overex-
pression of these proteins inhibited activation of extracellular
signal-regulated kinases (ERKs), induction of c-Myc, or cell
proliferation triggered either by coaggregation of the B-cell
antigen receptor and the FcyRIIB receptor for immunoglob-
ulin G, by cytokine stimulation, or by v-Abl (29, 38, 40). Fur-
thermore, cross-linking of the B-cell receptor in primary B cells
derived from Dok-1-deficient mice fails to result in FcyRIIB-
dependent inhibition of cell proliferation and ERK activation
(46). Dok family proteins have also been shown either to in-
hibit ERK activation induced by epidermal growth factor in
COS 1 cells (17) or to block c-Src-induced transformation in
NIH 373 cells (37). However, less is known about the biolog-
ical function of this family of proteins in nonhematopoietic
cells.

We have previously shown that cell adhesion to ECM pro-
teins induces marked tyrosine phosphorylation of Dok-1 as
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well as the binding of this protein to RasGAP and Nck (31).
Furthermore, overexpression of wild-type Dok-1 increased the
rate of migration of Chinese hamster ovary (CHO) cells, sug-
gesting that Dok-1 regulates cytoskeletal reorganization trig-
gered by integrins (31). To gain further insight into the bio-
logical role of Dok-1, we have now generated two different
COOH-terminal truncation mutants of this protein that act in
a dominant negative manner. We introduced these mutant
proteins into highly metastatic BI6F10 melanoma cells (8, 14)
by stable transfection; characterization of the resulting estab-
lished cell lines not only provided support for a role of Dok-1
in cell migration but also revealed a function in cell growth.

MATERIALS AND METHODS

Expression vectors. The wild-type human Dok-1 ¢cDNA (2) was kindly pro-
vided by B. Stillman (Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.). PCR was performed with this cDNA as a template to prepare vectors
encoding full-length Dok-1 (DokWT; amino acids 1 to 481), a Dok-1 mutant
lacking the PH domain (DokAPH: amino acids 120 to 481), a Dok-1 mutant
composed only of the PH domain (DokPH; amino acids 1 to 122), and a Dok-1
mutant consisting only of the PH domain and the PTB domain (DokPH+PTB;
amino acids 1 to 237). The amplification products were digested with EcoRI and
Sall and then inserted in frame into the EcoRI and Sall sites of a pCl-neo vector
(Invitrogen) that had been engineered to add the coding sequence for the Myc
epitope to the 5’ end of the inserted cDNA. The pSRa vector encoding hem-
agglutinin epitope (HA) tagged mutant IRS 1, which consists of the PH and PTB
domains and lacks COOH-terminal tyrosine phosphorylation sites (IRS-
1PH+PTB; amino acids 2 to 400), was also generated with a human IRS-1 cDNA
as a template. The pRc/CMV vector encoding HA-tagged mouse Dok-1 was
described previously (31).

Cells, antibodies, and transfection. BI6F10 cells (~4 X 10° cells per 60-mm-
diameter dish) were transfected with 5 pug of pCl-neo containing Dok-1 cDNA
with the use of a Lipofectamine transfection kit (Gibco-BRL). The resulting
G418-resistant colonies were isolated 14 days after transfection, and the stable
transfectants were identified by immunoblot analysis with a monoclonal antibody
(MAD) to the Myc epitope tag as described below. The established cell lines were
maintained in modified Eagle’s medium (MEM) supplemented with 10% fetal
bovine serum (FBS; Gibco-BRL). Horseradish peroxidase (HRP)-conjugated
monoclonal antibody (MAb) PY20 to phosphotyrosine, mouse MAbs to Dok-1
(A-3), RasGAP (B4F8), and RhoA, and rabbit polyclonal antibody to focal
adhesion kinase (FAK) (C-20) were obtained from Santa Cruz Biotechnology;
mouse MAbs to H-Ras and to Shc were from Transduction Laboratories; rabbit
polyclonal antibody to FAK (06-543) was from Upstate Biotechnology; and
rabbit polyclonal antibodies that react specifically with tyrosine-phosphorylated
(activated) ERK or with total ERK protein were from New England Biolabs.
MADb 9E10 to the Myc tag and MAb 12CAS5 to the HA tag were purified from the
culture supernatants of mouse hybridoma cells. Rabbit polyclonal antibodies
generated in response to the COOH-terminal portion of Dok-1 were described
previously (31).

Immunoprecipitation and immunoblot analysis. Cells in one 100-mm-diame-
ter dish were lysed on ice in 1 ml of ice-cold lysis buffer (20 mM Tris-HCI [pH
7.6], 150 mM NaCl, 1 mM EDTA, 1% [vol/vol] Nonidet P-40) containing 5 mM
NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), aprotinin (10 pg/ml), and 1
mM sodium vanadate. The cell lysates were centrifuged at 10,000 X g for 15 min
at 4°C, and the resulting supernatants were incubated for 3 h at 4°C with
antibody-coupled protein G-Sepharose beads (20 pl of beads; Amersham Phar-
macia Biotech). The beads were then washed three times with lysis buffer and
suspended in Laemmli sample buffer, and the eluted proteins were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Immunoblot analysis
was performed with an enhanced chemiluminescence detection system (Amer-
sham Pharmacia Biotech).

