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Autosomal dominant polycystic kidney disease (ADPKD) is caused by germ line mutations in at least three
ADPKD genes. Two recently isolated ADPKD genes, PKD1 and PKD2, encode integral membrane proteins of
unknown function. We found that PKD2 upregulated AP-1-dependent transcription in human embryonic
kidney 293T cells. The PKD2-mediated AP-1 activity was dependent upon activation of the mitogen-activated
protein kinases p38 and JNK1 and protein kinase C (PKC) &, a calcium-independent PKC isozyme. Stauro-
sporine, but not the calcium chelator BAPTA [1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetate], inhib-
ited PKD2-mediated signaling, consistent with the involvement of a calcium-independent PKC isozyme. Co-
expression of PKD2 with the interacting C terminus of PKD1 dramatically augmented PKD2-mediated AP-1
activation. The synergistic signaling between PKD1 and PKD2 involved the activation of two distinct PKC iso-
zymes, PKC « and PKC e, respectively. Our findings are consistent with others that support a functional
connection between PKD1 and PKD2 involving multiple signaling pathways that converge to induce AP-1 activ-
ity, a transcription factor that regulates different cellular programs such as proliferation, differentiation, and
apoptosis. Activation of these signaling cascades may promote the full maturation of developing tubular ep-
ithelial cells, while inactivation of these signaling cascades may impair terminal differentiation and facilitate

the development of renal tubular cysts.

Human autosomal dominant polycystic kidney disease
(ADPKD), one of the most prevalent inherited disorders with
an incidence of 1 in 500 to 1 in 1,000 individuals, is charac-
terized by the development of gradually enlarging renal
epithelial cysts that progressively impair renal function (16,
17). The vast majority of patients are affected by mutations
in one of three ADPKD genes (7, 27, 43). PKDI is mutated
in more than 85% of ADPKD patients, and it encodes a
large integral glycoprotein with multiple transmembrane do-
mains and a large extracellular domain with significant ho-
mology to membrane proteins involved in cell-cell and/or
cell-matrix interactions (1, 2, 20, 21, 45). PKD2 encodes a
968-amino-acid integral membrane protein with six trans-
membrane domains, and it is mutated in approximately 10 to
15% of all patients (35). Despite homologies to the family of
voltage-gated calcium channel «, subunits, the function of
PKD?2 remains elusive.

It has been hypothesized that PKD1 and PKD2 function in
a common signaling pathway. Patients with PKD1 and those
with PKD2 have a similar clinical phenotype, while both
PKD1~/~ and PKD2~'~ mice develop kidney and liver cysts
resembling the human phenotype (30, 54). Recent studies have
shown that PKD1 and PKD2 interact via their C-terminal
cytoplasmic domains (41, 52). Thus, PKD1 and PKD2 appear
to work in conjunction with each other, but it remains unclear
by which mechanism they control tubular proliferation and
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differentiation and thereby prevent cyst formation. Cystic epi-
thelial cells are thought to be incompletely differentiated and
persistently proliferative. Several proto-oncogenes, including
c-erbB-2, c-Fos, c-Ki-ras, and c-myc, are abnormally regulated
in cyst cells derived from ADPKD patients and animal models
of cystic renal disease (6, 17, 28, 50, 51). It has been proposed
that ADPKD gene products control proto-oncogenes and cel-
lular programs directing cell cycle progression and cellular
differentiation. Consistent with this hypothesis, we recently
demonstrated that the C-terminal cytoplasmic domain of PKD1
stimulates protein kinase C (PKC) a-dependent and c-Jun N-
terminal protein kinase (JNK)-dependent activation of AP-1
(1). We now report that PKD2 stimulates the phosphorylation
of c-Jun and the induction of AP-1 activity through signaling
molecules partially distinct from those involved in PKD1-me-
diated activation. Furthermore, a transcriptionally inactive PKD1
truncation greatly enhanced the PKD2-mediated activation of
AP-1.

MATERIALS AND METHODS
Reagents and pl ids. Genistein, staurosporine, wortmannin (Calbiochem,
La Jolla, Calif.), and BAPTA-AM [1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-
tetraacetate—acetoxymethyl ester] (Molecular Probe, Eugene, Oreg.) were used
at various concentrations. A PKD2 expression vector was constructed in CDM8
by assembling the entire coding region of PKD2 from the clone K1-1 (kindly
provided by S. Somlo) and the EST clone yj63h09 (Genome Systems, St. Louis,
Mo.). The luciferase constructs, the CD16.7-PKD1 fusion protein, and the
Cdc42, Racl, RhoA, HA-p38, and PKC « constructs were recently described (1,
52). The hemagglutinin (HA)-tagged p42 was kindly provided by J. S. Gutkind,
and a dominant-negative form of PKC € was kindly provided by G. M. Cooper.
Dominant-negative mutants of p42 and p44 were kindly provided by M. H. Cobb.
Dominant-negative mutants of MKK3 and MKKG6 were kindly provided by R. J.
Davis.
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A Luciferase assay. Human embryonic kidney (HEK) 293T cells seeded in 12-

