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Dok-R has previously been shown to associate with the epidermal growth factor receptor (EGFR) and
become tyrosine phosphorylated in response to EGF stimulation. The recruitment of Dok-R to the EGFR,
which is mediated through its phosphotyrosine binding (PTB) domain, results in attenuation of mitogen-
activated protein kinase (MAPK) activation. Dok-R’s ability to attenuate EGF-driven MAPK activation is
independent of its ability to recruit rasGAP, a known attenuator of MAPK activity, suggesting an alternate
Dok-R-mediated pathway. Herein, we have determined the structural determinants within Dok-R that are
required for its ability to attenuate EGF signaling and to associate with c-Src and with the Src family kinase
(SFK)-inhibitory kinase, Csk. We demonstrate that Dok-R associates constitutively with c-Src through an
SH3-dependent interaction and that this association is essential to Dok-R’s ability to attenuate c-Src activity
and diminish MAPK and Akt/PKB activity. We further illustrate that EGF-dependent phosphorylation of
Dok-R requires SFK activity and, more specifically, that SFK-dependent phosphorylation of tyrosine 402 on
Dok-R facilitates the inducible recruitment of Csk. We propose that recruitment of Csk to Dok-R serves to
bring Csk to c-Src and down-regulate its activity, resulting in a concomitant attenuation of MAPK and
Akt/PKB activity. Furthermore, we demonstrate that Dok-R can abrogate c-Src’s ability to protect the breast
cancer cell line SKBR3 from anoikis and that an association with c-Src and Csk is required for this activity.
Collectively these results demonstrate that Dok-R acts as an EGFR-recruited scaffolding molecule that
processively assembles c-Src and Csk to attenuate signaling from the EGFR.

The precise spatial and temporal control of signals emanat-
ing from an activated receptor tyrosine kinase (RTK) depends
in part on the diverse repertoire of recruited proximal signaling
proteins. These recruited proteins can serve to both augment
the signal from the receptor and to attenuate the signal, the
balance of which is crucial to normal cell physiology (13).
Docking proteins have been shown to play a pivotal role in
transducing signals from activated RTKs. In addition to being
constitutively bound to signaling molecules, these specialized
types of polypeptides also become tyrosine phosphorylated
upon recruitment to RTKs. These tyrosine phosphorylation
events establish high-affinity phoshotyrosine-based binding
sites for the recruitment of additional signaling molecules (17,
34). As such, docking proteins function much like a scaffold
protein, locally enriching the quantity and diversity of signaling
proteins necessary to elicit a defined response to RTK activa-
tion.

One family of docking proteins that appears to have a neg-
ative role in RTK or cytokine signaling is the Dok family of
proteins. Based on amino acid sequence homology, the Dok
family of proteins consists of five members, including Dok,

Dok-R, DokL, Dok4, and Dok5 (4, 6, 10, 14, 19, 25, 47).
Structural characteristics of this family make them most similar
to the insulin receptor substrate family of proteins (6). The
Dok family of proteins contains three distinct protein domains
or regions, which include an amino-terminal pleckstrin homol-
ogy (PH) domain, a central phosphotyrosine binding (PTB)
domain, and a carboxy-terminal proline-rich region (PRR).
Dok4 and Dok5 have been shown to potentiate signals ema-
nating from the c-Ret receptor (14), while Dok, Dok-R, and
DokL have all been shown to primarily mitigate signals down-
stream of a wide array of receptor and nonreceptor tyrosine
kinases (6, 20, 25, 31, 48, 49). It has recently been proposed
that family members Dok, Dok-R, and DokL are phylogeneti-
cally distinct from Dok4 and Dok5 and that they therefore be
considered a separate subgroup of the family based upon func-
tional differences and different patterns of expression (14).

Based upon structure-function analysis, it seems apparent
that Dok, Dok-R, and DokL mediate negative signaling events
by recruiting and locally enriching negative signaling proteins
in the proximal region of transduction cascades. For example
Dok, Dok-R, and DokL have been shown to inducibly interact
with the lipid phosphatase SHIP1 (24, 25, 33), while Dok and
DokL also interact with Csk, a potent negative regulator of
c-Src family kinase members (38).

Both Dok and Dok-R have been shown to inducibly interact
with the GTPase activating protein p120 RasGAP, suggesting
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a negative regulatory role in Ras/Raf/Mek/mitogen-activated
protein kinase (MAPK) signaling pathway (4, 10, 19, 47). Sup-
porting the significance of the Dok/RasGAP association,
Songyang and Baltimore et al. demonstrated in v-src-trans-
formed cells that overexpression of Dok leads to a dramatic
reduction in Ras GTP loading and a concomitant decrease in
cellular transformation (40). Furthermore, genetic ablation of
the Dok locus initiates leukemogenesis, an event which corre-
lates with increased and prolonged MAPK activation (11). In
addition, Gugasyan and Lock et al. demonstrated that bone
marrow cells retrovirally infected with Dok-R are deficient in
their ability to reseed lymphoid organs and that this defect is
dependent on intact RasGAP binding sites (15). Notwithstand-
ing, a clear consensus in the literature with regards to the
functional importance of this association has not been devel-
oped. Kashige and Kobayashi et al. demonstrated that Bcr-
Abl-dependent recruitment of RasGAP to p62 Dok results in
dramatically decreased RasGAP activity, suggesting the exis-
tence of alternate mechanisms, other than the Dok/Dok-R-
RasGAP association, in attenuating tyrosine kinase-driven ac-
tivation of MAPK (21). Consistent with this notion, Zhao and
Aelst et al. found that Dok-dependent attenuation of MAPK
activity following platelet-derived growth factor (PDGF) stim-
ulation was not dependent on its ability to recruit RasGAP or
Nck, but rather was a function of some unknown mechanism
involving phosphatidylinositol 3-kinase (PI3-kinase) activity
(49). Studies by our group on epidermal growth factor receptor
(EGFR) signaling (20) have further indicated that RasGAP
recruitment by Dok-R is not essential for inhibition of MAPK.
And finally, further contributing to the unknown role of Ras-
GAP in modulating the down-regulation of signaling from the
Dok family of proteins, there are data demonstrating that
DokL, which intrinsically lacks RasGAP binding sites, retains
the ability to attenuate MAPK activity in Bcr-Abl-transformed
cells (6).