Subcellular fractionation. The following procedures were all performed at
4°C. Cells from four 100-mm-diameter dishes were scraped into 2 ml of an
ice-cold solution containing 20 mM HEPES-NaOH (pH 7.6), 5 mM sodium
pyrophosphate, 5 mM EGTA, 250 mM sucrose, 5 mM NaF, 1 mM PMSF,
aprotinin (10 pg/ml), and 1 mM sodium vanadate. The cells were homogenized
with a Dounce homogenizer, and the homogenate was centrifuged at 900 X g for
10 min. The postnuclear supernatant was then centrifuged at 100,000 X g for 60
min. The resulting supernatant was saved as the cytosolic fraction, and the pellet
was suspended in 1 ml of membrane solubilization buffer (20 mM Tris-HCI [pH
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7.5], 1% [vol/vol] Triton X-100, 100 mM NaCl, 1 mM MgCl,, 1 mM CaCl,)
containing 5 mM NaF, 1 mM PMSF, aprotinin (10 pg/ml), and 1 mM sodium
vanadate. The resulting extract was centrifuged at 10,000 X g for 10 min, yielding
a pellet referred to as the cytoskeletal fraction and a supernatant that was
centrifuged again at 100,000 X g for 60 min. The final supernatant and pellet
were saved as the membrane fraction and membrane-skeletal fraction, respec-
tively.

Cell spreading assay. Cells were detached from culture dishes by treatment
with 0.025% trypsin, collected by centrifugation, washed once with serum-free
MEM, and transferred at a density of 10° cells/ml to 60-mm-diameter culture
dishes coated with fibronectin (10 wg/ml; Sigma). After incubation in serum-free
MEM for 30 to 60 min at 37°C in a humidified incubator containing 5% CO,, the
cells were examined with a light microscope equipped with phase-contrast optics
(model IX 70; Olympus), and random fields were photographed.

Cell migration assay. Cell migration was assessed with a Boyden chamber
assay. In brief, 8-pm-pore-size polyvinylpyrrolidine-free polycarbonate filters
(Neuroprobe) coated with fibronectin (10 pg/ml), vitronectin (10 wg/ml; Sigma),
or type 4 collagen (25 pg/ml; Falcon) were placed over the lower wells of a
Boyden multiwell chemotactic chamber that had been filled with serum-free
MEM. Cells (1.5 X 10° in 0.2 ml of serum-free MEM) were added to each of the
upper wells. The chamber was placed in a humidified incubator containing 5%
CO, and incubated for 3 h at 37°C. Cells that had migrated were fixed in
methanol, washed with phosphate-buffered saline, and exposed to Giemsa stain
(Nakarai Tesque) for 15 s. The number of migrated cells was counted in at least
six fields under a microscope fitted with a grid eyepiece at a total magnification
of X200.

Cell growth assay. Cells were seeded in six-well culture plates at a density of
10° per well and cultured in MEM containing 10 or 0.5% FBS. The culture
medium was changed every 2 days, and the number of cells was counted every
24 h.

GTPase activity assay. The Ras-binding domain (amino acids 1 to 149) of
human c-Raf-1 and the Rho-binding domain (amino acids 7 to 89) of mouse
Rhotekin were expressed as glutathione S-transferase (GST) fusion proteins in
bacteria and bound to glutathione-Sepharose beads (20 pg of protein per 15 pl
of packed beads) (Amersham Pharmacia Biotech). For Rho activity assays, cells
in one 100-mm-diameter dish were lysed in 600 wl of a solution containing 25
mM HEPES-NaOH (pH 7.4), 100 mM NaCl, 0.5% Nonidet P-40, 10 mM MgCl,,
10 mM B-glycerophosphate, 10% (vol/vol) glycerol, 1 mM PMSF, and aprotinin
(10 pg/ml). For assay of Ras activity, cells were lysed in the same volume of a
solution containing 25 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 1% Nonidet
P-40, 0.25% sodium deoxycholate, 10% glycerol, 25 mM NaF, 10 mM MgClL,, 1
mM EDTA, 1 mM PMSF, aprotinin (10 pg/ml), and 1 mM sodium vanadate.
Cell lysates were incubated at 4°C with the GST fusion protein-coupled beads for
30 min (Ras assay) or 45 min (Rho assay). Proteins that bound to the beads were
resolved on a 12.5% polyacrylamide gel and subjected to immunoblot analysis
with antibodies specific for the corresponding GTPase. The total abundance of
each GTPase was determined by immunoblot analysis of cell lysates. Activated
Ras was quantified by scanning densitometry with the NIH Image program.

