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Rapid protein kinaseD (PKD) activation andphosphorylation
via protein kinaseC (PKC) have been extensively documented in
many cell types cells stimulated bymultiple stimuli. In contrast,
little is known about the role and mechanism(s) of a recently
identified sustained phase of PKD activation in response to G
protein-coupled receptor agonists. To elucidate the role of
biphasic PKD activation, we used Swiss 3T3 cells because PKD
expression in these cells potently enhanced duration of ERK
activation and DNA synthesis in response to Gq-coupled recep-
tor agonists. Cell treatmentwith the preferential PKC inhibitors
GF109203X or Gö6983 profoundly inhibited PKD activation
induced by bombesin stimulation for <15 min but did not pre-
vent PKD catalytic activation induced by bombesin stimulation
for longer times (>60min).The existenceof sequential PKC-de-
pendent and PKC-independent PKD activation was demon-
strated in 3T3 cells stimulated with various concentrations of
bombesin (0.3–10 nM) or with vasopressin, a different Gq-cou-
pled receptor agonist. To gain insight into the mechanisms
involved, we determined the phosphorylation state of the acti-
vation loop residues Ser744 and Ser748. Transphosphorylation
targeted Ser744, whereas autophosphorylation was the predom-
inant mechanism for Ser748 in cells stimulated with Gq-coupled
receptor agonists. We next determined which phase of PKD
activation is responsible for promoting enhanced ERK activa-
tion andDNAsynthesis in response toGq-coupled receptor ago-
nists. We show, for the first time, that the PKC-independent
phase of PKD activationmediates prolonged ERK signaling and
progression to DNA synthesis in response to bombesin or vaso-
pressin through a pathway that requires epidermal growth fac-
tor receptor-tyrosine kinase activity. Thus, our results identify a
novel mechanism of Gq-coupled receptor-induced mitogenesis
mediated by sustained PKD activation through a PKC-inde-
pendent pathway.

The understanding of the mechanisms that control cell pro-
liferation requires the identification of the molecular pathways
that govern the transition of quiescent cells into the S phase of
the cell cycle. In this context the activation and phosphoryla-
tion of protein kinase D (PKD),4 the foundingmember of a new
protein kinase family within the Ca2�/calmodulin-dependent
protein kinase (CAMK) group and separate from the previously
identified PKCs (for review, see Ref. 1), are attracting intense
attention. In unstimulated cells, PKD is in a state of low catalytic
(kinase) activity maintained by autoinhibition mediated by the
N-terminal domain, a region containing a repeat of cysteine-
rich zinc finger-like motifs and a pleckstrin homology (PH)
domain (1–4). Physiological activation of PKD within cells
occurs via a phosphorylation-dependent mechanism first iden-
tified in our laboratory (5–7). In response to cellular stimuli (1),
including phorbol esters, growth factors (e.g. PDGF), and G
protein-coupled receptor (GPCR) agonists (6, 8–16) that signal
throughGq,G12,Gi, andRho (11, 15–19), PKD is converted into
a form with high catalytic activity, as shown by in vitro kinase
assays performed in the absence of lipid co-activators (5, 20).
During these studiesmultiple lines of evidence indicated that

PKC activity is necessary for rapid PKD activation within intact
cells. For example, rapid PKD activation was selectively and
potently blocked by cell treatment with preferential PKC inhib-
itors (e.g. GF109203X or Gö6983) that do not directly inhibit
PKD catalytic activity (5, 20), implying that PKD activation in
intact cells is mediated directly or indirectly through PKCs.
Many reports demonstrated the operation of a rapid PKC/PKD
signaling cascade induced bymultipleGPCR agonists and other
receptor ligands in a range of cell types (for review, see Ref. 1).
Our previous studies identified Ser744 and Ser748 in the PKD
activation loop (also referred as activation segment or T-loop)
as phosphorylation sites critical for PKC-mediated PKD activa-
tion (1, 4, 7, 17, 21). Collectively, these findings demonstrated
the existence of a rapidly activated PKC-PKD protein kinase
cascade(s). In a recent study we found that the rapid PKC-de-
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pendent PKD activation was followed by a late, PKC-independ-
ent phase of catalytic activation and phosphorylation induced
by stimulation of the bombesin Gq-coupled receptor ectopi-
cally expressed in COS-7 cells (22). This study raised the possi-
bility that PKD mediates rapid biological responses down-
stream of PKCs, whereas, in striking contrast, PKD could
mediate long term responses through PKC-independent path-
ways. Despite its potential importance for defining the role of
PKC and PKD in signal transduction, this hypothesis has not
been tested in any cell type.
Accumulating evidence demonstrates that PKD plays an

important role in several cellular processes and activities,
including signal transduction (14, 23–25), chromatin organiza-
tion (26), Golgi function (27, 28), gene expression (29–31),
immune regulation (26), and cell survival, adhesion, motility,
differentiation, DNA synthesis, and proliferation (for review,
see Ref. 1). In Swiss 3T3 fibroblasts, a cell line used extensively
as amodel system to elucidatemechanisms ofmitogenic signal-
ing (32–34), PKDexpression potently enhances ERKactivation,
DNA synthesis, and cell proliferation induced by Gq-coupled
receptor agonists (8, 14). Here, we used this model system to
elucidate the role and mechanism(s) of biphasic PKD activa-
tion. First, we show that the Gq-coupled receptor agonists
bombesin and vasopressin, in contrast to phorbol esters, spe-
cifically induce PKD activation through early PKC-dependent
and late PKC-independentmechanisms in Swiss 3T3 cells. Sub-
sequently, we demonstrate for the first time that the PKC-in-
dependent phase of PKD activation is responsible for promot-
ing ERK signaling and progression to DNA synthesis through
an epidermal growth factor receptor (EGFR)-dependent path-
way. Thus, our results identify a novel mechanism of Gq-cou-
pled receptor-inducedmitogenesis mediated by sustained PKD
activation through a PKC-independent pathway.

EXPERIMENTAL PROCEDURES

Cell Culture

Stock cultures of Swiss 3T3-PKD.GFP cells, which overex-
press wild type PKD, Swiss 3T3-PKDK618N.GFP cells, that
overexpress a kinase-deficient PKD, and control Swiss 3T3-
GFP cells were generated as previously described (8, 14). The
cells were maintained at 37 °C in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum
in a humidified atmosphere containing 10% CO2 and 90% air.
For experimental purposes, cells were plated in 100-mm dishes
at 6 � 105 cells/dish or 35-mm dishes at 1 � 105 cells/dish and
grown in DMEM containing 10% fetal bovine serum for 7–9
days until they became confluent and quiescent (35).

Immunoblotting and Detection of PKD, MARCKS, ERK, and RSK

Confluent, quiescent Swiss 3T3-GFP, Swiss 3T3-PKD.GFP,
and Swiss 3T3-PKDK618N.GFP cells were lysed in 2� SDS-
PAGE sample buffer (20 mM Tris/HCl, pH 6.8, 6% SDS, 2 mM
EDTA, 4% 2-mercaptoethanol, 10% glycerol) and boiled for 10
min. After SDS-PAGE, proteins were transferred to Immo-
bilon-P membranes. The transfer was carried out at 100 V, 0.4
A at 4 °C for 4 h using a Bio-Rad transfer apparatus. The trans-
fer buffer consisted of 200 mM glycine, 25 mM Tris, 0.01% SDS,
and 20% CH3OH. For detection of proteins, membranes were

blocked using 5% nonfat dried milk in phosphate-buffered
saline, pH 7.2, and then incubated for at least 2 h with the
desired antibodies diluted in phosphate-buffered saline, pH 7.2,
containing 3% nonfat dried milk. Primary antibodies bound to
immunoreactive bands were visualized by enhanced chemilu-
minescence (ECL) detection with horseradish peroxidase-con-
jugated anti-mouse, anti-rabbit, or anti-goat antibodies. The
phosphospecific antibodies used were as follows: the phospho
PKD polyclonal antibodies Ser(P)916, Ser(P)744, and Ser(P)748
detect PKD only when it is phosphorylated on Ser916, Ser744, or
Ser748; the phospho-ERK1/2 monoclonal antibody recognizes
ERK1/2 only when they are phosphorylated on Thr202 and
Tyr204 (pERK1/ERK2); the phospho-p90RSK polyclonal anti-
body is specific to p90RSK only when it is phosphorylated on
Thr574; the phospho MARCKS polyclonal antibody is specific
to MARCKS only when it is phosphorylated on Ser152 and
Ser156 (pMARCKS). Autoluminograms were scanned using a
GS-710 scanner (Bio-Rad), and the labeled bands were quanti-
fied using the Quantity One software program (Bio-Rad).