Herein we attempt to elucidate in further detail what mech-
anisms other than RasGAP may mediate Dok-R-dependent
attenuation of MAPK. Optimal recruitment of Dok-R to the
activated EGFR and its subsequent phosphorylation require
both a functional PH domain and PTB domain, which is re-
quired for Dok-R’s ability to inhibit downstream activation of
MAPK (20). Importantly, these effects were shown not to be a
consequence of Dok-R displacing the Shc/Grb2/Sos complex
from the receptor (20), suggesting a more specific role for
Dok-R in down-regulating MAPK activity than mere compe-
tition for binding sites on the EGFR. Moreover, expression of
a form of Dok-R no longer able to interact with RasGAP
illustrates that recruitment of RasGAP to a phosphorylated
Dok-R is not required to mitigate MAPK activation down-
stream of EGFR (20). Collectively these results support a role
for attenuation of MAPK through a rasGAP-independent
mechanism that requires recruitment of Dok-R to the EGFR.
Here we describe a novel mechanism whereby Dok-R facili-
tates the formation and recruitment of a multi-protein complex
to the activated EGFR, resulting in the attenuation of signals
from this receptor. We present data to support a model
whereby Dok-R is constitutively associated with c-Src and
upon recruitment to the EGFR Dok-R becomes tyrosine phos-
phorylated on tyrosine residue 402, which serves to recruit the
negative regulator kinase, Csk. We show that this processive

recruitment of a Dok-R/c-Src/Csk complex to the EGFR
serves to provide the scaffolding that ultimately leads to the
attenuation of c-Src kinase activity as well as diminished
MAPK and Akt/PKB activity.

MATERIALS AND METHODS

Plasmids. The plasmid encoding hemagglutinin (HA)-Dok-R, HA-Dok-R
�PRR, and HA-Dok-R �C-PRR have previously been described elsewhere (29).
HA-Dok-R �PRR, HA-Dok-R�C-PRR were engineered to contain premature
TAG stop codons situated at nucleotides 815 and 1010, respectively. HA-Dok-R
Y402F, built from the wild-type HA-Dok-R plasmid, was engineered to express
a phenylalanine residue in place of tyrosine 402. This construct and all other
Dok-R constructs were confirmed for sequence integrity. Streptavidin-tagged
Csk SH2 and SH3 were a generous gift of Kari Alitalo. Bacterial glutathione
S-transferase (GST) fusion proteins, including Lck, Abl, Vav, Crk, Src, spectrin,
p85, and Fyn, were a kind gift of Jane McGlade. The plasmid encoding GST-
tagged Erk-2 has previously been described (20). Adenoviruses expressing Flag
Dok-R, Flag Dok-R �PRR were constructed and purified by Andrea Gambotto,
Pittsburgh Viral Vector Core Facility.

Cell lines and cell culture. Cos1 monkey fibroblasts (American Type Culture
Collection), SKBR3 breast carcinoma cell lines (gift of Joyce Slingerland), and
HT29 (gift of Jorge Filmus) were all maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum, 1� penicillin,
and 1� streptomycin (Life Technologies). All transient cell transfections were
performed with 5 �g or 10 �g of plasmid DNA utilizing Lipofectamine (Gibco)
according to the manufacturer’s instructions. Adenoviral infections were per-
formed in normal 10% DMEM at a final multiplicity of infection of 25.

EGF cell stimulation, PMA, and PP1 treatment. Cos1 cells were serum starved
for a period of at least 18 h prior to EGF stimulation for the indicated times.
Purified recombinant EGF (R&D) diluted to 100 ng/ml in serum-free DMEM
was applied to the indicated samples and allowed to incubate at 37°C in 5% CO2.
Immediately after timed EGF stimulation, cells were rinsed in ice-cold phos-
phate-buffered saline and lysed on ice. PP1 and phorbol myristate acetate (PMA)
were suspended in reagent-grade dimethyl sulfoxide (DMSO) (Sigma). Cells
were treated with indicated concentrations of either PP1, PMA, or vehicle.

Antibodies used for immunoprecipitation and Western blotting. Commercially
available antibodies were used as follows: monoclonal anti-Src GD-11, mono-
clonal anti-phosphotyrosine 4G10, and polyclonal Dok-R (Upstate Biotech);
monoclonal anti-phospho-specific p42,44, monoclonal anti-phosphoserine 473
Akt/PKB, and monoclonal anti-Akt (Cell Signaling Technology); monoclonal
anti-HA horseradish peroxidase-conjugated 12CA5 and monoclonal anti-HA
12CA5 (Roche); monoclonal anti-actin AC-40 and monoclonal anti-Flag M2
(Sigma); polyclonal anti-phospho Y527 Src (BioSource); polyclonal anti-GST
Z-5 and polyclonal anti-EGFR 1005 (Santa Cruz); and monoclonal anti-Csk
(Transduction Laboratories). Coimmunoprecipitation and Western blotting pro-
cedures have previously been described (19, 20).

In vitro Src kinase assay. c-Src activity was measured using an in vitro kinase
assay as described previously (7). Briefly, equal quantities of cell lysate were
immunoprecipitated with 1 �g of monoclonal anti-Src antibody and 30 �l of 50%
agarose-bound protein A. Immunoprecipitates were washed three times with 500
�l of lysis buffer and three times with 100 �l of 10 mM HEPES (pH 8.0). Beads
were then resuspended in 35 �l of reaction mixture (45 mM HEPES, pH 8.0, 150
mM NaCl, 50 mM MgCl2, 10 �M Na3VO4, 2 �M ATP, and 10 �Ci of
[�-32P]ATP) containing 0.04 �g/�l acid-treated enolase (see below) and incu-
bated at 25°C for 15 min. Reactions were stopped by addition of 6 �l of 5�
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer and boiling for 5 min. Samples were run through a 7.5% SDS-polyacryl-
amide gel, and the dried gels were analyzed by autoradiography. The protocol for
acid treatment of enolase was adapted from Z. Shen and F. Moran et al. (39).
Briefly, 0.6 �l of enolase suspension (Sigma) was mixed with 0.6 �l of 60 mM
HEPES (pH 8.0), 2.4 mM dithiothreitol, and 60% glycerol and added to 1.2 �l
of 500 mM acetic acid. After incubation at 37°C for 15 min, the reaction was
stopped with 2.4 �l of 100 mM Tris-HCl (pH 8.0) and 20 mM MgCl2.

Cell death ELISA. SKBR3 and HT29 cells were infected with one of the
adenovirus vectors ad-LacZ (vector control), ad-Dok-R, or ad-Dok-R �PRR.
Twenty-four h postinfection, cells were trypsinized and counted in trypan blue.
Fifty thousand viable cells were added to each well of a six-well plate either
coated with 1% agarose (suspension) or uncoated (monolayer) and were then
cultured for an additional 24 h in 10% DMEM at 37°C with 5% CO2. Samples
were analyzed according to the manufacturer’s specifications (Roche, Cell Death
ELISA [enzyme-linked immunosorbent assay] Plus).
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In vitro pull-down assay. Recombinant GST fusion proteins were raised as
previously described. Purity of each GST construct and quantification were
accomplished via PAGE analysis. Each pull-down experiment utilized 2 �g of
purified recombinant GST fusion protein. Cos1 cells were lysed, and pull-downs
were executed as previously described (29). Peptide sequences were as follows:
Dok-R Y402, biotin-PQATEYDNVILKK; and Dok-R pY402, biotin-
PQATEpYDNVILKK.