18 well plates were transiently transfected by the calcium phosphate method with a

EEE

luciferase reporter construct, a B-galactosidase expression vector (kindly pro-
vided by C. Cepko), and a PKD?2 expression vector. The total DNA amount was
1.0 or 1.5 pg/well. Cells were serum starved for 24 h, harvested in cold phos-
phate-buffered saline, and lysed in 100 pl of reporter lysis buffer (Promega,
Madison, Wis.) for 15 min at room temperature. Lysates were centrifuged at
18,000 X g for 3 min to remove insoluble material. Luciferase activity was
determined with a commercial assay system (Promega) following the manufac-
turer’s instructions and normalized for B-galactosidase activity to correct for the
transfection efficiency. Pharmacological inhibitors at the indicated concentration
were added for 6 h before the assay.

Western blot analysis. Cells from one 10-cm dish were lysed 24 h after trans-
fection in 1 ml of cold lysis buffer containing 1% Triton X-100, 150 mM NaCl,
10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 1 mM EGTA, 1 mM Na;VO,, and a
protease inhibitor cocktail (Boehringer Mannheim, Indianapolis, Ind.), fraction-
N - ated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),

AP-1  c-Jun c-myc CREB NFxB c-Fos and transferred to a polyvinylidene difluoride membrane. Western blot analysis
was performed with an anti-PKD?2 polyclonal antiserum, a polyclonal antibody
against Jun family members (Santa Cruz Biotechnology, Santa Cruz, Calif.), or

B s with a specific anti-phospho-c-Jun (Ser 63) (New England Biolabs, Beverly,
"~ Mass.) antibody, followed by incubation with the appropriate secondary antibod-

olal ies. Immobilized antibodies were detected by enhanced chemiluminescence
'|' (Pierce, Rockford, Ill.). An MBP-PKD2 fusion protein containing amino acids

Fold Increase

101 742 to 871 of PKD2 was utilized to generate a polyclonal rabbit antiserum. For

Western blot analysis, the antiserum was protein A purified and used at a con-
T centration of 1:2,000. This antiserum detects a specific band at approximately 110
EEES kDa, the predicted size of PKD2. A comparison of HA-tagged PKD2 versions
detected by the polyclonal rabbit antiserum and by a monoclonal antibody
directed against the HA tag (Boehringer Mannheim) revealed that both versions
have the same protein species.
= AP-1 gel shift assay. Electromobility shift assays were performed as previously
described (4). Cells were transfected with plasmids encoding PKD2 and a vector
control (CDMS), or they were stimulated with 100 nM phorbol myristate acetate
(PMA) for 60 min. Cells were lysed in 500 pl of hypotonic buffer (HB) (20 mM
HEPES [pH 7.9], 5 mM NaF, 1 mM Na,MoO,, 0.1 mM EDTA, 1 mM dithio-
threitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride, and a protease inhibitor
cocktail) containing 0.2% Nonidet P-40. Nuclei were recovered through centrif-
ugation and resuspended in 100 pl of HB containing 20% glycerol. Nuclear
proteins were extracted for 30 min at 4°C in 200 wl of HB, 20% glycerol, and 0.8
M NaCl. Nuclear debris was removed by centrifugation; supernatants were
C aliquoted and stored at —80°C. Binding reactions were performed for 20 min
with 5 pg of nuclear proteins in a final volume of 25 pl of binding buffer (2 mM
HEPES [pH 7.9], 8 mM NaCl, 0.2 mM EDTA, 12% [vol/vol] glycerol, 5 mM
DTT, 0.5 mM phenylmethylsulfonyl fluoride), 1 g of poly(dI-dC), and 2 X 10*
cpm of 3?P-labeled oligonucleotide containing the AP-1/tetradecanoyl phorbol
acetate-responsive element (TRE) consensus sequence TGACTCA (Promega).
For the supershift experiment, a monoclonal antibody that specifically recog-
nized c-Jun (or polyclonal antisera that specifically recognized JunB) and JunD
(Santa Cruz Biotechnology) were added. The mutant AP-1 oligonucleotide uti-
lized in the gel shift assays contained a CA-to-TG substitution in the AP-1-
binding motif (Santa Cruz Biotechnology). DNA-protein complexes were
separated on a native 6% polyacrylamide gel and detected by autoradiogra-
phy.