Immunoprecipitation and Kinase Assay of PKD

Immunoprecipitations—Confluent Swiss 3T3-PKD.GFP
cells werewashed twicewithDMEMand equilibrated in 5ml of
the same medium at 37 °C for 1–2 h. Some dishes were treated
with various pharmacological agents during this equilibration
period or with agonists for different times at the end of this
period, as indicated in the corresponding figure legends. Cells
were lysed in buffer A (50 mM Tris-HCl, pH 7.6, 2 mM EGTA, 2
mM EDTA, 1 mM dithiothreitol, 100 �g/ml leupeptin, 1 mM
4-(2-aminoethyl)-benzenesulfonyl fluoride, hydrochloride
(Pefabloc), and 1% Triton X-100). PKD was immunoprecipi-
tated with the PKD (PKD C-20) antiserum (1 �g/ml) raised
against the C-terminal region of PKD (Santa Cruz Biotechnol-
ogy). The immune complexes were recovered using protein-A
coupled to agarose.
In Vitro Kinase Assays—Immune complexes were washed

twice with lysis buffer, then twice with kinase buffer consisting
of 30 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 1 mM dithiothreitol.
Autophosphorylation reactions were initiated by combining 20
�l of immune complexes with 5 �l of a phosphorylation mix-
ture containing 100�M [�-32P]ATP in kinase buffer. After incu-
bation at 30 °C for 10min, the reactions were terminated by the
addition of 1 ml of ice-cold kinase buffer and placed on ice.
Immune complexes were recovered by centrifugation, and the
proteins were extracted for SDS-PAGE analysis by the addition
of 2� SDS-PAGE sample buffer (20 mM Tris/HCl, pH 6.8, 0.1
mM sodium orthovanadate, 1 mM EDTA, 6% SDS, 2 mM EDTA,
4% 2-mercaptoethanol, 10% glycerol). Dried SDS-PAGE gels
were subjected to autoradiography to visualize autophospho-
rylated PKD. Autoradiograms were scanned using a Calibrated
Densitometer GS800 (Bio-Rad), and the intensity of the
detected bands was quantified using the Bio-RadQuantity One
4.6 software.
For assays of exogenous substrate phosphorylation, immune

complexes were processed as for autophosphorylation reac-
tions, then substrate peptide (syntide-2 at a final concentration
of 2.5 mg/ml) was added in the presence of [�-32P]ATP (2 �Ci/
reaction diluted with cold ATP to give a final concentration of
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100 �M) in kinase buffer (final reaction volume, 30 �l) and
transferred to a water bath at 30 °C for 10 min. Reactions were
terminated by adding 100 �l of 75 mM H3PO4, and 75 �l of the
mixed supernatant was spotted toWhatman P-81 phosphocel-
lulose paper. Papers were washed thoroughly in 75 �M H3PO4
and dried, and radioactivity incorporated into peptides was
determined by detection ofCerenkov radiation in a scintillation
counter.
For the measurements of in vitro PKD autophosphorylation,

the following purified PKDs were used; either 15 ng/reaction
recombinant purified PKD (purchased from Invitrogen (Bio-
Source)) or PKD recovered from Swiss 3T3-PKD.GFP cell
immune complexes by incubating the immune complexes with
immunizing peptide (15 �g in �30 �l of kinase buffer) over-
night on ice. The purified PKDswere then combinedwith phos-
phatidylserine and PDBu vesicles in kinase buffer (final volume,
50 �l) on ice (36). To initiate reactions, ATP at 200 �M was
added, and the reactions were incubated at 30 °C for times indi-
cated. Reactions were terminated by the addition of 2� SDS-
PAGE sample buffer, resolved by SDS-PAGE on 8% gels, and
analyzed by immunoblotting with the phosphospecific PKD
antibodies Ser(P)744 and Ser(P)748.

siRNA Transfection

The SMART pool siRNA duplexes were purchased from
Dharmacon (Lafayette, CO). PKD siRNA pool was designed to
target against themRNAofmouse PKD (GenBankTMaccession
number NM_008858) and consists of four selected siRNA oli-
gonucleotides. The sequences wee as follows: oligo1, GAA-
GAGAUGUAGCUAUUAAUU; oligo2, GAAAGAGUGUUU-
GUUGUUAUU; oligo3, CAUAAGAGAUGUGCAUUUAUU;
oligo4, CAGCGAAUGUAGUGUAUUAUU. For siRNA trans-
fection the reverse transfection method was used; the siRNA
pool was mixed with Trans IT-TKO Reagent (Mirus, Madison,
WI) according to the manufacturer’s protocol and added to
35-mm dishes. Swiss 3T3 cells were then plated on top of the
siRNA/Trans IT-TKO complex at a density of 1 � 105 cells/
35-mmdish. Control transfections were carried out with Dhar-
macon siCONTROL nontargeting siRNA four-oligo pool (Sc)
(catalogue number D-001206-13). Six days after transfection,
cells were used for experiments and subsequent Western blot
analysis. Transfection efficacy was determined by transfecting
fluorescein-labeled siRNA (Cell Signaling Technology, Beverly,
MA) and counting fluorescence-positive cells by using a fluo-
rescent microscope.

Assay of DNA Synthesis

Confluent and quiescent cultures of Swiss 3T3-PKD.GFP
and Swiss 3T3-GFP cells were washed twice with DMEM and
incubated with DMEM/Waymouth’s medium (1:1, v/v) con-
taining [3H]thymidine (0.2 �Ci/ml, 1 �M) and various agonists
as described in the figure legends. After 40 h of incubation at
37 °C, cultures were washed twice with PBS and incubated in
5% trichloroacetic acid at 4 °C for 20 min to remove acid-solu-
ble radioactivity, washedwith ethanol, and solubilized in 1ml of
2% Na2CO3, 0.1 M NaOH. The acid-insoluble radioactivity was
determined by scintillation counting in 6 ml of Beckman
Readysafe.

Immunofluorescence

Cultures of Swiss 3T3-PKD.GFP cells were fixed in 4%
paraformaldehyde for 20 min followed by permeabilization
with 0.2% Triton X-100 in PBS for 5 min. The cultures were
blocked in PBS supplemented with 5% goat serum and 2%
bovine serum albumin (blocking solution) for 1 h at room tem-
perature and incubated with the phospho-PKD antibody
Ser(P)916 (1:1000) in blocking solution for another 24 h at room
temperature. The cultures were then rinsed with PBS, and
bound Ser(P)916 was detected by incubating with goat anti-rab-
bit secondary antibody conjugated to quantum dots (Qdot,
Invitrogen) emitting at 655 nm (diluted 1:100 in PBS with 2%
bovine serum albumin) for 1.5 h. Images were captured as
uncompressed 12-bit TIFF files with a cooled (�12 °C) SPOT
single color CCD digital camera (three pass method) driven by
SPOTVersion 2.1 software (Diagnostic Instruments, Inc., Ster-
ling Heights, MI). Images were processed using Adobe Photo-
shop CS.