RESULTS

The carboxyl portion of the proline-rich region of Dok-R is
required for EGF-dependent Erk-2 attenuation. Previously we
demonstrated that Dok-R was able to attenuate EGF-induced
Erk-2 activity in EGF-stimulated Cos-1 cells in a RasGAP-
independent manner (20); thus, we set out to define the alter-
native pathway(s) that were utilized by Dok-R to attenuate
signaling from the EGFR. Towards this goal, a truncation
mutant was engineered for these studies, which completely
deletes the PRR (Dok-R �PRR). The effect of an empty vec-
tor, Dok-R, and Dok-R �PRR on Erk-2 activation was mon-
itored by cotransfection of Cos1 cells with these constructs and
GST-Erk-2 as previously described (20). Serum-starved EGF-
stimulated cells transfected with vector cDNA produced the
predicted time-dependent increase in Erk-2 activation as as-
sessed by immunoblotting for phospho-specific p42,44 MAPK
(Fig. 1). As previously reported, expression of Dok-R in EGF-

stimulated cells resulted in a dramatic decrease in the induc-
tion of Erk-2 activation as well as a delay in the activation
kinetics (Fig. 1), while Dok-R �PRR completely lost this Erk-2
attenuating capacity, which demonstrates that the key residues
for mediating this attenuation are found within the PRR.

c-Src kinase activity is necessary for full EGF-dependent
activation of MAPK. Since our previous studies had demon-
strated that Dok-R-mediated attenuation of Erk-2 activity is
RasGAP independent, we sought to analyze other cognate
MAPK activators downstream of the EGFR. EGF-dependent
recruitment and activation of c-Src have been shown to con-
tribute to the potentiation of several distinct signaling path-
ways which culminate in Erk-2 activation (1). Thus, we were
interested in examining whether Dok-R may be playing a role
in attenuating signals from the activated EGFR through mod-
ulation of c-Src-dependent kinase activity. In order to deter-
mine whether Src-family kinases (SFKs) are involved in Erk-2
activation in our cell system, Cos1 cells transfected with the
Erk-2-GST plasmid were serum starved and stimulated with
EGF in the presence or absence of the SFK inhibitor PP1.
Basal Erk-2 phosphorylation was apparent in the untreated
cells prior to EGF stimulation, and there was a time-depen-
dent increase in Erk-2 activation up to and including 10 min of
stimulation (Fig. 2). Cells that had been pretreated with PP1
demonstrated a potent loss of Erk-2 phosphorylation in both
the unstimulated and stimulated samples. Longer exposure of
the immunoblots illustrated that although there is a detectable
pErk-2 signal in the PP1-treated lanes, the activation is se-

FIG. 2. SFK activity is required for full activation of EGF-depen-
dent MAPK activity. GST-Erk-2-transfected Cos1 cells were serum
starved (serum free [SF]) for 16 h prior to being treated with SFK
inhibitor PP1 (10 �M) or vehicle (DMSO) for 2 h. Cells were either
left unstimulated (lane 0) or stimulated (Stim.) with EGF at 100 ng/ml
for indicated times (2, 5, or 10 min). GST-Erk-2 was purified from
cleared lysates with glutathione Sepharose, and this exogenous Erk-2
was assayed for activation via immunoblotting with phospho-specific
MAPK antibody. Inhibition of SFKs (PP1) but not vehicle dramatically
decreases EGF-dependent MAPK activation in Cos1 cells. Differences
in MAPK activation could not be attributed to total Erk-2 levels
(anti-pan-MAPK). Treatment with PP1 at 10 �M does not influence
activation of the EGFR (anti-pY EGFR).

FIG. 1. The carboxy-terminal region of Dok-R is required for sup-
pression of EGF-dependent MAPK activation. Cos1 cells were tran-
siently transfected with GST-Erk-2 and either vector Dok-R or Dok-R
�PRR. Serum-starved Cos1 cells were left unstimulated (lane 0) or
stimulated (Stim) with 100 ng/ml of EGF for the indicated times (2, 5,
or 10 min). Cleared lysates were prepared, and glutathione Sepharose
was used to specifically purify the exogenous GST-Erk-2. Immunoblot
analysis with phospho-specific MAPK, pan-MAPK (GST-pull-downs)
as well as anti-HA (WCL) was performed. The graph represents rel-
ative MAPK activation determined via anti-phosho-MAPK immuno-
blot analysis when normalized to pan-Erk-2 levels using densitometry
(Molecular Dynamics and ImageQuant 5.0). Results are representa-
tive of four independent experiments and serve to demonstrate that
the PRR of Dok-R is necessary to attenuate EGF-dependent MAPK
activation.
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verely impaired (data not shown). Because high levels of PP1
are known to inhibit EGFR activation in certain systems (16),
we probed our samples for phosphorylated EGFR and dem-
onstrated that the levels of PP1 used in these experiments did
not dramatically affect the activation of the EGFR, suggesting
that these effects can be attributed to inhibition of SFKs.

Dok-R potently attenuates c-Src kinase activity. Our results
demonstrate that EGF-mediated Erk-2 activation requires the
activity of one or more SFKs. We next wanted to examine if
Dok-R-mediated attenuation of EGF-dependent Erk2 activa-
tion was facilitated through modulation of c-Src kinase activity.
To aid in delivering our constructs of interest into cells, we
developed recombinant adenoviruses expressing Dok-R and
Dok-R �PRR. Cos1 cells were infected with either ad-LacZ
(vector), ad-Dok-R, or ad-Dok-R �PRR and incubated for the
indicated times in the presence or absence of EGF. c-Src was
immunoprecipitated from equal amounts of protein lysate, and
in vitro kinase assays were performed using enolase as an
exogenous substrate (7). Several independent in vitro c-Src
kinase assays demonstrated that Dok-R potently inhibits EGF-
induced c-Src kinase activity, whereas this inhibition is com-
pletely abrogated in Dok-R �PRR-infected cells, as they re-
sponded similarly to vector-infected cells (Fig. 3). Interestingly
the levels of c-Src kinase activity in unstimulated Cos1 cells
appeared similar in adenovirus vector, ad-Dok-R, and ad-
Dok-R �PRR samples, indicating that Dok-R does not appear

to influence basal c-Src kinase activity, but rather, Dok-R func-
tions to specifically inhibit EGF-induced c-Src kinase activity.
Control immunoblots indicate that differences in Src kinase
activity could not be accounted for by different levels of total
Src protein or activation of the EGFR (see the WCL anti-src
IB, anti-4G10 IB results on the figure).