In vitro kinase assays. Immune complex kinase assays were carried out as
previously described (18). Briefly, 293T cells were cotransfected with HA-tagged
mitogen-activated protein kinases (MAPKs) and the PKD2 construct at a 1:1
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FIG. 1. PKD2 activates AP-1- and c-Jun (TRE)-dependent transcription. (A)
D PKD?2 triggers activation of an AP-1 reporter construct containing four tandem
AP-1-binding sites and a c-Jun reporter construct containing three repeats of the
13 second TRE of the c-Jun promoter (Jun2TRE). HEK 293T cells were trans-
- fected with 1 pg of vector (CDMS) (white bars) or PKD2 (black bars), as well as
Kk luciferase reporter constructs for AP-1, c-Jun, c-myc, CREB, NF-«B, or c-Fos.
Transactivation was determined after 36 h of incubation, and luciferase activity
was expressed after normalization for B-galactosidase activity as fold increase
over the vector control. The results represent the means + SD of transfections
performed in triplicate. (B) PKD2 activates the AP-1 reporter in a dose-depen-
dent fashion. Increasing amounts of PKD2 vector were transfected to trans-
activate the AP-1 reporter construct. The total amount of plasmid DNA (2
wg/transfection) was balanced with vector (CDMS). (C) PKD2 activates the
Jun2TRE reporter in a dose-dependent fashion. Increasing amounts of PKD2
* vector were transfected to transactivate the Jun2TRE reporter. The total amount
of plasmid DNA (2 pg/transfection) was balanced with vector (CDMS). (D)
24 PKD2 activates the collagenase promoter. HEK 293T cells were cotransfected
with 1 pg of PKD2 or vector (CDMS) and a collagenase promoter construct
o containing only a single AP-1-binding site. Cells were stimulated with 10% serum
Vector Serum Vector PKD2 for 8 h. The results represent the means = SD of transfections performed in
triplicate. *, P < 0.05; **, P < 0.01; ##*, P < 0.001.
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FIG. 2. PKD2 triggers AP-1-binding activity. (A) PKD2 induces binding of
nuclear proteins to the AP-1/TRE DNA-binding site. Nuclear extracts were iso-
lated from HEK 293T cells transfected with either vector or PKD2 or from cells
stimulated with 100 nM PMA for 60 min and analyzed by gel retardation assay
for AP-1 binding. No nuclear extract was added to the radiolabeled AP-1 oligo-
nucleotide in lane 1 (Free Probe). Addition of a 10- or 100-fold excess of unla-
beled probe prevented the formation of a DNA-protein complex, while addition
of a 10- or 100-fold excess of mutated AP-1 oligonucleotide had little effect. A
significant supershift of the DNA-protein complex was observed after the addi-
tion of a monoclonal antibody to c-Jun but not an antibody to JunB or JunD or
a nonspecific antibody. A mutated AP-1 oligonucleotide failed to bind nuclear
proteins isolated from PKD2-transfected HEK 293T cells. The positions of the
AP-1 complex (A), supershift (S), and free probe (F) are indicated. (B) Western
blot analysis showing the phosphorylation of c-Jun after cotransfection of a His-
tagged c-Jun plasmid with a construct encoding PKD2 or a vector control (CDMS).
c-Jun phosphorylated on serine 63 was detected with a specific polyclonal anti-
serum. To demonstrate equal amounts of total c-Jun, the membrane was re-
probed with an anti-Jun antiserum.