Materials

[�-32P]ATP (specific activity, 4500 Ci/mmol) was obtained
fromMPBiomedicals Inc., Solon,OH.Horseradish peroxidase-
conjugated anti-rabbit IgG and enhanced chemiluminescence
(ECL) reagents were from GE Healthcare. Purified PKD was
obtained from BioSource (Invitrogen). Protein A-agarose and
Pefabloc were from Roche Applied Science. Bombesin, vaso-
pressin, EGF, PDGF, transforming growth factor-�, and Bisin-
dolylmaleimide I (GF1)were obtained fromSigma.Gö6983was
from Calbiochem.
We used two different antibodies to detect the phosphorylated

state of Ser744 andSer748 in thePKDactivation loop.Oneantibody
(anti-Ser(P)744/Ser(P)748), obtained from Cell Signaling Technol-
ogy, was raised against a peptide phosphorylated on serines equiv-
alent to Ser744 and Ser748 of PKD but predominantly detects the
phosphorylated state of Ser744, as shown originally in our labora-
tory (21). A second antibody, obtained from Abcam (ab17945),
detects the phosphorylated state of Ser748. The specificity of this
antibodywas confirmed inour recent studyusingPKDwithSer744
and Ser748mutated to unphosphorylatable alanines (22). All other
reagents were from standard suppliers and were of the highest
grade commercially available.

RESULTS

PKD Selectively Enhances DNA Synthesis in Response to
Bombesin, Vasopressin, or PDBu—To determine whether PKD
selectively facilitates DNA synthesis induced by Gq-coupled
receptor agonists, Swiss 3T3 cells expressing PKD (termed
Swiss 3T3 PKD.GFP cells) and parallel cultures of control cells
(termed Swiss 3T3-GFP cells) all arrested in the G0 phase of the
cell cycle were transferred to media containing [3H]thymidine
and supplemented with bombesin (0.3–10 nM), vasopressin
(1–50 nM), PDBu (1–100 nM), PDGF (1.25–10 ng/ml), trans-
forming growth factor-� (0.6–10 ng/ml), EGF (0.3–2.5 ng/ml),
or forskolin (10 �M). Reentry into S phase was determined by
cumulative incorporation of radiolabeled precursor into DNA
after 40 h of incubation.
Stimulation of Swiss 3T3 cells overexpressing PKD with

bombesin, vasopressin, or PDBu induced a striking increase in

PKC-independent PKD Activation Mediates Mitogenic Signaling

13436 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 20 • MAY 15, 2009



[3H]thymidine incorporation into DNA, as compared with
parallel cultures of Swiss 3T3-GFP cells (Fig. 1A). In con-
trast, the levels of DNA synthesis induced by increasing con-
centrations of PDGF, transforming growth factor-�, or EGF
were virtually identical in Swiss 3T3-PKD.GFP and Swiss 3T3-
GFP cells (supplemental Fig. S1). Moreover, PKD overexpres-
sion did not enhanceDNAsynthesis in response to forskolin, an
agent that induces DNA synthesis via cAMP in Swiss 3T3 cells
(37). These results show that PKD overexpression selectively

enhanced DNA synthesis induced by Gq-coupled receptor ago-
nists and PDBu in Swiss 3T3 cells.
To determine the role of endogenous PKD in Gq-coupled

receptor-induced mitogenesis in Swiss 3T3 cells, we depleted
its expression using siRNAs that target specifically PKD. As
shown in Fig. 1B, siRNAs targeting PKD produced striking
knockdown of PKD protein (�90%) and markedly attenuated
the increase in DNA synthesis induced by bombesin, vasopres-
sin, or PDBu in Swiss 3T3 cells. In contrast, DNA synthesis
induced by EGF, a growth factor that does not activate PKD,
was not affected by PKD knockdown. The results shown in Fig.
1 (and in supplemental Fig. S1) substantiate the notion that
PKD plays a key and selective role in mediating Gq-coupled
receptor-induced mitogenesis.
Bombesin Induces Early PKC-dependent and Late PKC-inde-

pendent PKD Activation in Swiss 3T3 Cells—To elucidate the
mechanism(s) of PKD activation that leads to enhanced DNA
synthesis in response to Gq-coupled receptor agonists, we next
determined whether in addition to the well characterized early,
PKC-dependent mechanism of PKD phosphorylation and acti-
vation, bombesin also induces a second, PKC-independent
phase of PKD activation in Swiss 3T3 cells. Quiescent cultures
of these cells expressing PKDwere pretreatedwith orwithout the
preferential PKC inhibitor GF1, also known as bisindolylmaleim-
ide I or GF109203X (38, 39), at 3.5 �M for 1 h (5, 6) and then
stimulated with 10 nM bombesin for various times (10–240
min), as indicated in Fig. 2. Cell lysates were used to determine
PKD phosphorylation at Ser744, Ser748, and Ser916 by SDS-
PAGE followed by Western blotting using antibodies that spe-
cifically detect the phosphorylated state of each of these resi-
dues (4, 21, 40). Phosphorylation of PKD on Ser916 was also
evaluated in single Swiss 3T3 cells by staining with PKD
Ser(P)916 antibody and Qdot-labeled goat anti-rabbit antibody
(supplemental Fig. S2).
As shown in Fig. 2A, bombesin stimulation of Swiss 3T3

PKD.GFP cells induced striking PKD phosphorylation on the
activation loop residues Ser744 and Ser748 and phosphorylation
on Ser916, a well established autophosphorylation site (40). In
agreement with previous results, cell treatment with GF1 pre-
vented rapid PKDphosphorylation on Ser744, Ser748, and Ser916
induced by stimulation with bombesin (Fig. 2A). Because GF1
does not directly inhibit the catalytic activity of purified PKD in
vitro kinase assays (5, 6, 11), including the activity of PKD iso-
lated from 3T3 cells (shown in Fig. 6), these results imply that
bombesin induced rapid multisite phosphorylation of PKD
through PKCs.
The salient feature of the results illustrated in Fig. 2Awas the

shift from PKC-dependent to PKC-independent PKD phos-
phorylation on Ser916, Ser744, and Ser748 that was evident as
early as 30 min after bombesin stimulation. Treatment with
GF1did not prevent PKDactivation induced by bombesin stim-
ulation for 120–240 min, as shown by Ser916 autophosphoryl-
ation monitored by Western blots (Fig. 2A; quantification of
eight independent experiments is shown in supplemental Fig.
S3) or by staining of individual cells (supplemental Fig. S2).
Similarly, GF1 did not impede the phosphorylation of the acti-
vation loop residue Ser748 and only attenuated (but did not
eliminate) the phosphorylation of Ser744 (see Western blots in

FIGURE 1. Panel A, PKD overexpression selectively potentiates DNA synthesis
induced by bombesin, vasopressin, and PDBu in Swiss 3T3 cells. Confluent
and quiescent cultures of Swiss 3T3 PKD.GFP cells (solid bars) and Swiss 3T3
GFP cells (open bars) were washed and incubated at 37 °C in 2 ml of DMEM/
Waymouth’s medium containing [3H]thymidine and the growth-promoting
factors bombesin (Bom), vasopressin (VP), or PDBu, at the indicated concen-
trations. Results are expressed as a percentage mean � S.E. (n � 3) of the
maximal stimulation obtained with 10% fetal bovine serum (110 � 10�3 cpm/
culture). Panel B, knockdown of endogenous PKD attenuates DNA synthesis
in response to bombesin, vasopressin, or PDBu. Left, Swiss 3T3 cells were
transfected with either non-targeting negative control (N. Targ.) or 75 nM PKD
siRNA (PKD) as indicated. The cells were lysed, and PKD protein expression
was assessed by Western blotting using the anti-PKD C-20 antibody. Shown
here is are representative autoluminogram; similar results were obtained in
four independent experiments. Autoluminograms were quantified by densi-
tometric scanning. The results shown are the mean � S.E. n � 4 and are
expressed as percentage of the maximum level of PKD in non-targeting neg-
ative control cells (open bars). PKD expression was reduced by 88 –92%
(hatched bars). Right, Swiss 3T3 cells were transfected with either non-target-
ing negative control (open bars) or 75 nM PKD siRNA (hatched bars). After 6
days, when the cells were confluent and quiescent, the cultures were washed
and incubated at 37 °C in 2 ml of DMEM/Waymouth’s medium containing
[3H]thymidine and the growth-promoting factors bombesin (Bom), 50 nM

vasopressin (VP), and PDBu. Results are expressed as cpm/culture � 10�3;
maximal stimulation, obtained in parallel cultures by stimulating with 10%
fetal bovine serum, was 110 � 10�3 cpm/culture.
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Fig. 2A and quantification of eight independent experiments in
supplemental Fig. S3). Western blotting with anti-PKD anti-
body (PKD C-20) confirmed that similar amounts of PKDwere
loaded in each lane (Fig. 2A).