Dok-R strongly induces EGF-dependent phosphorylation of
c-Src in the negative regulatory tyrosine, 527. Src kinase ac-
tivity is tightly and dynamically regulated by the opposing ac-
tions of several different phosphatases (8, 9, 12, 35, 50) and
almost exclusively, the carboxy-terminal Src kinase, Csk (32).
Csk down-regulates c-Src kinase activity by catalyzing the ad-
dition of a phosphate group to the negative regulatory tyrosine
(Y527) located in the carboxy-terminal region of c-Src. To
examine the possibility that Dok-R was mediating its attenua-
tion of c-Src through modulation of the intracellular localiza-
tion of and/or activity of Csk, we set out to specifically examine
the phosphorylation of c-Src tyrosine residue 527. Cos1 cells
were transfected with one of the vectors Dok-R and Dok-R
�PRR and allowed to grow for 24 h under normal growth
conditions. Cells were then serum starved and stimulated with
EGF as in our previous experiments. Immunoblot analysis with
an anti-phosphotyrosine 527 (pY527) Src-specific antibody re-
veals that Y527 is hyperphosphorylated in the presence of
overexpressed Dok-R (Fig. 4A). Importantly, these results are
in accordance with our previous in vitro kinase assay results
(Fig. 3) and they suggest that the attenuation of c-Src activity
is dependent upon recruitment of Dok-R to the activated
EGFR. Upon longer exposure of the cells to EGF stimulation,
we see a time-dependent loss of c-Src pY527 signal in the
vector and Dok-R �PRR sample lanes indicative of c-Src ac-
tivation that is not noted in the Dok-R-transfected lanes. To
determine how universal this effect was, we performed the
same assay in NIH 3T3 cells and observed a similar, albeit less
dramatic, hyperphosphorylation of c-Src tyrosine 527, which
most probably reflects the higher expression levels of Dok-R
achieved in Cos1 cells (data not shown). Collectively, these
results suggest that the PRR of Dok-R is required in both Cos1
and NIH 3T3 cells to promote EGF-dependent hyperphospho-
rylation of c-Src Y527, and it is this hyperphosphorylation
event that results in mitigated c-Src kinase activity.

To examine if this effect was specific to EGFR-mediated
signaling events, we cotransfected Cos1 cells with either vector
or Dok-R and GST-Erk-2. Serum-starved cells were either left
unstimulated or stimulated with PMA for the indicated times.
Transfection of Dok-R did not alter the activation of Erk-2
(anti-pErk) or the phosphorylation of c-Src pY527 (anti-Src
pY527) in PMA-stimulated cells (Fig. 4B) when compared to
vector-transfected controls. These results suggest that c-Src-
independent pathways leading to MAPK activation are not
perturbed by overexpression of Dok-R protein but rather
Dok-R functions to specifically inhibit EGF-induced c-Src ac-
tivation (Fig. 3 and 4A).

Dok-R is a substrate of c-Src family kinases. The Dok family
of proteins is known to be tyrosine phosphorylated by several
distinct protein tyrosine kinases, including Tek/Tie2, Hck, Src,
and Abl (19, 27, 29). In previous studies, we have demon-
strated that Dok-R becomes tyrosine phosphorylated upon
EGF stimulation in Cos1 cells (20). In these studies, the kinase
that phosphorylated Dok-R was not determined experimen-

FIG. 3. Dok-R but not vector or Dok-R �PRR inhibits EGF-de-
pendent Src kinase activity. Cos1 cells were infected with adenoviruses
engineered to express either vector (Vec) Dok-R or Dok-R �PRR.
Serum-starved cells were either left unstimulated (�) or stimulated
(�) for 5 min with EGF (100 ng/ml). Src immunoprecipitates from
infected cells were subjected to an in vitro kinase assay using rabbit
enolase as a substrate. Src-mediated enolase phosphorylation (Phos.)
in the vector, Dok-R, and Dok-R �PRR remained at a basal level in
the unstimulated cells. Upon EGF stimulation, cells infected with
vector or Dok-R �PRR demonstrated a dramatic increase in enolase
phosphorylation, while overexpression of Dok-R completely abolished
this effect. Immunoblot analysis of Src levels (anti-Src IB) reveals that
these effects are not due to differing levels of total Src protein, nor are
can they be accounted for by differential EGFR activation (anti-pY
EGFR).
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tally; thus, we set out to further define the kinase(s) responsi-
ble for EGF-dependent Dok-R phosphorylation. Our initial
experiments using the SFK inhibitor PP1 (Fig. 2) suggested
that in Cos1 cells SFK activity is absolutely required for full
activation of Erk-2; thus, we focused our studies on SFKs. Cos1
cells infected with either ad-Dok-R or ad-Dok-R �PRR were
treated with PP1 or vehicle (DMSO) prior to stimulation with
EGF. Precleared whole-cell lysates (WCL) were analyzed for
evidence of stimulation-dependent Dok-R tyrosine phosphor-
ylation via immunoblot analysis with an antiphosphotyrosine
antibody (Fig. 5). Inhibition of SFK activity with PP1 resulted
in a dramatic reduction of Dok-R phosphorylation. Interest-
ingly the inability of c-Src to physically associate with Dok-R
�PRR (see Fig. 7A) does not fully abrogate its SFK-dependent
phosphorylation, as indicated by the fact that Dok-R �PRR to
a small degree is tyrosine phosphorylated and this phosphor-
ylation is lost upon treatment with as little as 1 �M PP1.
PP1-sensitive phosphorylation of Dok-R �PRR suggests that
at least one tyrosine residue upstream of the PRR is phosphor-
ylated upon EGF stimulation and that this specific phosphor-
ylation event is mediated by an SFK member. These results
may be consistent with those of Songyang et al., as it has
recently become apparent that Dok-R, like Dok, becomes
phosphorylated on tyrosine residue 142 (unpublished data;
Biosource USA), the analogous residue to Dok tyrosine 146
(40). Our results demonstrate that, upon recruitment of Dok-R

to the activated EGFR, it becomes tyrosine phosphorylated
and the phosphorylation of these tyrosine residues is primarily
mediated by an SFK.