ratio. Cells from one 10-cm dish were lysed 24 h after transfection in 1 ml of cold
lysis buffer containing 1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCI (pH
7.5), 1 mM EDTA, 1 mM EGTA, 1 mM Na;VO,, and a protease inhibitor cock-
tail (Boehringer Mannheim). After centrifugation for 15 min at 4°C, the HA-
tagged kinases were immunoprecipitated from the cleared lysate with 1 pg of
anti-HA monoclonal antibody (Boehringer Mannheim) for 2 h at 4°C. Immune
complexes were immobilized by adding 30 wl of Gamma-Bind Sepharose (Phar-
macia, Piscataway, N.J.) and washed three times with lysis buffer and twice with
kinase reaction buffer (25 mM HEPES, 20 mM MgCl,, 2 mM DTT, 0.1 mM
Na;VO, [pH 7.6]). The immunoprecipitates were resuspended in 30 wl of kinase
reaction buffer containing 3 ug of substrates, PHAS-1 (Stratagene, La Jolla,
Calif.) for HA-p38 and HA-p42 or GST-c-Jun(1-79) (Stratagene) for HA-JNK1.
The assay was carried out in the presence of 20 uM unlabeled ATP and 10 pnCi
of [y-*?P]ATP for 30 min at 37°C and stopped by the addition of 30 ul of SDS
sample buffer. The reaction mixture was fractionated by SDS-12% PAGE. Phos-
phorylated substrates were visualized by autoradiography. HA-tagged kinase
immunoprecipitates were analyzed by SDS-PAGE and Western blot analysis by
using anti-HA polyclonal antiserum (Santa Cruz Biotechnology), a horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin antibody (Amersham,
Arlington Heights, IIl.), and an enhanced chemiluminescence kit (Pierce).
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FIG. 3. PKD2 activates the JNK1 but not the MAPK p42. (A) HEK 293T
cells were cotransfected with HA-tagged JNK1 and vector control (CDMS),
PKD2, or PKD2 in combination with dominant-negative (DN) mutants of the
small G proteins Cdc42, Racl, and RhoA at equal ratios. Cells were harvested
after 24 h, and immunoprecipitated JNK1 was incubated with GST-c-Jun(1-79)
in the presence of [y->*P]ATP. Incorporated radioactivity was visualized by SDS—
10% PAGE and autoradiography. PKD2 increases JNK1 activity (top panel); this
activation was inhibited by the DN Cdc42, Racl, and RhoA. Western blot
analysis revealed equal amounts of precipitated kinases (middle panel); the
expression of PKD2 was not affected by the presence of the DN Cdc42, Racl,
and RhoA (bottom panel). (B) HEK 293T cells were cotransfected with HA-
tagged p42 in combination with a vector control (CDMS8) or PKD2 at equal
ratios. Cells were harvested after 24 h, and immunoprecipitated p42 was incu-
bated with PHAS-1 in the presence of [y-*>P]JATP. Incorporated radioactivity
was visualized by SDS-12% PAGE and autoradiography. Only stimulation with
50 nM PMA for 30 min resulted in activation of p42. The lower panel demon-
strates equal amounts of p42 kinase in each condition as determined by Western
blot analysis. (C) PKD2-mediated AP-1 activation is unaffected by DN mutants
of the MAPK p42 or p44. HEK 293T cells were transfected with the AP-1
reporter construct, vector control, PKD2, or PKD2 in combination with DN
mutants of p42 and p44. Transactivation was determined after 36 h of incubation,
and luciferase activity was expressed after normalization for B-galactosidase
activity as fold increase over the vector control. The results represent the
means * SD of transfections performed in triplicate.
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FIG. 4. PKD2 activates p38 MAPK. (A) Dominant-negative (DN) mutants of MKK3 and MKKG® significantly inhibit PKD2-mediated p38 activation. In vitro kinase
assays were performed after transfection of HEK 293T cells with HA-tagged p38 and PKD?2 or a vector control (CDMS). Immunoprecipitated kinases were incubated
with PHAS-1 as an exogenous substrate in the presence of [y->?P]ATP. Incorporated radioactivity was visualized by SDS-12% PAGE and autoradiography. The
amounts of immunoprecipitated p38, the expression of PKD2, and the expression of the DN MKK3 and MKK6 were monitored by Western blot analysis. PKD2
activates p38 in an MKK3- and MKK6-dependent fashion; coexpression of C-terminal PKD1 does not contribute to the PKD2-mediated p38 activation. (B) A DN
mutant of MKK3 significantly inhibits PKD2-mediated AP-1 activation in a dose-dependent fashion. AP-1 luciferase assays were performed after transfection of HEK
293T cells with 1 ug of PKD?2 and increasing amounts of a DN mutant of MKK3. The results represent the means * SD of transfections performed in triplicate. (C)
A DN mutant of MKKG® significantly inhibits PKD2-mediated AP-1 activation in a dose-dependent fashion. AP-1 luciferase assays were performed after transfection
of HEK 293T cells with 1 pg of PKD2 and increasing amounts of a DN mutant of MKKG6. The results represent the means = SD of transfections performed in triplicate.
(D) Wild-type (WT) MKK3 and MKK6 enhance PKD2-mediated AP-1 activation. AP-1 luciferase assays were performed after transfection of HEK 293T cells with
1 pg of PKD2 in combination with WT MKK3 or MKK6. The results represent the means = SD of transfections performed in triplicate. *:, significantly different

from control vector (P < 0.001); # 4 4# 4, significantly different from PKD2-transfected cells (P < 0.001).