Assay of ERK activation. Cells (60-mm-diameter dishes) were deprived of
serum for 24 h and then incubated for 5 min with hepatocyte growth factor (40
ng/ml; Calbiochem). Cells were then lysed in 400 pl of a solution containing 50
mM HEPES-NaOH (pH 7.8), 150 mM NaCl, 1.5 mM MgCl,, 1 mM EDTA,
0.1% Triton X-100, 20 mM B-glycerophosphate, 100 mM NaF, 10 mM sodium
pyrophosphate, 1 mM PMSF, aprotinin (10 pwg/ml), and 1 mM sodium vanadate.
Cell lysates were subjected to immunoblot analysis with antibodies specific for
activated ERK or for total ERK protein.

RESULTS

Expression of DokWT and mutant Dok-1 proteins in
B16F10 melanoma cells. We generated three different Dok-1
mutants: one (DokAPH) that lacks the PH domain, one
(DokPH+PTB) composed of the PH and PTB domains, and
one (DokPH) consisting only of the PH domain (Fig. 1A). The
latter two mutants lack COOH-terminal tyrosine residues that,
if phosphorylated, might form docking sites for SH2 domain-
containing signaling molecules (2, 45). DokWT and mutant
Dok-1 cDNAs, cloned into an expression vector downstream of
a sequence encoding the Myc epitope tag, were introduced
individually into B16F10 murine melanoma cells by transfec-
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FIG. 1. Generation and expression of Dok-1 mutants. (A) Sche-
matic representation of recombinant Dok-1 proteins. The numbers
correspond to amino acid positions of human Dok-1, and the locations
of tyrosine residues are indicated by vertical bars. (B) Cell lysates were
prepared from control B16F10 cells transfected with the empty vector
(Cont) as well as from two independent clones of B16F10 cells ex-
pressing each of the recombinant Dok-1 proteins. Lysates (20 wg of
protein) were subjected to immunoblot analysis with MAb 9E10 to the
Myc tag (aMyc). (C) Cell lysates (20 wg of protein) prepared from the
indicated cell lines were subjected to immunoblot analysis with poly-
clonal antibodies specific for the COOH-terminal region of Dok-1
(aDok). The positions of recombinant Dok-1 proteins, endogenous
Dok-1 [Dok(endo)], and molecular size standards are indicated. The
~40-kDa immunoreactive material in panels B and C comprises non-
specific cross-reactive polypeptides of unknown origin. Data in all
figures are representative of three independent experiments.

tion. We obtained several independent transfectants that stably
expressed exogenous Dok-1 as revealed by immunoblot anal-
ysis with MADb 9E10 to the Myc tag (Fig. 1B). The established
cell lines (WT28, APH20, PH+PTBS, and PHS8) that expressed
the highest amount of each recombinant Dok-1 protein were
studied most extensively, although the other cell clones showed
similar respective phenotypes (data not shown). The abun-
dance of exogenous Dok-1 was about twice that of the endog-
enous protein in WT28, APH20, and PH+PTBS cells and five
times that of endogenous Dok-1 in PHS cells, as estimated by
immunoblot analysis with polyclonal antibodies to the COOH-
terminal portion of Dok 1 (Fig. 1C). The amounts of endoge-
nous Dok-1 were similar among these various cell lines (Fig. 1C).
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Dominant negative action of Dok-1 mutants lacking COOH-
terminal tyrosine phosphorylation sites. Immunoprecipitation
with MAb A-3, which is specific for the NH,-terminal portion
of mouse Dok-1, and subsequent immunoblot analysis with
MAD PY20 to phosphotyrosine revealed that replating of sus-
pended B16F10 cells onto fibronectin induced marked tyrosine
phosphorylation of endogenous Dok-1 (Fig. 2A). Recombi-
nant DokWT also underwent adhesion-dependent tyrosine
phosphorylation, whereas DokAPH did not (Fig. 2B). These
results are consistent with our previous observation that ty-
rosine phosphorylation of Dok-1 in CHO cells depends on
both cell-substratum adhesion and the presence of the PH
domain (31).