To determine whether the catalytic activity of PKD (assayed
by in vitro kinase assays) also displays biphasic activation,
extracts of cells treated as indicated in Fig. 2 were immunopre-
cipitated with antibodies directed against the C-terminal
region of PKD, and the resulting immune complexeswere incu-
bated with [�32P]ATP. The reactants were analyzed by SDS-
PAGE and autoradiography to determine the catalytic activity
of PKD (in vitro kinase (IVK) in Fig. 2A and quantification of
experiments in Fig. 2B). In addition, PKD kinase activity was
also measured by phosphorylation of the peptide syntide-2, an
excellent exogenous substrate for PKD (Fig. 2C). Bombesin

stimulation of Swiss 3T3 PKD.GFP cells induced robust PKD
catalytic activation in line with the assays of Ser916 autophos-
phorylation andphosphorylation at the activation loop residues
Ser744 and Ser748. Treatmentwith the PKC inhibitorGF1mark-
edly inhibited PKD catalytic activation induced by bombesin
stimulation for 10 min, but in striking contrast, GF1 did not
prevent PKD activation induced by bombesin stimulation for
longer times. Indeed, bombesin-induced PKD catalytic activa-
tion became insensitive to GF1 after 120–240 min of incuba-
tion (Fig. 2, B and C).
To verify that the inhibitory effect of GF1 on PKC-mediated

phosphorylation of cellular substrates was maintained at all
times of bombesin stimulation in Swiss 3T3 cells, we deter-
mined the phosphorylation state of MARCKS, a well estab-
lished substrate of PKCs in these cells (41–43). MARCKS
Ser152/156 phosphorylation was abolished by treatment with
GF1 before bombesin stimulation at all times examined (Fig.
2A). Thus, sustained PKD activation in response to bombesin
stimulation occurred in Swiss 3T3 cells with severely inhibited
PKC activity.
The results in Fig. 2 suggest that in addition to the well char-

acterized early phase of PKD activation, bombesin stimulation
of its endogenously expressed Gq-coupled receptor in Swiss
3T3 cells induces gradually a sustained phase of PKD phospho-
rylation and catalytic activation via a PKC-independent path-
way. To substantiate the existence of biphasic PKDactivation in
response to bombesin receptor stimulation, we also tested the
effect of Gö6983, a different PKC inhibitor that targets all iso-
forms of the PKC family but does not directly inhibit PKDactiv-
ity (44). Specifically, we determined the effect of cell exposure
to increasing concentrations of Gö6983 (0.3–2.5 �M) on PKD
phosphorylation on Ser916, Ser744, and Ser748 induced by bomb-
esin stimulation for either 10 or 240min. As shown in Figs. 3,A
andB, treatmentwithGö6983 prevented PKDphosphorylation
on Ser916, Ser744, and Ser748 produced by bombesin stimulation
for 10min. At 1.25�M,Gö6983 inhibited PKDphosphorylation
on these residues by 80–90%. In contrast, the inhibitory effect
of Gö6983 on PKD multisite phosphorylation was strikingly
diminished in cells stimulated with bombesin for 240 min. For
example, treatment with 1.25 �MGö6983 did not inhibit Ser916
autophosphorylation or phosphorylation of the activation loop
residue Ser748 and only attenuated (by �40%) the phosphoryl-
ation of Ser744 (see Western blots in Fig. 3A and quantification
in panels Fig. 3B). Similar dose-response results were obtained
when Swiss 3T3 cells were treated with increasing concentra-
tions of GF1 instead of Gö6983 (Fig. 3C).
To determine whether bombesin induces PKC-dependent

and PKC-independent phases of PKD activation at low concen-
trations, Swiss 3T3 PKD.GFP cells were treated with or without
3.5 �MGF1 and then stimulated with various concentrations of
bombesin (0.1–10 nM) for either 10 or 240min. Treatment with
GF1 abrogated Ser744, Ser748, and Ser916 phosphorylation
induced by cell stimulation with increasing concentrations of
bombesin for 10 min. In contrast, stimulation of Swiss 3T3
PKD.GFP cells with bombesin for 240 min, even at a concen-
tration as low as 0.3 nM, produced PKDmultisite phosphoryla-
tion that was resistant to GF1 (supplemental Fig. 4). These
results demonstrate biphasic PKD activation in response to

FIGURE 2. Time-course of bombesin-induced PKD phosphorylation and
catalytic activation. Swiss 3T3 PKD.GFP cells were incubated in the absence
(�, open bars) or in the presence (�, filled bars) of 3.5 �M GF1 for 1 h before
stimulation of the cells with 10 nM bombesin for the indicated times. Panel A,
the cultures were lysed with 2�SDS-PAGE sample buffer and analyzed by
SDS-PAGE and immunoblotting with the following antibodies: phospho PKD
Ser(P)916, Ser(P)744, Ser(P)748, and phospho-MARCKS. Equivalent loading of
the gel was verified using Western blot analysis with an antibody directed
against the C-terminal region of PKD (PKD-C20). Shown here are representa-
tive autoluminograms; similar results were obtained in five independent
experiments. Quantification of 8 independent experiments carried out after
10 or 240 min of bombesin stimulation are shown in the supplemental data.
Panel A, in vitro kinase. For IVK activity the cultures were lysed in ice-cold
buffer, and PKD was immunoprecipitated from lysates with an anti-PKD
(C-20) antibody bound to protein A-agarose and assayed for autophospho-
rylation, as described under “Experimental Procedures.” Shown here is a rep-
resentative autoradiograph (IVK). Panel B, autoradiographs (IVK) were quan-
tified by densitometric scanning. The results shown are the mean � S.E. (n �
3) and are expressed as percentage of the maximum increase induced by
treatment with bombesin. Panel C, PKD activity was measured by syntide-2
phosphorylation in immune complexes from lysates of cells that were incu-
bated in the presence (filled bars) or in the absence (open bars) of 3.5 �M

GF109203X for 1 h before stimulation with bombesin for the indicated times.
The values shown (mean � S.E. of at least two independent experiments) are
expressed as percentage of the maximum increase induced by bombesin.
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physiological concentrations of the Gq-coupled receptor ago-
nist bombesin (45, 46).
Using longer times of exposure, we also evaluated the effects

of GF1 and bombesin on endogenous PKD in Swiss 3T3 cells, as
shown in supplemental Fig. S5. The results indicate that bomb-
esin, acting through its endogenously expressed receptor,
induced PKC-dependent and PKC-independent phases of acti-
vation of endogenous PKD in Swiss 3T3 cells. Thus, biphasic
PKD activation in response to Gq-coupled receptor agonist can
be demonstrated in a system in which all the elements are
expressed at physiological levels.
Role of PKC in Sustained PKDActivation Induced by 3T3Cell

Stimulation with Vasopressin, PDBu, or PDGF—To determine
whether stimulation of a differentmitogenicGq-coupled recep-
tor also induces biphasic PKD activation, we examined PKD
phosphorylation on Ser744, Ser748, and Ser916 in cells treated
with or without GF1 and stimulated with vasopressin. As
shown in Fig. 4A, cell treatmentwithGF1 prevented PKDphos-
phorylation induced by vasopressin stimulation for 10 min. In
contrast, GF1 did not prevent PKDphosphorylation induced by

vasopressin stimulation for 240min (Fig. 4A). A similar conclu-
sion was drawn from experiments in which PKD phosphoryla-
ted on Ser916 was evaluated by staining individual Swiss 3T3
cells with PKD Ser(P)916 antibody and Qdot-labeled goat anti-
rabbit antibody (supplemental Fig. S6).
Because PDBu bypasses receptor-mediated Gq/PLC activa-

tion, we also determined whether cell stimulation with PDBu
induces biphasic PKD activation in Swiss 3T3 cells. In contrast
to the results obtained with Gq-coupled receptor agonists,
treatment withGF1 prevented PKDphosphorylation on Ser916,
Ser744, and Ser748 induced by PDBu stimulation for either 10 or
240 min. A typical autoluminogram is presented in Fig. 4B and
substantiated in multiple independent experiments monitor-
ing Ser916 phosphorylation (Fig. 4C, bars; n � 20). The
results obtained with PDBu implied that either Gq and/or
PLC is required for eliciting the PKC-independent phase of
PKD activation.
PDGF is known to increase diacylglycerol generation via

tyrosine phosphorylation and activation of PLC� rather than
viaGq/PLC� (47) and to stimulate PKDactivation (6). To deter-