Measurement of PKC activity. Total PKC activity was determined as previ-
ously described (1), using a colorimetric PKC assay with neurogranin as a dye-
labeled synthetic peptide substrate (Pierce). Cells were harvested and lysed on
ice for 10 min in 45 wl of cold hypotonic buffer (1 mM HEPES, 5 mM MgCl,, 25
wg of leupeptin per ml, 25 pg of pepstatin per ml). Isotonicity was reestablished
by adding 5 wl of HEPES (200 mM, pH 7.4) and 25 pl of an equilibrium buffer
(20 mM HEPES, 5 mM MgCl,, 1 mM NaF, 0.1 mM Na;VO,). The PKC reaction
was performed at 30°C for 30 min with 10 pl of cleared lysates, following the
instructions of the manufacturer. The absorbance of the phosphorylated sub-
strates was spectrophotometrically determined at 570 nm, and a microprotein
assay (Bio-Rad, Hercules, Calif.) was used to normalize the PKC activities for
the protein content.

In vitro Kinase assay for immunoprecipitated PKC isozymes. To determine
the activity of individual PKC isozymes, in vitro kinase assays were performed
essentially as previously described (38). HEK 293T cells were lysed 24 h after

transfection with cold lysis buffer containing 1% Triton X-100, 150 mM NaCl,
10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 1 mM EGTA, 1 mM Na;VO,, and a
protease inhibitor cocktail (Boehringer Mannheim). PKC isoforms were isolated
from the cleared lysates by using a 1-pg/ml concentration of monoclonal anti-
bodies against the different PKC isoforms as indicated (Transduction Laborato-
ries, Lexington, Ky.). The immune complexes were immobilized with 30 pl of
Gamma-Bind Sepharose (Pharmacia), followed by three washes in lysis buffer
and two washes in a kinase reaction buffer containing 50 mM HEPES (pH 7.6),
75 mM KCIl, 1 mM Naz;VO,, 10 mM MgCl,, and 0.1 mM CaCl,. The kinase
reaction was performed for 20 min at 30°C in 50 pl of kinase buffer in the
presence of 5 p.Ci of [y-*>P]JATP (10 mCi/mmol), 20 uM unlabeled ATP, and 5
g of neurogranin as an exogenous substrate. Adding 5% acetic acid terminated
the reactions. The incorporated radioactivity was determined after two washes
with 75 mM phosphoric acid by liquid scintillation spectrophotometry with a
phosphocellulose membrane (Pierce). PKC immunoprecipitates were analyzed
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by SDS-PAGE and Western blot analysis by using specific anti-PKC monoclonal
and polyclonal antibodies (anti-PKC 3, N/, and € from Transduction Laborato-
ries; anti-PKC ¢ from Upstate Biotechnology; and anti-PKC w from Santa Cruz
Biotechnology) in combination with a horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin antibody (Dako, Carpinteria, Calif.) and enhanced
chemiluminescence (Pierce).

Statistical analysis. Results were expressed as means * standard deviations
(SD). Analysis of variance with subsequent Scheffe’s test was used to determine
significant difference in multiple comparisons. Values of P less than 0.05 were
considered to be significant.

RESULTS

PKD?2 induces AP-1 activity and triggers phosphorylation of
c-Jun. To identify potential signaling pathways of PKD2, we
transiently coexpressed PKD2 in HEK 293T cells with the lu-
ciferase reporter constructs indicated in Fig. 1. PKD2 specifi-
cally induced AP-1 activity, activating AP-1 and the Jun2TRE
reporter constructs (Fig. 1A). PKD2 transactivated both pro-
moter constructs in a dose-dependent fashion (Fig. 1B and C).
However, PKD2 had no effect on CREB, NF-kB, or c-Fos lu-
ciferase reporter constructs, while a weak but not significant
activation was detectable for the c-myc promoter (<2-fold in-
crease) (Fig. 1A). To demonstrate the physiological signif-
icance of the PKD2-mediated AP-1 activation, we tested the
effect of PKD2 on a collagenase promoter construct contain-
ing only one AP-1 binding site. While serum induced a two- to
threefold activation of this promoter, PKD2 induced a ninefold
activation of the single AP-1-binding site (Fig. 1D). PKD2
protein levels were unaffected by the coexpression of different
luciferase constructs; thus, variations in PKD?2 levels could not
account for the differences in transcriptional activities (data
not shown).