Because MADb A-3 does not react with human Dok-1, with
the use of this antibody we were able to assess the phospho-
tyrosine content of endogenous Dok-1 separate from that of
the exogenous Dok-1 proteins in the established cell lines.
Overexpression of DokPH+PTB and, to a lesser degree, that
of DokPH reduced the extent of adhesion-induced tyrosine
phosphorylation of endogenous Dok-1 (Fig. 2C and D). In
addition, overexpression of DokPH+PTB reduced the associ-
ation of endogenous Dok-1 with RasGAP in the membrane
fraction with no marked effect on the amount of RasGAP in
this fraction (Fig. 2E). Overexpression of DokWT also exhib-
ited an inhibitory effect on tyrosine phosphorylation of the
endogenous protein, presumably by altering its subcellular lo-
calization, whereas overexpression of DokAPH had no such
effect (Fig. 2C and D; see Fig. 4). These effects of exogenous
Dok-1 proteins appeared specific, given that the overexpres-
sion of these proteins did not substantially affect tyrosine phos-
phorylation of FAK (Fig. 2F) or of p130“** (data not shown).
When transiently expressed, DokPH+PTB inhibited tyrosine
phosphorylation of coexpressed wild-type mouse Dok-1 in a
manner dependent on its expression level (Fig. 3A), consistent
with the inhibitory effect of this mutant on tyrosine phosphor-
ylation of endogenous Dok-1. In contrast, overexpression of
IRS-1PH+PTB failed to inhibit tyrosine phosphorylation of
coexpressed DokWT (Fig. 3B), suggesting that the effects ob-
served are unique to the DokPH+PTB mutant. This observa-
tion is also in agreement with the previous report showing that
the Dok-1 PTB domain and the IRS-1 PTB domain each rec-
ognize distinct phosphotyrosine-containing sequences (37).

We next examined the effect of overexpression of each re-
combinant Dok-1 protein on the subcellular localization of
endogenous Dok-1. DokWT was detected in all subcellular
fractions analyzed, exhibiting a distribution pattern similar to
that of endogenous Dok-1 (Fig. 4A and B). Unlike the wild-
type protein and consistent with our previous data (31),
DokAPH was localized almost exclusively to the cytosolic frac-
tion (Fig. 4A). In contrast, DokPH+PTB was preferentially
localized to the cytoskeletal and membrane-skeletal fractions.
DokPH showed a subcellular distribution similar to that of
DokPH+PTB, although it was more preferentially associated
with the membrane fraction than was DokPH+PTB (Fig. 4A).
Overexpression of DokPH+PTB or DokPH substantially re-
duced the amount of endogenous Dok-1 in all subcellular
fractions but the cytosolic fraction (Fig. 4B), although the
effect of DokPH was less marked than that of DokPH+PTB in
the cytoskeletal fraction. Overexpression of DokWT reduced
the amount of the endogenous protein in the membrane and
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membrane-skeletal fractions, whereas DokAPH had no
marked effect on the subcellular distribution of endogenous
Dok-1 (Fig. 4B). None of the recombinant Dok-1 proteins
substantially affected the subcellular localization of Shc, an-
other PTB domain-containing docking protein (Fig. 4C and
data not shown). Both tyrosine phosphorylation and proper
subcellular localization of Dok-1 are required for its function
(18, 31, 47). These results, together with those shown in Fig. 2
and 3, therefore suggest that DokPH+PTB and DokPH act in
a dominant negative manner and that DokAPH is functionally
impaired.

Effects of Dok-1 mutants on cell spreading on fibronectin.
We have previously proposed that Dok-1 promotes cell migra-
tion by facilitating reorganization of the actin cytoskeleton
(31). To further test this hypothesis, we detached B16F10 cells
expressing the various recombinant Dok-1 proteins from their
culture dishes and then monitored with phase-contrast micros-
copy their spreading on fibronectin, a phenomenon associated
with cytoskeletal reorganization. After 30 min on fibronectin,
91% = 0.3% (mean = standard error [SE], n = 3) of the
control cells transfected with the empty vector had become
phase-dark and exhibited well-defined membranous ruffles at
the cell periphery, characteristics of the early stage of cell
spreading (Fig. 5). The rate of spreading and the morphology