FIGURE 3. Effect of increasing concentrations of Gö6983 or GF1 on PKD phosphorylation on Ser916, Ser744, and Ser748 induced by bombesin stimula-
tion for either 10 or 240 min. Swiss 3T3 PKD.GFP cells were incubated in the absence (�) or in the presence (�) of increasing concentrations of Gö6983 for 1 h
before stimulation of the cells with 10 nM bombesin for either 10 min or 240 min as indicated and then lysed with 2�SDS-PAGE sample buffer. A, the samples
were analyzed by SDS-PAGE and immunoblotting with the antibodies phospho-PKD Ser(P)916, Ser(P)744, Ser(P)748, and PKD-C20 to verify equal loading. Shown
here are representative autoluminograms; similar results were obtained in three independent experiments. B, autoluminograms were quantified by densito-
metric scanning. The results shown are the mean � S.E. (n � 3) and are expressed as the percentage of the maximum increase induced by treatment with
bombesin in cells preincubated in the absence (open symbols) or the presence (closed symbols) of Gö6983. C, Swiss 3T3 PKD.GFP cells were incubated in the
absence (�) or in the presence (�) of increasing concentrations of GF1 for 1 h before stimulation of the cells with 10 nM bombesin for 10 min or 240 min as
indicated and then lysed with 2�SDS-PAGE sample buffer. The samples were analyzed by SDS-PAGE and immunoblotting with phospho PKD Ser(P)916,
Ser(P)744, Ser(P)748 and PKD-C20 to verify equal loading. Shown here are representative autoluminograms; similar results were obtained in three independent
experiments.
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mine whether PDGF triggers biphasic PKD activation, cells
were treated with or without 3.5 �M GF1 and then stimulated
with 10 ng/ml PDGF for either 10 or 240 min. As shown in Fig.
4D, treatment with GF1 prevented PKD phosphorylation on
Ser916, Ser744, and Ser748 induced by PDGF stimulation for
either 10 or 240 min. Thus, in contrast to Gq-coupled receptor
agonists, PDBu and PDGF induced PKD activation via PKC
both at early and late times of stimulation. These results show
for the first time that sustained PKD activation can be induced
via PKC-dependent or PKC-independent mechanisms in the
same cells.
Mechanism of PKD Catalytic Activation in Response to

Bombesin in Swiss 3T3 Cells; Differential Regulation of Ser744
and Ser748 Phosphorylation—At least two mechanisms, auto-
phosphorylation or transphosphorylation by a different
upstream protein kinase, may contribute to PKD phospho-
rylation of activation loop Ser744 and Ser748 in response to
stimulation with GPCR agonists. To distinguish between
these mechanisms in Swiss 3T3 cells, we used different
approaches to determine whether the catalytic activity of
PKD is necessary for Ser744 and/or Ser748 phosphorylation
during the early and late phases of GPCR-induced PKD acti-
vation in Swiss 3T3 cells.
The furanosylated indolocarbazole K252a, a microbial alkaloid

that inhibits various protein kinases, is a potent direct inhibitor of
PKD catalytic activity (48) but a weak inhibitor of novel PKCs,
including PKC� and PKC� (49), the kinases implicated inmediat-
ing rapid Ser744 phosphorylation in Swiss 3T3 cells (50) and other
cell types (1). As shown in Fig. 5A, the addition of K252a at 0.1–1
�M directly inhibited the catalytic activity of PKD isolated from
bombesin-stimulated Swiss 3T3 cells, as measured by syntide-2

phosphorylation assays. In contrast, the addition ofGF1 instead of
K252a to the incubationmixturedidnot exert any inhibitory effect
on PKD catalytic activity, even at the higher concentration (3.5
�M) tested in intact cells.
We next compared the effects of GF1 and K252a on bomb-

esin-induced PKD phosphorylation on Ser916, Ser744, and
Ser748 in intact Swiss 3T3 PKD.GFP cells. Cultures of these
cells were incubated in the absence or presence of either 3.5
�M GF1 or 1 �M K252a for 1 h and then stimulated with 10
nM bombesin for either 10 or 240 min. Again, treatment with

FIGURE 4. PKC-dependent and PKC-independent PKD activation in cells
stimulated with vasopressin, PDBu, and PDGF. Swiss 3T3 PKD.GFP cells
were incubated in the presence (�) or in the absence (�) of 3.5 �M GF1 for 1 h
before stimulation with 50 nM vasopressin (panel A), 100 nM PDBu (panels B
and C) or 10 ng/ml PDGF (panel D) for either 10 or 240 min as indicated. The
cultures were then lysed with 2� SDS-PAGE sample buffer and analyzed by
SDS-PAGE and immunoblotting with the antibodies phospho-PKD Ser(P)916,
Ser(P)744, Ser(P)748, and PKD-C20 to verify equal loading. The results shown
here are representative autoluminograms; similar results were obtained in at
least three independent experiments. Panel C, quantification by densitomet-
ric scanning of Ser916 phosphorylation. The results shown are the means �
S.E. (n � 20) and are expressed as the percentage of the maximum increase
induced by treatment with PDBu in cells treated in the absence (open bars) or
the presence (closed bars) of 3.5 �M GF1 before PDBu stimulation.

FIGURE 5. Mechanism of PKD catalytic activation in response to bomb-
esin in Swiss 3T3 cells; differential regulation of Ser744 and Ser748

phosphorylation. A, inhibition of in vitro PKD catalytic activity by K252a.
Swiss 3T3 PKD.GFP cells were stimulated with bombesin for 10 min and
then lysed in ice-cold buffer. PKD was immunoprecipitated from lysates
with an anti-PKD C-20 antibody bound to protein A-agarose and assayed
for syntide-2 phosphorylation activity in the presence of various concen-
trations of K252a (as indicated) or 3.5 �M GF1. B, Swiss 3T3-PKD.GFP were
incubated in the absence (�) or in the presence 3.5 �M GF1 or 1 �M K252a
as indicated for 1 h before stimulation with 10 nM bombesin for either 10
or 240 min. The cultures were then lysed with 2� SDS-PAGE sample buffer.
C, Swiss 3T3-PKD.GFP or Swiss 3T3-PKDK618N.GFP were incubated in the
absence (�) or in the presence (�) of 2.5 �M Gö 6983 for 1 h before
stimulation of the cells with 10 nM bombesin for the indicated times. The
cultures were then lysed with 2� SDS-PAGE sample buffer. All samples
were analyzed by SDS-PAGE and immunoblotting with the antibodies
phospho PKD Ser(P)916, Ser(P)744, Ser(P)748, and PKD-C20 to verify equal
loading. The results shown here are representative autoluminograms;
similar results were obtained in four independent experiments in panel B
and three independent experiments in panel C. D, recombinant purified
PKD was incubated with 100 �M ATP in kinase buffer for the times indi-
cated. The reactions were terminated with 2� SDS-PAGE sample buffer.
E, PKD eluted from Swiss 3T3 immunocomplexes was incubated with 200
�M ATP in kinase buffer for the times indicated. The reactions were termi-
nated with 2� SDS-PAGE sample buffer. All samples were analyzed by
SDS-PAGE and immunoblotting with the following antibodies phospho-
PKD Ser(P)744 and Ser(P)748. All other details are as described under “Exper-
imental Procedures.” The results shown here are representative autolumi-
nograms; similar results were obtained in two independent experiments.
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GF1 prevented PKD phosphorylation at Ser916, Ser744, and
Ser748 induced by bombesin stimulation for 10min, but it did
not inhibit PKD phosphorylation on Ser916 and Ser748 and
only attenuated PKD phosphorylation on Ser744 in response
to bombesin stimulation for 240 min (Fig. 5B). The results
obtained with K252a were strikingly different. Specifically,
cell treatment with K252a abrogated early and late PKD
phosphorylation at Ser748 induced by bombesin but did not
prevent phosphorylation of PKD at Ser744 (Fig. 5B). We ver-
ified that treatment with K252a prevented PKD autophos-
phorylation on Ser916. These results suggested that PKD
autophosphorylates at Ser748 but not on Ser744 in its activa-
tion loop.
To substantiate the interpretation of the results obtained with