Since PKD2 activated the Jun2TRE but not the c-Fos pro-
moter, the PKD2-induced AP-1 activity appeared to involve
mainly Jun family members. Electromobility shift assays with
a double-stranded AP-1/TRE oligonucleotide confirmed that
nuclear proteins from HEK 293T cells transfected with PKD2
bind to this motif (Fig. 2A); a similar activity was observed
after stimulation with PMA, a well-known AP-1 activator (15,
19). Preincubation of nuclear extract with specific antisera in-
duced a significant supershift of the AP-1 band for c-Jun but
not for JunB or JunD. The specificity of the AP-1/TRE DNA-
binding protein was confirmed by the addition of increasing
amounts of unlabeled AP-1 oligonucleotide that almost com-
pletely inhibited the formation of the radiolabeled DNA-pro-
tein complex at a 10-fold excess of unlabeled oligonucleotide.
Conversely, the mutant AP-1 oligonucleotide failed to form a
DNA-protein complex and had little effect on the AP-1 binding
to the authentic AP-1 oligonucleotide. PKD2-dependent phos-
phorylation of c-Jun was demonstrated by using a specific an-
tiserum against phosphorylated serine 63. As shown in Fig. 2B,
PKD2, but not the control, induced c-Jun protein phosphory-
lation. Collectively, these data demonstrate that PKD?2 stimu-
lates the phosphorylation of c-Jun and the formation of tran-
scriptionally active AP-1.

PKD2 activates JNK1 and p38 but not p42. Several kinase
cascades have been demonstrated to regulate AP-1 activity
(31), including the Hoglp homologue p38, the MAPKSs p42
and p44, and members of the JNK family (reviewed in refer-
ence 47). To further delineate the signaling pathway through
which PKD?2 triggers AP-1 activation, we examined the activity
of these kinases in HEK 293T cells expressing PKD2. HA-
tagged p38 and p42 and JNKI1 were coexpressed with PKD2 or
the vector control CDMS. After serum starvation for 16 h, HA-
tagged kinases were immunoprecipitated, and the activity of
each kinase was assessed by in vitro kinase assays. PKD?2 acti-
vated JNKI1 but not p42 (Fig. 3A and B). In addition, domi-
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FIG. 5. Dominant-negative (DN) mutants of the GTP-binding proteins
RhoA, Cdc42, and Racl inhibit PKD2-mediated AP-1 activation. (A) DN mu-
tants of RhoA, Cdc42, and Racl but not Ras or Raf-1 blocked AP-1 activation
in HEK 293T cells transfected with PKD2. Results represent the means = SD of
three independent experiments. (B) DN mutants of RhoA, Cdc42, and Racl
inhibit PKD2-mediated AP-1 activation in a dose-dependent fashion. Results
represent the means + SD of three independent experiments. (C) DN mutants
of RhoA, Cdc42, and Racl do not affect the expression of PKD2. PKD2 expres-
sion, monitored by Western blot analysis, was unaffected by increasing amounts
of cotransfected DN RhoA, Cdc42, or Racl. #xx, significantly different from
control (P < 0.001); # 44, significantly different from PKD2-transfected cells
(P < 0.001); N.S., not significant.

nant-negative mutants of p42 and p44 had no effect on PKD2-
mediated AP-1 activation (Fig. 3C), providing further evidence
that PKD2-mediated AP-1 activation does not involve p42 or
p44 MAPKs. In contrast, PKD2 induced MKK3- and MKK6-
dependent activation of p38 (Fig. 4A). MKK3 and MKKG6 are
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FIG. 6. Effects of staurosporine (S), BAPTA-AM (B), wortmannin (W), and genistein (G) on PKD2-mediated AP-1 activation. HEK 293T cells were transiently
cotransfected with PKD2 or a vector control (CDMS8) and were exposed to increasing concentrations of staurosporine (A), BAPTA (B), genistein (C), and wortmannin
(D), added for the last 6 h of the incubation period. Transactivation of the AP-1 reporter construct was determined after 36 h of incubation, and luciferase
activity was expressed as fold increase over the vector control after normalization for B-galactosidase activity. Representative results of two experiments,
performed in triplicate, are expressed as means * SD. =xx, significantly different from control vector (P < 0.001); ##+, significantly different from PKD2-

transfected cells (P < 0.001).

two MAPKSs that are reported to selectively phosphorylate and
activate p38 (10, 22, 23). Dominant-negative mutants of MKK3
and MKKG6 significantly blocked the PKD2-mediated p38
activation as determined by in vitro kinase assays. To dem-
onstrate the critical involvement of p38 in PKD2 signaling,
we tested the effects of dominant-negative versions of MKK3
and MKKG6 on PKD2-mediated AP-1 activation. As shown in
Fig. 4B and C, coexpression of dominant-negative MKK3 or
MKKG6 resulted in a dose-dependent inhibition of PKD2-
mediated AP-1 activation. Conversely, wild-type MKK3 and
MKKG6 augmented the PKD2-mediated AP-1 activation (Fig.
4D).