Endogenous coimmunoprecipitation of Dok-R/EGFR/c-Src/
Csk. The preceding structure-function studies required trans-
fection and viral experimental approaches; thus, to further
validate that these interactions occur in vivo, we tested for the
presence of this multiprotein complex in an instance where the
EGFR was presumed to be activated in vivo. Embryonic day-
12.5 CD1 mouse embryos were harvested on ice and then
disaggregated in EDTA/EGTA. In an attempt to further in-
sure maximal activation of the EGFR, half of the cell suspen-
sion was stimulated with EGF while the other half was left
unstimulated. Cell lysates were prepared, and a single immu-
noprecipitation was conducted for each of the stimulated and
unstimulated samples using equal quantities of either co-
valently cross-linked anti Dok-R Sepharose or irrelevant con-
trol rabbit immunoglobulin G (IgG) Sepharose (non-cross-
linked). Each immunoprecipitation was split into four equal
portions, and individual Western blots for c-Src, EGFR, Csk,
and Dok-R were performed (Fig. 6). The pretreatment of
disaggregated embryonic cells with EGF did not increase the
relative phosphorylation levels of EGFR, suggesting that the
EGFR is already fully activated in early embryos (Fig. 6).
Immunoprecipitations utilizing the anti Dok-R antibody spe-
cifically associated with large amounts of c-Src and Csk, while

FIG. 4. (A) Overexpression of Dok-R facilitates EGF-dependent hyperphosphorylation of autoinhibitory Src Y527. Serum-starved Cos1 cells
transfected with either vector Dok-R or Dok-R �PRR were either left unstimulated (lane 0) or stimulated (Stim.) with EGF at 100 ng/ml (2, 5,
or 10 min) for the indicated times. Cleared lysates were prepared and subjected to SDS-PAGE. Immunoblot analysis of WCL demonstrates that
overexpression of Dok-R but not vector or Dok-R �PRR results in an EGF-dependent hyperphosphorylation of Src on tyrosine 527. These results
cannot be accounted for by overall Src levels (anti-Src immunoblot) or differences in EGFR activation (anti-pY EGFR). Coincident with the
Dok-R-dependent hyperphosphorylation of Src Y527 is a dramatic decrease in Akt activation (anti-Akt pS 473), which cannot be accounted for
by overall Akt protein levels (anti-pan-Akt). (B) Dok-R does not inhibit Src kinase or MAPK activation in response to PMA stimulation. Cos1
cells cotransfected with one of either vector or Dok-R and GST-Erk2 were left unstimulated (lane 0) or stimulated for indicated times (2, 5, and
10 min) with 200 nM PMA. Cleared lysates were prepared and subjected to SDS-PAGE. Immunoblot analysis demonstrates that overexpression
of Dok-R does not result in PMA-dependent inhibition of Src kinase activity (anti-Src pY527) or MAPK activation (Gst Ppt/anti-pErk) when
compared to vector-transfected cells.
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EGFR was copurified with Dok-R, albeit at smaller amounts.
There was a complete absence of c-Src, Csk, EGFR, and
Dok-R in the immunoprecipitations with control rabbit IgG.
Attempts to resolve Dok-R from IgG heavy chain have proved
futile (see bottom panel, Fig. 6). As such, covalent cross-link-

ing of the anti-Dok-R antibody facilitates relative determina-
tion of the quantity of Dok-R immunoprecipitated in this ex-
periment. The total quantity of IgG heavy chain noted in the
Csk Western blot is approximately equal to that in the Dok-R
Western blot. The increase in the signal pertaining to the
Dok-R immunoprecipitation/Western blot when compared to
the Dok-R immunoprecipitation/Csk Western blot can be at-
tributed solely to the quantity of Dok-R that was removed
from the embryonic lysates. The large amount of IgG heavy
chain noted in the rabbit IgG immunoprecipitation/Dok-R
Western blot is a reflection of the fact that this IgG was not
covalently cross-linked to the beads. The high activation state
of the EGFR in lysates produced from early embryos pre-
cluded us from detailing the inducibility of these interactions.

Constitutive interaction between Dok-R and c-Src. Towards
further defining the type of interactions occurring between
Dok-R/Src/Csk/EGFR, we performed detailed structure-func-
tion studies utilizing the Cos transfection system described
earlier. SFKs have been shown to interact in both inducible
and constitutive manners with numerous signaling molecules
(43); thus, we sought to determine if Dok-R was able to asso-
ciate with c-Src. Cos1 cells were cotransfected with plasmids
encoding c-Src and either vector Dok-R, a truncation mutant
engineered to delete the final 76 amino acids of the PRR
(Dok-R �C PRR), or Dok-R �PRR. Transfected serum-
starved cells were either left unstimulated or stimulated for 5
min with EGF. Immunoprecipitations for either c-Src or
Dok-R (Fig. 7A) demonstrated that these two proteins were
found associated with each other in a non-EGF stimulation-
dependent manner. Furthermore, neither of the truncation
mutants Dok-R �C PRR and Dok-R �PRR was able to asso-
ciate with c-Src, demonstrating the region on Dok-R required
for interaction with c-Src resides in the last 76 amino acids of
Dok-R. To delineate the region on c-Src responsible for the
constitutive interaction with Dok-R, purified GST-SH3 fusion
proteins were tested for their ability to bind Dok-R in in vitro
pull-down assays. Pull-down experiments with several different
GST-SH3 domains demonstrated that Dok-R was unable to
associate with purified SH3 domains of Vav, spectrin, p85, and

FIG. 5. Dok-R is a substrate of SFKs. Cos1 cells transfected with
either Dok-R or Dok-R �PRR were serum starved for 16 h prior to a
two-hour pretreatment with PP1 (1, 5, and 15 �M) or vehicle (�).
Following the pretreatment, cells were either left unstimulated (�) or
stimulated (�) for 5 min with 100 ng/ml EGF. Cleared lysates were
resolved via SDS-PAGE. Immunoblot analysis of lysates with an an-
ti-pY antibody demonstrates that Dok-R and, to a much lesser degree,
Dok-R �PRR become tyrosine phosphorylated in response to EGF
stimulation. Increasing concentrations of PP1 are able to completely
abolish phosphorylation of Dok-R �PRR, while phosphorylation of
Dok-R is severely impaired in a dose-dependent manner by PP1 treat-
ment. Changes in Dok-R phosphorylation are not a reflection of
changes in total Dok-R or Dok-R �PRR protein levels (anti-HA,
WCL), nor are they due to PP1-dependent changes in EGFR activa-
tion (anti-pY EGFR) or EGFR levels (anti-EGFR).

FIG. 6. Dok-R/Src/Csk/EGFR can be coimmunoprecipitated in vivo. Disaggregated embryonic day-12.5 mouse embryos were either left
unstimulated or stimulated with EGF for 10 min. Lysates prepared from these samples were subjected to immunoprecipitation (IP) with either
antisera to Dok-R (covalently cross-linked to Sepharose beads) or control rabbit IgG (non-cross-linked). Immunoprecipitations containing the
Dok-R antisera copurified c-Src, Csk, and EGFR, while these proteins were not detected in the rabbit IgG control lanes. Western blots were
performed to assess the relative activation of EGFR in response to EGF stimulation. Based on this analysis, it appears that the EGFR is already
maximally phosphorylated in the context of the embryonic tissue used for this experiment (see EGFR IP/pTyr immunoblot [IB] and EGFR
IP/EGFR IB).
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Crk, whereas it is able to associate with the SH3 domain of
c-Src, Lck, Fyn, and Abl (Fig. 7B). These results illustrate that
c-Src is bound to Dok-R in a constitutive fashion and that this
association requires the SH3 domain of c-Src and the last 76
amino acids of Dok-R.