FIG. 2. Adhesion-induced tyrosine phosphorylation of endogenous
Dok-1 and FAK in established B16F10 cell lines expressing recombi-
nant Dok-1 proteins. (A) B16F10 cells were detached from culture
dishes and either maintained in suspension (Susp) or replated on
fibronectin-coated dishes (Adh). After incubation for 30 min at 37°C,
cells were lysed and subjected to immunoprecipitation (IP) with MAb
A-3 to Dok-1 or with normal mouse immunoglobulin G (NMG). The
immunoprecipitates were then subjected to immunoblot analysis with
HRP-conjugated MAb PY20 to phosphotyrosine («PY). Duplicate
immunoprecipitates were probed with polyclonal antibodies to Dok-1
(aDok) to verify the presence of equal amounts of Dok-1 in each
sample. (B) The indicated cell lines (Cont [control], WT28, and
APH20) were treated as in panel A, and the resulting cell lysates were
subjected to immunoprecipitation with MAb 9E10 to the Myc tag
(aMyc). The phosphotyrosine content of each recombinant Dok-1
protein was assessed as in panel A. (C) The extent of adhesion-induced
tyrosine phosphorylation of endogenous Dok-1 in the indicated cell
lines was determined as in panel A. (D) The phosphotyrosine content
of endogenous Dok-1 in the experiment shown in panel C was quan-
tified by scanning densitometry with the NIH Image program, normal-
ized for the amount of Dok-1 protein in each sample, and was ex-
pressed as a percentage of the value for control cells transfected with
the empty vector. (E) The indicated cell lines were treated as in panel
A and the resulting detargent-solubilized membrane fraction was sub-
jected to immunoprecipitation with MAb B4F8 to RasGAP (aRas-
GAP). The immunoprecipitates were then subjected to immunoblot
analysis with HRP-conjugated MADb PY20 to detect tyrosine-phosphor-
ylated Dok-1 bound to RasGAP. Duplicate immunoprecipitates were
probed with the MAb to RasGAP to verify the presence of equal
amounts of RasGAP in each sample. Aliquots of each membrane
fraction (Membrane) were also directly probed with the MAb to Ras-
GAP. (F) The indicated cell lines were treated as in panel A and
subjected to immunoprecipitation with polyclonal antibody C-20 to
FAK («FAK). The immunoprecipitates were then subjected to immu-
noblot analysis with HRP-conjugated MAb PY20 to phosphotyrosine.
Duplicate immunoprecipitates were probed with polyclonal antibody
06-543 to FAK (aFAK) to verify the presence of equal amounts of
FAK in each sample. The positions of endogenous Dok-1, exogenous
Dok-1, RasGAP, FAK, and the phosphorylated forms of these various
proteins [Dok(endo)-P, Myc-DokWT-P, and FAK-P] are indicated.
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FIG. 3. Effects of transient overexpression of DokPH+PTB and
IRS-1PH+PTB on tyrosine phosphorylation of Dok-1. (A) B16F10
cells were transiently cotransfected with 0.5 pg of pRc/CMV encoding
HA-tagged wild-type mouse Dok-1 (HA-DokWT) and the indicated
amount of pCl-neo encoding Myc-tagged DokPH+PTB. Forty-eight
hours after transfection, cell lysates were prepared and subjected to
immunoprecipitation (IP) with MAb 12CAS5 to the HA tag (aHA).
The immunoprecipitates were then subjected to immunoblot analysis
with HRP-conjugated MAb PY20 to phosphotyrosine (a«PY). Dupli-
cate immunoprecipitates were probed with polyclonal antibodies to
Dok-1 (aDok) to verify the presence of equal amounts of Dok-1 in
each sample. Total cell lysates (Lysate) were also probed with a MAb
to the Myc tag (aMyc) to determine the amount of the mutant Dok-1
protein expressed. (B) Cells were transiently cotransfected with 1 pg of
pCl-neo encoding Myc-tagged wild-type human Dok-1 (Myc-DokWT)
and the indicated amount of pSRa encoding HA-tagged IRS-
1PH+PTB. Cell lysates prepared as in panel A were subjected to
immunoprecipitation with a MAb to the Myc tag and subsequent
immunoblot analysis either with MAb PY20 or with polyclonal anti-
bodies to Dok-1. Total cell lysates were also probed with a MAD to the
HA tag to determine the amount of the mutant IRS-1 protein ex-
pressed.

of cells expressing DokWT or DokAPH were similar to those
of the control cells. In contrast, 45% * 2% (mean = SE, n =
3) of the cells expressing DokPH+PTB as well as 30% = 2%
(mean = SE, n = 3) of those expressing DokPH exhibited a
phase-bright, rounded morphology with no sign of ruffle for-
mation 30 min after plating (Fig. 5). By 60 min, the numbers of
spread cells were similar among all cell lines (data not shown).
Thus, inhibition of Dok-1 function appeared to delay spread-
ing of B16F10 cells on fibronectin.

Effects of Dok-1 mutants on cell migration on ECM pro-
teins. The rate of migration of B16F10 cells expressing the
various recombinant Dok-1 proteins was analyzed quantita-
tively with the use of a Boyden chamber assay. The number of
cells that migrated through a membrane coated with either
fibronectin, vitronectin, or type 4 collagen was markedly re-
duced for two independent cell lines expressing DokPH+PTB
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FIG. 4. Effects of overexpression of Dok-1 mutants on the subcel-
lular localization of endogenous Dok-1. (A) The indicated cell lines
were fractionated into cytosolic (Cyt), membrane (Mem), cytoskeletal
(C-SK), and membrane-skeletal (M-SK) components, and each frac-
tion was then subjected to immunoblot analysis with MAb 9E10 to the
Myc tag (aMyc). (B and C) Subcellular fractions from each cell line
were subjected to immunoblot analysis either with polyclonal antibod-
ies to Dok-1 (aDok) (B) or with a MAD to Shc (aShc) (C) to examine
the subcellular localization of endogenous Dok-1 and Shc, respec-
tively. The positions of exogenous Dok-1 proteins, endogenous Dok-1,
and three isoforms of Shc (p66, p52, and p46) are indicated. Cont,
control.

compared with that for control cells (Fig. 6). The migration
rate of cells expressing DokPH on each of these ECM proteins
was also substantially reduced (Fig. 6A and data not shown),
although to a lesser extent than was that of cells expressing
DokPH+PTB. Thus, inhibition of Dok-1 function reduced the
rate of migration of B16F10 cells that was triggered by engage-
ment of integrins by the ECM. In contrast, the migration rates
of cells expressing either DokWT or DokAPH were similar to
those of the control cells (Fig. 6 and data not shown).