K252a, we also examined phosphorylation of Ser916, Ser744, and
Ser748 in a PKD catalytic-deficient mutant of PKD (K618N)
expressed in Swiss 3T3 cells (termed Swiss 3T3-PKDK618N.GFP
cells (14)). As shown in Fig. 5C, the level of Ser744 phosphorylation
of PKD (K618N) induced by bombesin stimulation for 10 or 240
min in cells pretreated with or without the PKC inhibitor Gö6983
was comparablewith that ofwild type PKD.These results indicate
that agonist-induced PKD phosphorylation on Ser744 is mediated
by transphosphorylation, initially via PKCbut subsequently partly
through a PKC-independent pathway that was evident in Swiss
3T3-PKDK618N.GFP cells.
In striking contrast to the results obtainedwithSer744 phospho-

rylation, the level of Ser748 phosphorylation of PKD (K618N)
induced by bombesin stimulation for either 10 or 240 min was

markedly decreased as compared
withwild type PKD, implying that the
phosphorylation of this residue of the
activation loop is mediated predomi-
nantly by autophosphorylation at
both early and late times of GPCR
stimulation (Fig. 5C). As expected,
bombesin stimulation of Swiss 3T3-
PKDK618N.GFP cells did not induce
any detectable increase in PKD auto-
phosphorylation on Ser916 (the faint
bands seen correspond to endoge-
nous PKD).
An additional line of evidence that

supports the interpretation that
Ser744 phosphorylation is mediated
by transphosphorylation, whereas
Ser748 phosphorylation of PKD
results from autophosphorylation, is
providedbystudies inwhichPKDwas
activated in vitro by the addition of
lipid activators (36), phosphatidyl-
serinewith eitherPDBuordiacylglyc-
erol, and incubated for various times
in the presence ofATP.The reactants
were subjected to SDS-PAGE and
immunoblotted with pSer744 or
pSer748. Either purified recombinant
PKD (Fig. 5D) or PKD isolated from
Swiss 3T3 PKD.GFP cells by elution

from immunoprecipitates (Fig. 5E) autophosphorylated on Ser748
rather than on Ser744.
PKDExpression Prolongs ERK Signaling through a PKC-inde-

pendent but EGFR-dependent Pathway—The preceding results
established that PKD is a critical element in mediating mito-
genic signaling by Gq-coupled receptor agonists in Swiss 3T3
cells and that stimulation of endogenously expressed Gq-cou-
pled receptors in these cells triggers PKD activation, not only
via a well characterized early PKC-dependent phase but also
through a novel late PKC-independent phase. We next deter-
mined whether the late phase of PKD activation plays a role in
promoting long term mitogenic signaling in response to Gq-
coupled receptor agonists.
One of the mechanisms by which PKD facilitates GPCR-in-

ducedmitogenesis in Swiss 3T3 cells is by increasing the duration
of the MEK/ERK/p90RSK activation (14), a pivotal pathway in
mitogenic signaling (37). To examine whether PKD-mediated
prolongation of ERK activation depends on PKC, lysates of Swiss
3T3-PKD.GFP cells incubated for 1 h in the absence or in the
presence of 3.5�MGF1 (5, 6) and subsequently challengedwith or
without bombesin for 10 or 240 min were analyzed by immuno-
blotting using a site-specific antibody that detects the activated
form of ERK1/2 phosphorylated on Thr202 and Tyr204. In agree-
mentwith our previous results (14), bombesin induced prolonged
ERK activation in Swiss 3T3-PKD.GFP cells, as it was noticeable
even after 240min of stimulation (Fig. 6A).
The salient feature of the results shown in Fig. 6A is that

exposure to GF1 at a concentration that completely prevented

FIGURE 6. PKD expression prolongs ERK signaling in response to bombesin or vasopressin through a
PKC-independent but EGFR-dependent pathway. A, confluent and quiescent cultures of Swiss 3T3-PKD.GFP
cells were washed and incubated at 37 °C in 2 ml DMEM in the presence (�) or in the absence (�) of 3.5 �M

GF109203X (GF1) for 1 h before stimulation of the cells with 10 nM bombesin for the indicated times. The
cultures were then lysed with 2� SDS-PAGE sample buffer and analyzed by SDS-PAGE and immunoblotting
with phospho-ERK antibody (pERK1/2), phospho-p90rsk antibody (p90RSK), or phospho-focal adhesion kinase
(FAK) Ser910. Shown here are representative autoluminograms. Similar results were obtained in four independ-
ent experiments. The membrane was further analyzed by Western blotting using ERK2 antibody (ERK2) to
verify equal loading. B–D, confluent and quiescent cultures of Swiss 3T3-PKD.GFP cells were washed and
incubated at 37 °C in 2 ml of DMEM in the absence (�) or presence (�) of 3.5 �M GF109203X (GF1), 500 nM

AG1478, or 500 nM Compound 56 (CP56) as indicated for 1 h before stimulation of the cells with either 10 nM

bombesin or 50 nM vasopressin for 10 or 240 min as indicated. The cultures were then lysed with 2� SDS-PAGE
sample buffer and analyzed by SDS-PAGE and immunoblotting with phospho-ERK antibody (pERK1/2). Shown
here are representative autoluminograms. Similar results were obtained in six independent experiments. The
membrane was further analyzed by Western blotting using ERK2 antibody (ERK2) to verify equal loading.
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rapid (10 min) ERK activation did not inhibit the prolonged
ERK activation in response to bombesin stimulation. These
results indicate that the increased duration of ERK activation
induced by PKD signaling in bombesin-stimulated cells is
mediated through the late, PKC-independent phase of PKD
activation.
The 90-kDa ribosomal S6 kinases (RSK1–3) are serine/thre-

onine protein kinases that are activated via ERK-mediated
phosphorylation (51, 52). If PKD overexpression increases the
duration of ERK catalytic activity within cells in response to
GPCR agonists through a PKC-independent pathway, we
would expect PKC-independent prolongation of the activation/
phosphorylation of RSK, a downstream target of ERK. To test
this possibility, we determined the effect of bombesin on RSK
phosphorylation on Thr574, a site important for its activation
(53). As shown in Fig. 6A, exposure to GF1 completely pre-
vented rapid (10 min) RSK activation but did not inhibit the
prolonged RSK activation in response to bombesin. Another
downstream target of ERK is Ser910 of the nonreceptor-tyrosine
kinase FAK (focal adhesion kinase) (54). Treatment with GF1
attenuated focal adhesion kinase phosphorylation on Ser910
induced by bombesin at early times of stimulation but did not
block the prolonged phosphorylation of focal adhesion kinase
on Ser910 in response to bombesin. Collectively, these results
indicate that the increase in the duration of the ERK pathway
induced by PKD signaling in bombesin-stimulated cells is
mediated through the PKC-independent phase of PKD activa-
tion. A similar conclusion was drawn when the cells were stim-
ulated with vasopressin instead of bombesin (Fig. 6B).