Recruitment of Csk to Dok-R is mediated by phosphoryla-
tion of tyrosine 402. Since previous reports have demonstrated
that Dok and DokL both inducibly interact with Csk (25, 38),

we decided to explore the possibility that Dok-R serves as a
scaffolding protein that recruits Csk into close proximity of
c-Src. As noted earlier the relatively high degree of EGFR
activation found in mouse embryonic lysates (Fig. 6) precluded
us from defining the nature of the Dok-R/Csk interaction. As
such, we set out to specifically determine whether the SH2
domain of Csk could associate with Dok-R or Dok-R �PRR
isolated from EGF-stimulated Cos1 cells. To this end, Esche-
richia coli purified Csk SH2 was tested for its ability to associ-
ate with Dok-R in an in vitro pull-down assay. We demon-
strated that the SH2 of Csk is able to interact with Dok-R in an
EGF-inducible manner and that this interaction is dependent
on the PRR (Fig. 8A). Furthermore, this interaction is severely
impaired upon pretreatment of the Cos1 cells with PP1, sug-
gesting the tyrosine on Dok-R that is responsible for this in-
teraction is phosphorylated by an SFK member. Lending cre-
dence to this result is the fact that the most carboxy-terminally
located tyrosine in Dok-R-Y402 is nested in a consensus se-
quence (YXXV) that has been previously identified to be both
phosphorylated by SFK members and bound by Csk. To con-
firm this fact, we performed a peptide competition assay to test
the hypothesis that Dok-R Y402 is the tyrosine that mediates
the interaction with Csk. Phosphorylated and nonphosphory-
lated peptides spanning the region surrounding Dok-R Y402
were manufactured and tested for their ability to compete for
Csk SH2 binding in the presence of Dok-R. Results clearly
demonstrate that the phosphorylated peptide, but not the non-
phosphorylated peptide, competes for Csk SH2 binding and
that this competition is concentration specific (Fig. 8B). Note
that we were not able to fully compete off all of the Dok-R-
bound Csk SH2 even at high molar equivalents; however, we
believe that this is due to a minor nonspecific association that
occurs between Dok-R and the GST moiety (see Fig. 8A, lanes
3 and 4).

Dok-R attenuates EGF-dependent activation of Akt. Several
biologically important kinases are found in signaling pathways
that are downstream of other kinases. These kinase-kinase
cascades serve to amplify and diversify signals; one such kinase
is the serine/threonine kinase, Akt/PKB. In a recent report,
Kong and Posner et al. demonstrated that full EGF-dependent
activation of Akt requires Src family kinase activity in rat
hepatocytes (23). Thus, we set out to determine whether Dok-
R’s ability to attenuate c-Src and ultimately Erk-2 activation
could also result in the attenuation of other kinases such as
Akt. Cos1 cells expressing Dok-R or Dok-R �PRR were either
left unstimulated or stimulated with EGF for the indicated
times, and lysates were probed with an activation-specific an-
tibody directed to phosphorylation of Akt serine residue 473
(18). Cells transfected with either empty vector or Dok-R
�PRR produced very similar levels of activated Akt, such that
phospho-Akt levels increased rapidly upon stimulation, per-
sisted for at least 5 min, and then began to decline considerably
by 10 min poststimulation (Fig. 4A). In dramatic contrast to
this, cells expressing Dok-R demonstrated severely impaired
levels of Akt activation. Control immunoblots of lysates from
these samples suggests that the stark differences in Akt acti-
vation between these experimental groups of samples cannot
be accounted for by different levels of EGFR activation (an-
ti-pY blot), total Akt levels (pan-Akt), or overall protein levels
(anti-B-actin). The central role that c-Src plays in normal cel-

FIG. 7. Dok-R and Src constitutively coimmunoprecipitate from
Cos1 cells, and this association is mediated through Dok-R’s PRR.
(A) Serum-starved Cos1 cells cotransfected with Src and either vector
Dok-R, Dok-R �C PRR, or Dok-R �PRR were either left unstimu-
lated (�) or stimulated (�) with EGF at 100 ng/ml for 5 min. Cleared
lysates were prepared, and immunoprecipitations (IP) were performed
for either Src or HA (Dok-R constructs). Reciprocal experiments were
performed in which Src immunoprecipitations were immunoblotted
(IB) for HA or HA immunoprecipitations were immunoblotted for
Src. In both cases, coimmunoprecipitation of Dok-R and Src was noted
and was not dependent on EGF stimulation (compare lanes 2 and 3).
Membranes were stripped and reprobed (Src IP/Src IB and HA IP/HA
IB) and serve to demonstrate that the inability of Dok-R �C PRR, and
Dok-R �PRR to coimmunoprecipitate with Src was not due to a
relative lack of these proteins in the immunoprecipitation. (B) The
SH3 domain of Src is capable of binding Dok-R in vitro. Cos1 cell
lysates transfected with HA Dok-R were mixed with GST or GST-SH3
domain fusions of Lck, Abl, Crk, Src, Vav, spectrin, p85, or Fyn and
separated by SDS-PAGE. Anti-HA immunoblots revealed that specif-
ically the SH3 domains of Lck, Abl, Src, and Fyn precipitated Dok-R
and not GST or the other GST-SH3 fusion proteins.
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lular physiology suggests that Dok-R’s ability to attenuate c-
Src activity may extend to numerous pathways that are down-
stream of c-Src, including Erk-2 and Akt, the latter playing a
key role in mediating cell survival.

Potentiation of anoikis by Dok-R. Expression of c-Src or
v-Src has been shown to play a pivotal role in counteracting cell
detachment-induced apoptosis (anoikis) (5, 46). The breast
cancer cell line SKBR3 is known to express high levels of
EGFR and c-Src and display increased resistance to anoikis (2,
45). Thus, we utilized this cell line to examine if expression of
Dok-R within these cells could sensitize them to anoikis. The
colorectal carcinoma cell line, HT29, also known to express

very high levels of c-Src (46), was included to examine the
relative importance of EGFR signaling. Both cell lines were
cultured in monolayer and then infected with one of either
ad-LacZ (vector), ad-Dok-R, or ad-Dok-R �PRR. After 24 h,
the cells were trypsinized and counted, and equal numbers of
cells were seeded into six-well dishes that were either coated
with agarose (suspension) or not (monolayer). Immunoblot
analysis of protein lysates from infected cells demonstrates that
both Dok-R cDNAs were expressed to similar levels (data not
shown). HT29 cells were unaffected by either of the Dok-R
expressing viruses; paradoxically, SKBR3 cells expressing
Dok-R �PRR were somewhat sensitized to anoikis when com-
pared to parental (ad-LacZ) SKBR23 cells, while cells express-
ing Dok-R were highly sensitized (Fig. 9).