Effects of Dok-1 mutants on cell growth. Dok family proteins
have been implicated as negative regulators of cell growth in
various hematopoietic cell lines (29, 38, 40, 46). To examine
the role of Dok-1 in the growth of B16F10 cells, we monitored
the growth rates of the various cell lines expressing recombi-
nant Dok-1 proteins. Under normal culture conditions (10%
FBS), the growth rate of cells expressing DokPH+PTB was
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Cont

FIG. 5. Effects of overexpression of Dok-1 mutants on cell spread-
ing on fibronectin. The indicated cell lines were detached from their
culture dishes and replated in serum-free MEM on dishes coated with
fibronectin. The cells were then allowed to adhere and spread at 37°C
for 30 min, after which they were photographed in random fields with
the use of phase-contrast optics. Cont, control. Original magnification,
%200.

about one-third of that of control cells (Fig. 7A). The cells
expressing DokPH or DokAPH also exhibited reduced growth
rates, although the final cell number after incubation of these
cells for 5 days was similar to that for control cells. In contrast,
the growth rate of cells expressing DokWT was similar to that
of the control cells. The cells expressing DokPH+PTB also
grew more slowly than did control cells in the presence of a low
concentration (0.5%) of FBS (Fig. 7B). These results indicate
that inhibition of Dok-1 function, but not overexpression of
this protein, reduced the growth rate of B16F10 cells.

Effects of Dok-1 mutants on the activity of Ras and ERK.
Dok family proteins are thought to regulate in either a positive
or a negative manner the activity of Ras (18, 47), which is itself
an important regulator of cell motility and cell growth (11, 19,
28, 30, 33). The activation state of Ras has been shown to
correlate with invasiveness, proliferation, and anchorage-inde-
pendent growth of melanoma cells (12, 36). To investigate the
possible role of Ras in the effects of the dominant negative
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FIG. 6. Effects of overexpression of Dok-1 mutants on cell migra-
tion on ECM proteins. The indicated cell lines were seeded onto
porous membranes that had been both coated with fibronectin (A),
vitronectin (B), or type 4 collagen (C) and placed in Boyden multiwell
chambers. After incubation at 37°C for 3 h, cells that had migrated
were stained with Giemsa solution. The number of migrated cells was
counted and expressed as a percentage of the value for control cells
transfected with the empty vector (Cont). Data are means * SE of
triplicate determinations from three independent experiments.

mutants of Dok-1, we therefore examined Ras activity in the
various B16F10 cell lines with the use of a binding assay in
which the GTP-bound (activated) form of Ras was precipitated
from cell lysates with a GST fusion protein containing the
Ras-binding domain of c-Raf-1. Adherent control cells con-
tained a substantial amount of activated Ras, which was not
changed significantly in response to adhesion to the ECM or to
growth factor stimulation (Fig. 8A and data not shown). The
amount of activated Ras in cells expressing DokPH+PTB was
markedly reduced compared with that in control cells (Fig. 8A
and B), indicating that inhibition of Dok-1 function decreases
Ras activity in B16F10 cells. In contrast, no marked difference
in the amount of activated Ras was apparent between control
cells and cells expressing DokWT, DokAPH, or DokPH.

We also examined the effects of overexpression of each
recombinant Dok-1 protein on growth factor-induced ERK
activation. In control B16F10 cells, hepatocyte growth factor
(Fig. 8C) and lysophosphatidic acid (LPA) (data not shown)
each induced marked activation of ERKs. However, we did not
detect a substantial difference in the extent of ERK activation
among the established cell lines exposed to these growth fac-
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FIG. 7. Effects of overexpression of Dok-1 mutants on cell growth.
The rate of cell growth was monitored for the indicated cell lines in the
presence of 10% (A) or 0.5% (B) FBS. Data are means + SE of
triplicate determinations from three independent experiments. Cont,
control.

tors (Fig. 8C and data not shown). These results suggest that
formation of a complex between Dok-1 and RasGAP does not
play a major role in growth factor-induced ERK activation in
B16F10 cells, yet it may positively regulate steady-state Ras
activity.