In a variety of cell types, GPCR agonists induce EGFR phos-
phorylation (55, 56) that leads to ERK signaling (37). Previously,
we demonstrated that bombesin stimulation of Swiss 3T3 cells
stimulates rapid ERK activation through an EGFR-independent
pathway (57). Results shown in Fig. 6C confirmed these findings
in Swiss 3T3-PKD.GFP cells, as treatment of these cells with the
specific EGFR-tyrosine kinase inhibitor AG1478 (58) at a con-
centration (500 nM) that completely abolished EGF-induced
ERK signaling in parallel cultures (results not shown) did not
prevent ERK activation induced by stimulation with bombesin
for 10 min. These results indicate that the rapid ERK activation
induced by bombesin in PKD-overexpressing cells depends on
PKC but not on EGFR tyrosine activity.
To obtain some indication of the steps linking the PKC-in-

dependent PKD activation with lengthened ERK signaling, we
next determined whether EGFR-tyrosine kinase activity is nec-
essary for the prolonged ERK activation induced by bombesin
in Swiss 3T3-PKD.GFP cells. In striking contrast to the effects
seen on rapid ERK activation, treatment with 500 nM AG1478
virtually abolished ERK activation induced by bombesin in
Swiss 3T3-PKD.GFP cells during the second phase of PKD acti-
vation (Fig. 6C). Similar effects on prolonged ERK activation
were obtained when Swiss 3T3-PKD.GFP cells were treated
with compound 56 (59), a different selective inhibitor of EGFR-
tyrosine kinase activity (Fig. 6C) or stimulatedwith vasopressin,
a different Gq-coupled receptor agonist (Fig. 6D). Treatment
with 500 nM AG1478 did not interfere with either the early or
late phase of bombesin-induced PKD activation, as judged by
Ser916 autophosphorylation (supplemental Fig. S7). These

results show for the first time that the sustained phase of
ERK activation induced by Gq-coupled receptor agonists in
PKD-overexpressing 3T3 cells requires EGFR tyrosine
kinase activity.
PKD Expression Potentiates DNA Synthesis through a PKC-

independent but EGFR-dependent Pathway—Results shown
above in Fig. 1 demonstrated that PKD overexpression selec-
tively enhances DNA synthesis in response to the Gq-coupled
receptor agonists bombesin and vasopressin in Swiss 3T3 fibro-
blasts. To determine whether PKD-mediated enhancement of
DNA synthesis is mediated through the PKC-dependent
and/or PKC-independent phases of PKD activation, cultures of
Swiss 3T3-PKD.GFP cells, arrested in the G0 phase of the cell
cycle, were transferred to media containing bombesin or vaso-
pressin in the absence or in the presence of GF1. As shown in
Fig. 7A, treatment with GF1 did not prevent the stimulation of
DNA synthesis induced by bombesin or vasopressin in Swiss
3T3-PKD.GFP cells. Similar results were obtained when
Gö6983 (1.25 �M) was added to the cultures instead of GF1.
These results indicate that PKD enhancesGPCR-inducedDNA
synthesis via a PKC-independent pathway.
Because PKD facilitates GPCR-inducedmitogenesis in Swiss

3T3 cells at least in part by increasing the duration of theMEK/
ERK/p90RSK activation (14) and the results in Fig. 6 indicated
that PKD induces prolonged ERK activation through EGFR, we
determined whether treatment with AG1478 prevents the
enhancement of DNA synthesis induced by Gq-coupled recep-
tor agonist in Swiss 3T3-PKD.GFP cells. As shown in Fig. 7B,
treatment of the cells with 500 nM AG1478 strikingly attenu-
atedDNA synthesis induced by bombesin in PKD-overexpress-
ing 3T3 cells. Interestingly, the addition of the EGFR-tyrosine
kinase inhibitor 1 or 3 h after bombesin also prevented bomb-
esin-induced DNA synthesis, implying that EGFR-tyrosine
kinase activity is required during the sustained phase of PKD
activation (Fig. 7B).
As shown above, PKD also enhanced PDBu-elicited DNA

synthesis and increased the duration of ERK activation. How-
ever, in contrast to GPCR agonists, PDBu stimulated early and
late PKD activation via PKC (Fig. 4). Therefore, we predicted
that treatment with either GF1 or Gö6983 should inhibit
PDBu-induced DNA synthesis in Swiss 3T3-PKD.GFP cells. As
shown in Fig. 7, cell treatment with GF1 (3.5 �M) markedly
inhibited prolonged ERK and p90RSK activation (Fig. 7C) as
well as stimulation ofDNAsynthesis (Fig. 7D) induced byPDBu
in Swiss 3T3-PKD.GFP cells. These results imply that the
enhancement of DNA synthesis by PKD in PDBu-stimulated
cells is mediated through a PKC-dependent pathway. Further-
more, PDBu-induced early or late ERK signaling did not depend
on EGFR-tyrosine kinase activity, as shown by the results
obtained with AG1478 (Fig. 7C). Collectively, these results sup-
port the notion that Gq-coupled receptor activation induces
prolongedERK signaling and enhancedDNAsynthesis through
a PKD-dependent but PKC-independent pathway that requires
EGFR-tyrosine kinase activity, whereas PDBu stimulated these
responses via a PKC/PKD-dependent cascade in the same cell
type.
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DISCUSSION

The experiments presented here were designed to elucidate
the biological significance and underlying mechanism(s) of a
recently identified sustained phase of PKD activation using a
well defined cellular system where PKD expression potently
and selectively enhances mitogenic signaling induced by Gq-
coupled receptor agonists. In this context we continued to
exploit Swiss 3T3 fibroblasts, a cell line used extensively as a
model system to elucidate mechanisms of mitogenic signaling
induced by activation of endogenously expressed GPCRs (32–
34). Previously, we demonstrated that PKD overexpression in
these cells enhances DNA synthesis and cell division in
response to the GPCR agonists bombesin and vasopressin (8,
14). Here, we extended these findings, demonstrating that PKD

strikingly potentiated DNA synthe-
sis induced by the Gq-coupled
receptor agonists in a selectiveman-
ner in Swiss 3T3 cells (see supple-
mental Fig. S1). Furthermore, we
showed that siRNA-mediated
knockdown of endogenous PKD in
these cells markedly attenuated
DNA synthesis in response to
bombesin, vasopressin, or PDBu.
Consequently, subsequent experi-
mentsweredesignedtodissectPKC-
dependent and PKC-independent
phases of PKD activation in Swiss
3T3 cells and to clarify the contribu-
tion of these phases to PKD-medi-
ated mitogenic signaling in
response to Gq-coupled receptor
agonists in these cells.
Our studies produced several

lines of evidence indicating that
stimulation of the endogenously
expressed Gq-coupled receptors in
Swiss 3T3 cells leads to rapid PKC-
dependent followed by sustained
PKC-independent PKD activation.
Specifically, treatment with prefer-
ential PKC inhibitors profoundly
inhibited PKD activation induced
by bombesin stimulation for �15
min but did not prevent PKD cata-
lytic activation induced by bomb-
esin stimulation for longer times
(�60 min). Indeed, bombesin-in-
duced PKD activation became vir-
tually PKC-independent after 120–
240 min of bombesin stimulation.
The existence of sequential PKC-
dependent and PKC-independent
PKD activation was demonstrated
in Swiss 3T3 cells treated with dif-
ferent PKC inhibitors and stimu-
lated with increasing concentra-
tions of bombesin. Biphasic PKD

activation was also elicited by stimulation with vasopressin, an
agonist that inducesmitogenic signaling in Swiss 3T3 cells via a
different Gq-coupled receptor. In contrast, cell stimulation
with PDBu, a direct activator of PKC/PKD that bypasses recep-
tor-mediated Gq/PLC pathways, induced PKC-dependent PKD
activation both at early and late times of stimulation. Similarly,
stimulation of Swiss 3T3 cells with PDGF, a polypeptide growth
factor that increases diacylglycerol generation via tyrosine
phosphorylation and activation of PLC� (47), also induced PKC-
dependent PKD activation at early and late times of cell stimu-
lation. Collectively, our results show for the first time that PKC-
independent sustained PKD activation is induced specifically
by Gq-coupled receptor agonists, implying that either Gq
and/or PLC is required for eliciting the PKC-independent