DISCUSSION

Since their cloning, it has been known that Dok and DokL
bind Csk, although the functional significance of this interac-
tion has remained elusive. Our data now clearly demonstrate
that Dok-R also binds Csk, further lending support to the
notion that Dok, DokL, and Dok-R belong to a subfamily of
the larger Dok family. These data provided the impetus for us
to test the hypothesis that Dok-R attenuates MAPK activation
by modulating EGF-dependent c-Src kinase activity specifically
and beg the question that in general this subfamily of proteins
may function universally to modulate c-Src kinase activity. As
such, one would imagine, based upon shared sequence and
structural characteristics, that this subfamily shares similar
and/or overlapping functions. These three family members are
generally known as context-specific attenuators of receptor and
nonreceptor tyrosine kinase signaling. More specifically, they
have been shown in many different settings to attenuate down-
stream activation of MAPK and thus counteract mitogenic cell
signaling. The mechanism by which this takes place is still not
clear, and herein we present an alternate novel mechanism

FIG. 9. Overexpression of Dok-R sensitizes SKBR3, but not HT29
cells, to cell detachment-induced cell death. SKBR3 and HT29 cells
were infected with adenoviruses engineered to express one either vec-
tor Dok-R or Dok-R �PRR. Twenty-four h postinfection, cells were
placed in monolayer or suspension culture for indicated times. Tripli-
cate samples were analyzed for cell death with the Cell Death ELISA
Plus kit (Roche). Results are representative of three separate experi-
ments performed in triplicate. abs@405nm, A405.

FIG. 8. (A) Dok-R, but not vector or Dok-R �PRR, inducibly
interacts with the SH2 domain of Csk. Cos1 cells were infected with
adenoviruses engineered to express either vector Dok-R or Dok-R
�PRR. The cells were either left unstimulated, stimulated with EGF,
or stimulated with EGF plus PP1. Cleared lysates of these cells were
subjected to GST Sepharose alone or GST-Csk SH2 Sepharose in in
vitro pull-down assays. (B) Src-dependent phosphorylation of Dok-R
Y402 mediates Csk SH2 binding. Cos1 cells infected with Dok-R or
vector adenoviruses were left either unstimulated or stimulated with
EGF. Lysates from these cells were collected, and phosphorylated or
nonphosphorylated peptides corresponding to the region spanning
Dok-R Y402 were tested for their ability to compete for GST-Csk SH2
binding. Peptide concentration was calculated as molar equivalents
when compared to total GST-Csk SH2 (i.e., moles of peptide/mole of
Csk SH2).
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using the EGFR and Dok-R as prototype members to gain
valuable insight into the role of Csk and c-Src in these events.
We show processive assembly of an EGF-inducible quaternary
complex consisting of the EGFR, Dok-R, c-Src, and Csk. Pre-
vious work in our laboratory has shown that Dok-R is recruited
to an activated EGFR via association of its PTB domain with
phosphorylated tyrosine residues 1086 and 1148 of the EGFR
(20). Here we demonstrate that Dok-R is able to shuttle con-
stitutively associated c-Src to the EGFR, whereupon there is a
transient activation of c-Src that results in tyrosine phosphor-
ylation of the PRR of Dok-R. Phosphorylation of these sites is
SFK dependent and serves to recruit downstream signaling
proteins to Dok-R. One such protein is the negative regulator
of c-Src, Csk. We show that one of the sites that c-Src specif-
ically phosphorylates on Dok-R, Y402 is nested within an ideal
consensus sequence (YXXV) for SH2-dependent binding of
Csk. The inducible recruitment of Csk to this complex posi-
tions c-Src and Csk in such a way that Csk is able to hyper-
phosphorylate the negative regulatory tyrosine of c-Src, Y527
(Fig. 10, schematic). Furthermore, the noted hyperphosphory-
lation of c-Src Y527 correlates with a dramatic loss of EGF-
dependent activation of c-Src kinase, MAPK, and Akt that
occurs as soon as 2 min poststimulation and persists for at least
ten minutes.

EGF-driven cell proliferation is a highly conserved cellular
event that requires exquisite regulation. Tyrosine residues 845
and 1101 of the EGFR have been shown to be phosphorylated
in vivo in response to recruitment and activation of c-Src (36,
44), while in vitro tyrosine residues 891 and 920 are c-Src-
specific substrates (41). Although mutation of tyrosine 845 to
phenylalanine does not affect the overall kinase activity of the
EGFR, c-Src-dependent phosphorylation of this residue has
been shown to be a critical event for EGF-driven mitogenesis
(28, 44). Two primary mitogenic pathways that are activated by
the EGFR are the Ras and the phospholipase C-� (PLC-�)

pathway. Full activation of either of these pathways requires
EGFR-c-Src complex formation (3, 28, 37). The ability of Dok
and Dok-R to inducibly associate with the inhibitor of Ras
signaling, RasGAP, suggests that the Dok proteins may im-
pinge on the MAPK pathway by promoting the turnover of
GTP-bound Ras to GDP-bound Ras, thus inactivating the Ras-
dependent arm of MAPK activation. Some evidence has been
presented to support this idea (4, 38, 40, 47, 48). However, we
demonstrate here and in previous work (20) that Dok-R is
capable of strongly inhibiting EGF-dependent c-Src kinase ac-
tivity and that the noted attenuation of MAPK associated with
enforced Dok-R expression is more likely a consequence of
c-Src inhibition than a function of its ability to recruit RasGAP
and shut down Ras signaling. Importantly, these two phenom-
ena are difficult to differentiate and ultimately may lead to
similar outcomes. For instance, if EGF-dependent c-Src activ-
ity is diminished, there will be a concomitant decrease in phos-
phorylation of EGFR substrates Shc and PLC-� and thus the
Ras signaling pathway. Alternatively, if Dok-R was, through
recruitment of RasGAP, attenuating Ras activation, one would
observe the same effects, starting from Ras GTP loading down
to MAPK activation. Our previous work (20), however, dem-
onstrates that site-directed ablation of the RasGAP binding
sites on Dok-R does not mitigate its ability to attenuate MAPK
activation, nor does Dok-R displace Shc from being recruited
to the EGFR, further lending support to the idea that Dok-R
inhibits MAPK activation by modulating c-Src kinase activity.