The small GTPases Rac and Cdc42 are important mediators
of JNK and p38 activation (5, 33, 36). To determine the role of
small GTP-binding proteins in the PKD2-mediated activation
of AP-1, we coexpressed PKD2 with dominant-negative mu-
tants of RhoA (N19), Cdc42 (N17), and Racl (N17). Dom-
inant-negative RhoA, Cdc42, and Racl abrogated the PKD2-
mediated JNK activation (Fig. 3A) and the PKD2-mediated
AP-1 activation (Fig. SA). The dominant-negative mutants in-

hibited the PKD2-mediated AP-1 activation in a dose-depen-
dent fashion that was not related to a change in PKD2 expres-
sion (Fig. 5B and C). In contrast, dominant-negative forms of
p21-Ras and Raf-1 had no effect on AP-1 activation (Fig. 5A).
Thus, small GTP-binding proteins of the Rho family appear
to play a central role in the signaling pathway triggered by
PKD2.

Staurosporine, but not BAPTA, genistein, or wortmannin,
inhibits PKD2-induced AP-1 activity. To further characterize
the signaling pathway triggered by PKD2, we tested the effects
of several pharmacological reagents on PKD2-mediated sig-
naling. Only staurosporine, a broad-spectrum PKC inhibitor,
decreased PKD2-induced AP-1 activity in a dose-dependent
manner. This inhibition was evident at very low concentrations
of staurosporine (1 to 10 nM) that did not impair cellular
viability. No significant inhibition was observed with the phos-
phatidylinositol 3-kinase inhibitor wortmannin, the tyrosine
kinase inhibitor genistein, or the intracellular calcium chelator
BAPTA-AM (Fig. 6). The selective inhibitory effect of stauro-
sporine implicated PKC as a downstream target of PKD2-
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mediated signaling, while the failure of BAPTA-AM to interfere
with PKD?2 signaling suggested that a calcium-independent
PKC isozyme was involved in the AP-1 activity induced by
PKD2.

PKD?2 increases total PKC activity and specifically activates
PKC e. Consistent with the observed inhibitory effect of stau-
rosporine, expression of PKD2 significantly elevated total PKC
activity (P < 0.001, n = 6) (Fig. 7A). To determine the PKC
isozyme activated by PKD2, we performed in vitro kinase as-
says of calcium-independent protein kinase isozymes isolated
from PKD2-expressing HEK 293T cells. After immunopre-
cipitation of individual PKC isozymes with specific antibod-
ies, their activity was quantitated by using neurogranin as an
exogenous substrate. Only PKC € was specifically activated by
PKD2; the activities of most other isozymes appeared reduced
in PKD2-expressing cells (Fig. 7B). The amount of immuno-
precipitated PKC isozymes and the expression of PKD2 were
monitored by Western blot analysis (Fig. 7C). Since PKD1 in-
duces the activation of PKC « (1), we compared the effects of
PKD2 on PKC « and ¢ activation. While PKD?2 induced PKC
€ activation, it had no effect on the activation of PKC « (Fig.
7D). As further confirmation that PKC ¢ is an essential com-
ponent of PKD2-mediated signaling, PKD2-mediated AP-1 ac-
tivation was significantly inhibited by a dominant-negative
form of PKC ¢ (Fig. 8A and C) but not by other dominant-
negative PKC isozymes, such as PKC «, BII, and 8 (Fig. 8B).
Wild-type PKCe potentiated the AP-1 activation triggered
by PKD2 (Fig. 8A and D). Collectively, these data indicate
that PKD2 induces AP-1 activity through a PKC e-depen-
dent mechanism.