Effects of Dok-1 mutants on the activity of Rho. Members of
the Rho family of small GTPases also regulate cell spreading
and migration on the ECM through their effects on rearrange-
ment of the actin-based cytoskeleton (3, 30, 33, 34). We there-
fore finally examined whether inhibition of Dok-1 function
affected activation of Rho in response to cell adhesion (Fig.
9A) or to LPA (Fig. 9B). Each stimulus activated Rho to
similar extents in control B16F10 cells and cells expressing
DokPH+PTB.

DISCUSSION

We have generated two different COOH-terminal trunca-
tion mutants of Dok-1 (DokPH+PTB and DokPH) to explore
the biological role of this protein. Overexpression of these
mutants competitively inhibited tyrosine phosphorylation of
endogenous Dok-1 as well as altered its subcellular localiza-
tion, indicating that the mutant proteins act in a dominant
negative manner. The expression of these mutants in highly
metastatic B16F10 melanoma cells has now revealed that
Dok-1 positively regulates not only cell spreading and migra-
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FIG. 8. Effects of overexpression of Dok-1 mutants on the activity
of Ras and ERK. (A) The active (GTP-bound) form of Ras was
precipitated from lysates of the indicated cell lines with a GST fusion
protein containing the Ras-binding domain of c-Raf-1. The precipi-
tates were then subjected to immunoblot analysis with a MAD to
H-Ras (top). Whole-cell lysates were also subjected directly to immu-
noblot analysis with the same MADb to determine the total amount of
Ras (bottom). Cont, control. (B) The amount of activated Ras in panel
A was quantified by scanning densitometry with the NIH Image pro-
gram, normalized for the amount of total Ras protein, and expressed
as a percentage of the value for control cells transfected with the empty
vector. (C) The indicated cell lines were incubated for 5 min in the
absence (—) or presence (+) of hepatocyte growth factor (HGF; 40
ng/ml). Total cell lysates prepared were subjected to immunoblot anal-
ysis with antibodies specific for tyrosine-phosphorylated ERK (apMAPK)
or for total ERK protein (aMAPK).

tion but also cell growth. These dominant negative mutants of
Dok-1 did not significantly affect various cellular responses,
including tyrosine phosphorylation of FAK and p130<* as well
as activation of ERKs and Rho in response either to cell
adhesion or to growth factor stimulation. These results argue
that the mutant Dok-1 proteins might not have nonspecific
effects on cytoskeletal function or growth factor signaling.
However, we cannot rule out the possibility that these mutants
also interfere with other PH domain- or PTB domain-contain-
ing signaling molecules, thus affecting cellular function.

We have shown that inhibition of Dok-1 function by the
dominant negative mutants markedly reduced the rate of
spreading of B16F10 cells on fibronectin. Overexpression of
the mutants also markedly reduced the rate of migration of
these cells on various ECM proteins. These observations, to-
gether with our previous data showing that Dok-1 promotes
the migration of CHO cells (31), establish a positive regulatory
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FIG. 9. Effects of inhibition of Dok-1 function on the activity of
Rho. (A) B16F10 cells transfected with the empty vector (Cont, [con-
trol]) or expressing DokPH+PTB (PH+PTB5) were detached from
their culture dishes and then either maintained in suspension (Susp) or
replated on fibronectin-coated dishes (Adh). After incubation of cells
for 30 min in MEM supplemented with 1% FBS, the active form of
Rho was precipitated from cell lysates with a GST fusion protein
containing the Rho-binding domain of Rhotekin. The resulting pre-
cipitates were then subjected to immunoblot analysis with a MAb to
RhoA (top). Whole-cell lysates were also directly subjected to immu-
noblot analysis with the same MADb to determine the total amount Rho
(bottom). (B) The same two cell lines were deprived of serum for 12 h
and then incubated for 1 min in the absence (—) or presence (+) of 4
uM LPA (Sigma). The active form of Rho was then precipitated and
analyzed as in panel A.

role for this protein in cell migration. In the present study,
however, overexpression of wild-type Dok-1 did not further
enhance cell migration. This apparent discrepancy with our
previous results (31) is most likely due to the difference in the
cell line studied; unlike CHO cells, BI6F10 cells are highly
motile, so that their basal migration rate might already be
maximal.

Another important finding of our present study is that the
dominant negative mutants of Dok-1 reduced the growth rate
of B16F10 cells, suggesting that Dok-1 may positively regulate
the growth of certain types of cancer cells. On the other hand,
overexpression of wild-type Dok-1 did not affect the growth
rate of this cell line. These observations appeared somewhat
unexpected since previous data obtained with hematopoietic
cell lines have suggested that Dok family proteins inhibit cell
growth (29, 38, 40, 46). A likely explanation for this apparent
discrepancy is that the relative contribution of Dok-1 to cell
growth may differ between hematopoietic cells and nonhema-
topoietic cells.