Negative feedback loops in signal transduction serve to limit
the intensity and duration of a particular signal and are there-
fore necessary to maintain cellular homeostasis (13). For in-
stance, the activation of cell signaling events in T cells is tightly
regulated and is dependent upon antigen receptor ligation and
subsequent activation/inactivation of Lck or Fyn (30). Specif-
ically in the case of T-cell receptor activation, Lck and Fyn
phosphorylate key tyrosine residues that reside within recep-
tor-associated chains—immunoreceptor tyrosine-based activa-
tion motifs as well as within PAG/Cbp (26). Phosphorylation of
PAG/Cbp on tyrosine 317 facilitates the recruitment of Csk.
Although little is currently known about Csk activation, it has
been shown that binding of Csk to PAG/Cbp and its juxtapo-
sition to Lck and Fyn are sufficient for Csk to phosphorylate
the carboxy-terminal inhibitory tyrosine of these SFK members
(42). Furthermore, it is the intensity of the original signal that
dictates the degree to which the signal will be allowed to
propagate, implying a high degree of regulation at the level of
both activation and inactivation. Dok-R, like PAG/Cbp, is an
adapter/scaffolding protein. Unlike PAG/Cbp, which is consti-
tutively associated with gycosphingolipid-enriched microdo-
mains, Dok-R is inducibly recruited to phosphoinsitol phos-
phates by virtue of its PH domain. The significance of this
difference is not currently known, but it would suggest an even
greater level of regulation that is facilitated through EGF-
dependent changes in phosphorylation-dephosphorylation sta-
tus of proximal inositol lipids. Like T-cell receptor activation,
signaling events initiated by the EGFR involve activation of
the SFK members. Here we show that activation of the EGFR
results in SFK-mediated tyrosine phosphorylation of Dok-R,
recruitment of Csk, and a subsequent attenuation of c-Src
kinase activity, thereby specifically inhibiting c-Src-dependent
aspects of EGFR signaling.

FIG. 10. Dok-R mediates attenuation of EGF-dependent MAPK
and Akt activation through processive recruitment of c-Src and Csk.
c-Src is tightly and dynamically maintained between active (pY416)
and inactive (pY527) conformations. In the absence of EGF stimula-
tion, a portion of c-Src constitutively interacts with the PRR of Dok-R.
Upon EGF stimulation, Dok-R is recruited to the EGFR, where a
transient activation of c-Src occurs. c-Src-dependent phosphorylation
of Dok-R tyrosine 402 facilitates the recruitment of Csk and subse-
quent inhibition of Src kinase activity.
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Aside from mitogenesis, c-Src is involved in many other
cellular functions, including regulation of the cytoskeleton,
vascular permeability, and apoptosis. In the case of apoptosis,
Windham and Gallick et al. and Coll and Filmus et al. exam-
ined the role of c-Src in counteracting cell detachment-induced
cell death-anoikis (5, 46). Coll and Filmus et al. found that
v-Src-induced activation of Mek/MAPK leads to increased ex-
pression of the antiapoptotic protein Bcl-xL, while Windham
and Gallick et al. demonstrate that increased levels of c-Src
expression and/or activity in colon epithelial cells result in a
survival advantage conferred by Akt/PKB activation. Stover et
al. have investigated the collaborative role EGFR and c-Src
play in recruiting the p85 subunit of the antiapoptotic protein
PI3 kinase to the EGFR. Their work demonstrates that c-Src-
dependent phosphorylation of EGFR tyrosine residue 920 fa-
cilitates recruitment of PI3 kinase in cancer cell lines DLD-1
and MCF 7 (41). Although c-Src-dependent recruitment of p85
to an activated EGFR is interesting, it does not, in and of itself,
address whether this interaction is sufficient to activate PI3
kinase and its downstream substrate, Akt/PKB. Kessenbrock et
al. have since demonstrated that PP1 treatment of T47D cells
blocks EGF-induced activation of the antiapoptotic protein
kinase AKT/PKB, suggesting that this event requires c-Src
kinase activity (22). Herein we describe a Dok-R-dependent
decrease in EGF-driven c-Src kinase activity that correlates
with a decrease in both MAPK and, consistent with the above
studies, a concomitant decrease in Akt activation. Our current
studies demonstrate that Dok-R is able to sensitize SKBR3
cells, one of the two cell lines tested, while the other line,
HT29, was completely unaffected. We believe that one possible
explanation for this is the EGFR status of each of the cell lines.
While both cell lines express high levels of c-Src, SKBR3 cells
have much higher levels of EGFR (2; and data not shown). As
detailed in our previous studies (20), Dok-R must be recruited
to the EGFR to efficiently attenuate MAPK activity. Here, we
show that this attenuation is dependent on Dok-R’s ability to
modulate c-Src kinase activity, suggesting that cell lines pos-
sessing intrinsically low levels of EGFR, such as HT29, would
not be sensitive to Dok-R-mediated effects. Quite unexpect-
edly we find that Dok-R �PRR was able to partially sensitize
SKBR3 cells to cell detachment-induced cell death. Although
the origin of this result is not currently known, we are exam-
ining the possibility that there are functional Dok-R domains
outside of the PRR that participate in apoptosis. One possi-
bility is phosphorylation of Dok-R tyrosine 142. Songyang et al.
demonstrated that the equivalent tyrosine in Dok, tyrosine 146,
becomes phosphorylated in a v-Src-specific manner and that
this phosphorylation event facilitates clustering of additional
Dok proteins via homotypic PTB-based interactions (40). If
this proves to be the case for Dok-R, the Dok-R �PRR may be
recruiting wild-type endogenous Dok-R to activated EGF re-
ceptors in the SKBR3 cells.

Perhaps the most intriguing concept to arise from this work
is the notion that Dok, Dok-R, and DokL are global inhibitors
of SFK members. This is not a novel idea though: Lemay and
Veillette et al. coined this idea upon cloning of Dok3 (DokL),
suggesting that Dok and DokL may inhibit SFKs by virtue of
their ability to recruit Csk (25). Until now there has been no
evidence to substantiate this hypothesis. Dok-R, unlike Dok,
associates with c-Src via a constitutive SH3-mediated interac-

tion not an inducible SH2-based interaction. GST pull-down
assays conducted in our laboratory (Fig. 3) serve to demon-
strate that the SH3 domains of SFK members c-Src, Lck, and
Fyn as well as Abl are able to directly interact with Dok-R.
Although we did not examine the binding of additional SFK
members, due to the highly conserved nature of their SH3
domains, it seems possible that Dok-R may bind several as yet
undetermined SFK members. Taken together with the fact that
Dok-R associates with Csk in an inducible fashion and that
Dok-R binds many receptor and nonreceptor tyrosine kinases,
it is intriguing to consider the possibility that the phenomenon
that we see with the EGFR may be a highly conserved manner
of attenuating RTK-induced SFK signaling.
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