FIGURE 7. PKD expression potentiates DNA synthesis in response to bombesin or vasopressin
through a PKC-independent but EGFR-dependent pathway. A, confluent and quiescent cultures of
Swiss 3T3 PKD.GFP cells were washed and incubated at 37 °C in 2 ml of DMEM/Waymouth’s medium
containing [3H]thymidine and either 10 and 3 nM bombesin (Bom) or 50 nM vasopressin (VP) either in the
absence (open bars) or presence of either 3.5 �M GF109203X (closed bars) or Go6978 (hatched bars). After
40 h, DNA synthesis was assessed by measuring the [3H]thymidine incorporated into acid-precipitable
material. Results are expressed as a percentage mean � S.E. (n � 3) of maximum stimulation obtained
with 10% fetal bovine serum (105 � 10�3 cpm). B, confluent and quiescent cultures of Swiss 3T3 PKD.GFP
cells were washed and incubated at 37 °C in 2 ml of DMEM/Waymouth’s medium containing [3H]thymi-
dine and either 10 nM bombesin (Bom) or 50 nM vasopressin (VP). Some of these cultures were incubated
in the absence (open bars) or presence (closed bars) of 500 nM AG1478, added at the same time as bomb-
esin or vasopressin (0 h) or 1 h or 3 h after the addition of bombesin or vasopressin (�1 h, �3 h). DNA
synthesis was assessed by measuring the [3H]thymidine incorporated into acid-precipitable material.
Results are expressed as a percentage mean � S.E. (n � 3) of maximum stimulation obtained with 10%
fetal bovine serum (98 � 10�3 cpm) C, confluent and quiescent cultures of Swiss 3T3-PKD.GFP cells were
washed and incubated at 37 °C in 2 ml of DMEM in the absence (�) or presence (�) of 3.5 �M GF1 or 500
nM AG1478 for 1 h before stimulation of the cells with 100 nM PDBu for 10 or 240 min as indicated. The
cultures were then lysed with 2� SDS-PAGE sample buffer, then analyzed by SDS-PAGE and immunoblot-
ting with phospho-ERK antibody (pERK1/2) or phospho-p90RSK antibody (p90RSK) as indicated. Shown
here are representative autoluminograms. Similar results were obtained in four independent experi-
ments. The membrane was further analyzed by Western blotting using ERK2 antibody (ERK2) to verify
equal loading. D, confluent and quiescent cultures of Swiss 3T3 PKD.GFP cells were washed and incubated
at 37 °C in 2 ml of DMEM/Waymouth’s medium containing [3H]thymidine and 100 nM PDBu either in the
absence (open bars) or presence of 3.5 �M GF109203X (closed bars) or Go6978 (hatched bars). After 40 h
DNA synthesis was assessed by measuring the [3H]thymidine incorporated into acid-precipitable material.
Results are expressed as a percentage mean � S.E. (n � 3) of maximum stimulation obtained with 10%
fetal bovine serum (105 � 10�3 cpm).
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phase of PKD activation. The results also show that PKC-de-
pendent and PKC-independent pathways leading to sustained
PKD activation are operative within the same cells.
To elucidate the mechanism by which Gq-coupled recep-

tor agonists induce biphasic PKD activation, we examined
the phosphorylation of each of the key residues of the acti-
vation loop of PKD, namely Ser744 and Ser748. In theory, the
phosphorylation of these residues in response to cell stimu-
lation could involve PKD-mediated autophosphorylation
and/or transphosphorylation by upstreamkinases. Several lines
of evidence implicated both mechanisms in the phosphoryla-
tion of the activation loop of PKD in response to Gq-coupled
receptor agonists. Specifically, we found that cell treatment
with the direct PKD inhibitor K252a abolished bombesin-stim-
ulated PKD phosphorylation on Ser748, but in striking contrast,
K252a did not prevent PKD phosphorylation on Ser744. These
results suggest that GPCR-induced activation loop Ser748 phos-
phorylation is mediated predominantly by PKD autophospho-
rylation, whereas activation loop Ser744 phosphorylation is
apparently regulated by transphosphorylation. This interpreta-
tion was substantiated by results obtained with Swiss 3T3 cells
expressing a kinase-deficient PKD mutant. In response to
bombesin stimulation, this PKD mutant displayed unimpaired
Ser744 phosphorylation (indicative of transphosphorylation)
but showed a striking decrease in the level of Ser748 phospho-
rylation, consistent with PKD-mediated autophosphorylation.
In addition, PKD (either recombinant or isolated from Swiss
3T3 cells) incubated in vitro with ATP autophosphorylated
preferentially on Ser748 rather than on Ser744. Extending our
recent results (22), we propose that PKD transphosphorylation
is the major mechanism targeting Ser744, whereas PKD auto-
phosphorylation is the predominant mechanism for Ser748.
A novel feature of the results presented here is that themech-

anisms leading to the phosphorylation of each of these residues
depended on the time ofGq-coupled receptor stimulation. PKD
phosphorylation on Ser744 was mediated primarily by PKC
transphosphorylation at early times of bombesin stimulation,
whereas a PKC-independent transphosphorylation of this res-
iduewas evident in Swiss 3T3 cells stimulatedwith bombesin or
vasopressin for longer times (�60 min). These findings imply
that, in addition to PKCs, another upstream protein kinase(s) is
responsible for a substantial level of Ser744 phosphorylation at
later times ofGq-coupled receptor stimulation. Thus, PKDpro-
vides a unique example of a protein kinase in which the phos-
phorylation of the key serines in its activation loop, Ser744 and
Ser748, is regulated by both transphosphorylation (Ser744) and
autophosphorylation (Ser748) mechanisms.

Having established biphasic PKD activation in Swiss 3T3
cells, a major objective of the present studies was to test the
hypothesis that the sustained phase of PKD activation contrib-
utes to mediate long term biological responses stimulated by
Gq-coupled receptor agonists, including prolonged ERK signal-
ing and re-initiation of DNA synthesis. In support of this
hypothesis, we found that prolonged ERK signaling and stimu-
lation of DNA synthesis induced by GPCR agonists in Swiss
3T3 cells expressing PKD were only slightly diminished by
treatment with preferential PKC inhibitors, indicating that
these events were greatly augmented by PKD signaling through

a PKC-independent pathway. In contrast, ERK activation and
DNA synthesis induced by PDBu remained sensitive to prefer-
ential PKC inhibitors, in line with the fact that PDBu did not
induce a PKC-independent phase of Ser744 and Ser748 PKD
phosphorylation and catalytic activation in Swiss 3T3 cells.
Thus, Gq-coupled receptor activation induces prolonged ERK
signaling and enhancesDNAsynthesis through aPKD-depend-
ent but PKC-independent pathway in Swiss 3T3 cells, whereas
PDBu stimulates these responses via a PKC/PKD-dependent
cascade in the same cell type.
In a variety of cell types, stimulation of GPCRs induces EGFR

phosphorylation (55, 56) that leads to ERK activation via the
Ras-Raf-MEK pathway (37). In agreement with our previous
results (57), bombesin stimulation of Swiss 3T3 cells induced
rapid ERK activation through an EGFR-independent pathway.
In striking contrast, we show here for the first time that the
sustained phase of ERK activation and subsequent DNA syn-
thesis induced by Gq-coupled receptor agonists in PKD-over-
expressing 3T3 cells requires EGFR-tyrosine kinase activity.
These results identify a novel role of EGFR in PKD-induced
enhancement of mitogenic signaling triggered by Gq-coupled
receptor agonists in Swiss 3T3 cells.
In conclusion, Gq-coupled receptor agonists, in contrast to

phorbol esters, specifically induce PKD activation andmultisite
phosphorylation through early PKC-dependent and late PKC-
independent mechanisms in Swiss 3T3 cells. Further results
demonstrate the involvement of the PKC-independent phase of
PKD activation in prolonged ERK signaling and stimulation
DNA synthesis induced by Gq-coupled receptor agonists
through an EGFR-dependent pathway. Thus, our results iden-
tify a novel mechanism of Gq-coupled receptor-induced mito-
genesis mediated by sustained PKD activation through a PKC-
independent pathway and demonstrate that sustained PKD
activation can be induced through PKC-dependent and -inde-
pendent mechanisms within the same cell type.
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