Whereas the DokPH+PTB and DokPH mutants each re-
duced the proportion of endogenous Dok-1 localized to the
membrane, membrane-skeletal, and cytoskeletal fractions, the
effect of DokPH on localization of the endogenous protein to
the cytoskeletal fraction was less marked than that of
DokPH+PTB. This difference suggests that DokPH+PTB
competes with endogenous Dok-1 for upstream regulators in
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the cytoskeleton more effectively than does DokPH. The active
forms of members of the Src family of PTKSs, such as Lyn and
c-Src, that have been suggested to phosphorylate Dok-1 (23,
31, 46) preferentially localize to the cytoskeleton (9, 48). To-
gether, these results might explain why the dominant negative
effect on tyrosine phosphorylation of endogenous Dok-1 is
substantially greater for DokPH+PTB than for DokPH. The
effects of DokPH+PTB on cytoskeletal function and cell
growth were also more pronounced than were those of
DokPH. The extents of these latter effects thus correlated with
the extents to which the mutants inhibited the tyrosine phos-
phorylation of endogenous Dok-1.

With regard to the mechanism by which Dok-1 regulates cell
migration and growth, we showed that overexpression of
DokPH+PTB reduced the activity of Ras. The DokPH+PTB
mutant affected neither the subcellular localization nor the
tyrosine phosphorylation of Shc, a key docking protein respon-
sible for Ras activation (Fig. 4C and data not shown), indicat-
ing that this mutant indeed inactivates Ras through inhibition
of Dok 1 function. Based on the observation that overexpres-
sion of the wild-type protein inactivates Ras, Dok-1 has been
proposed to negatively regulate Ras activity by recruiting Ras-
GAP to cell membrane (37, 47). According to this model,
overexpression of DokPH+PTB would be expected to prevent
RasGAP from localizing to cell membrane. However, we
found no marked effect of this mutant on the amount of Ras-
GAP in the membrane fraction, yet it did reduce the associa-
tion of RasGAP with endogenous Dok-1 in this fraction. Thus,
our results may be inconsistent with the proposed model (37,
47); in contrast, they appear to be in agreement with the
previous observation suggesting that tyrosine-phosphorylated
Dok-1 might up-regulate Ras signaling pathway by inhibiting
RasGAP activity (18). Although the functional significance of
complex formation between Dok-1 and RasGAP in the acti-
vation of Ras remains unclear, our results indicate that at least
in B16F10 cells, Dok-1 may normally down-regulate rather
than enhance RasGAP activity in a tyrosine phosphorylation-
dependent manner. However, overexpression of wild-type
Dok-1 alone did not increase the accumulation of Ras-GTP,
raising the possibility that Ras activation requires not only
Dok-1-mediated down-regulation of RasGAP activity but also
the presence of active guanine nucleotide exchange factors
such as SOS. It is also possible that such overexpression may
allow RasGAP to cluster nearby Ras, thereby overriding Dok-
1-mediated down-regulation of this enzyme. If this latter pos-
sibility holds true, the net effect of exogenous wild-type Dok-1
on Ras activity would vary with its expression level. Activation
of the Ras signaling pathway has been implicated in cytoskel-
etal reorganization and cell motility as well as in cell growth
triggered by growth factor receptors or integrins (11, 19, 28, 30,
33). Thus, Dok-1 may positively regulate these cellular re-
sponses in B16F10 cells through inhibition of RasGAP activity
and the subsequent activation of Ras. However, it is also likely
that Ras-independent mechanisms contribute to these effects,
given that DokPH, which did not reduce Ras activity, was still
able to impair cell spreading and migration as well as cell
growth.

The small GTPase Rho also regulates cell spreading and
migration on the ECM (3, 30, 33, 34). Rho has been suggested
to act downstream of RasGAP to regulate cytoskeletal reor-
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ganization (21). Furthermore, the association of Dok-1 with
RasGAP might affect the activity of p190%"°SAP by modulating
the interaction between p1908"°SAF and RasGAP (10, 15). It
is therefore also possible that Rho participates in the promo-
tion of cell migration by Dok-1. However, this conclusion ap-
pears inconsistent with our observation that inhibition of
Dok-1 function by DokPH+PTB did not affect the activation
of Rho either by cell adhesion or by LPA. The SH2 domain-
containing adapter protein Nck, which also regulates actin
organization (24), is a possible mediator of the effect of Dok-1
on cell migration (31, 41). However, with the use of a coim-
munoprecipitaion assay, we did not detect formation of a com-
plex between Dok-1 and Nck in B16F10 cells (T. Hosooka and
T. Noguchi, unpublished data).

In conclusion, we have shown that Dok-1 positively regulates
the spreading, migration, and growth of B16F10 cells and that
these effects of Dok-1 may be mediated, at least in part,
through activation of Ras. Our data thus provide a potential
new target (Dok-1) for therapeutic intervention in the treat-
ment of highly metastatic cancers such as malignant mela-
noma.
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