PKD1 enhanced the AP-1 activation induced by PKD2. It
has previously been shown that PKD1 and PKD?2 interact di-
rectly via their C-terminal domains (41, 52), a finding sugges-
tive of a common signaling pathway for PKD1 and PKD2. To
analyze how PKD1 might modulate PKD2-mediated signaling,
we cotransfected PKD2 with the C-terminal tail of PKD1. The
112 C-terminal amino acids of PKD1 were fused to the extra-
cellular domain of CD16 and the transmembrane domain of
CD7. The PKD1 fusion protein is well expressed at the plasma
membrane, where it is capable of mediating protein-protein in-
teractions and signaling events (1, 52). In three independent
experiments performed in triplicate, expression of the C-ter-
minal tail of PKD1 dramatically augmented PKD2-mediated
AP-1 activity (Fig. 9). To further characterize the combinato-
rial effects of PKD1 and PKD?2, we examined their influence on
AP-1, PKC, and MAPK activity. The 112 C-terminal amino
acids of PKD1 failed to activate AP-1 (Fig. 9) but stimulated
PKC « (Fig. 10A). In contrast, PKD2 failed to activate PKC «,
consistent with our observation that the PKD2-mediated sig-
naling is calcium independent (Fig. 10A). Although PKD1 did
not alter PKD2-mediated activation of p38 (Fig. 4A), it aug-
mented PKD2-mediated total cellular PKC activity (Fig. 10B).
Thus, we hypothesized that the synergism of PKD1- and PKD2-
mediated AP-1 activity arose from the dual activation of two
distinct PKC isozymes, PKC « and PKC g, by PKD1 and
PKD?2, respectively. To test this possibility, we investigated
whether a dominant-negative PKC « or the calcium chelator
BAPTA would curtail the synergistic effect of PKD1 on PKD2-
mediated AP-1 activation. Both dominant-negative PKC «
and BAPTA-AM (20 nM) nearly abolished the PKD1-aug-
mented activation of AP-1 while maintaining the baseline
PKD2-mediated AP-1 activation (Fig. 10C). In contrast, PKD1
had no effect on the PKD2-mediated activation of PKC ¢ (Fig.
10D).
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FIG. 7. PKD2 activates PKC €. (A) PKD2 increases total PKC activity in
HEK 293T cells. HEK 293T cells were transiently transfected with a vector en-
coding PKD2 or a vector control, and total PKC activity was measured by a
colorimetric assay. Results are expressed as fold increase over the vector control
for six independent experiments. (B) PKD2 activates PKC € but not other cal-
cium-independent PKC isozymes. HEK 293T cells were transiently transfected
with PKD2 (black bars) or a vector control (CDMS) (white bars). The different
PKC isozymes (PKC 8, N/, {, ., and €) were immunoprecipitated with specific
monoclonal antibodies and analyzed by in vitro kinase assays. (C) The amounts
of immunoprecipitated PKC isozymes (IP) and expression of PKD2 were mon-
itored by Western blot analysis. (D) PKD2 activates PKC € but not PKC «. The
differential activation of PKC « and € by PKD2 was confirmed by in vitro kinase
assays (three independent experiments) and expressed as fold increase over the
vector control. ##%, P < 0.001.

DISCUSSION

Our findings demonstrate that PKD2 strongly stimulates
AP-1 activity in HEK 293T cells. The functional relevance of
this activity can be extrapolated from its effect on a physiolog-
ical promoter, the collagenase promoter, which contains only a
single AP-1-binding site. While serum induced a modest 2- to
3-fold activation of this promoter, PKD2 increased its tran-
scriptional activity nearly 10-fold. Our experiments indicate
that PKD?2 activates AP-1 through a pathway involving activa-
tion of JNKI1, p38, and PKC €. The observed inhibitory effects
of staurosporine and dominant-negative mutants of PKC ¢,
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cells (P < 0.001); N.S., not significantly different from PKD2-transfected cells.
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FIG. 9. PKD1 augments PKD2-mediated AP-1 activation. HEK 293T cells
were transfected with vector control (CDMS8), PKD2 together with CD16.7 (or
CD16.7 fused to the last 112 amino acids of the C-terminal domain of PKD1), or
PKD1 alone. The means * SD of three independent experiments performed in
triplicate are shown. #*, significantly different from control vector (P < 0.01);
w##, significantly different from control vector (P < 0.001); # # 4, significantly
different from PKD2-transfected cells (P < 0.001).

MKK3, MKK6, and Rho family members support a critical
role of these kinases in PKD2-mediated AP-1 activation.

The transcription factor AP-1 is composed of homodimers
and heterodimers of Jun (v-Jun, c-Jun, JunB, and JunD), Fos
(v-Fos, c-Fos, FosB, Fral, and Fra2), or activating transcrip-
tion factor (ATF2, ATF3, and B-ATF) that bind to a consensus
DNA sequence, the TRE (reviewed in reference 26), and there-
by regulate target genes involved in cellular proliferation, dif-
ferentiation, and apoptosis. Its critical role in embryogenesis is
evident in Xenopus, Drosophila (13, 44), and mammalian de-
velopment. Targeted deletion of c-Jun in mice disrupts normal
organogenesis and is embryo lethal at E12 to E14 (24), sug-
gesting that AP-1 could play a role in nephrogenesis.

AP-1 activity can be generated through a variety of sig-
naling events. Gel shift and supershift analysis revealed that
PKD?2 increased the binding of Jun-containing AP-1 to the
TRE. Moreover, PKD2 increased the amount of ¢-Jun phos-
phorylated on serine 63. Activated JNKs phosphorylate c-
Jun on serines 63 and 73, two positively regulatory sites in
the transcriptional activation domain of c-Jun (9, 34), while
activated p38 phosphorylates the corresponding positively
regulatory sites on ATF2 but not on c-Jun (42). The inhibition
of PKD2-induced AP-1 activity by dominant-negative MKK3
and MKKG®, specific abrogators of p38 activity, is consistent
with a role for p38 in PKD2-mediated signaling, perhaps
through the formation of transcriptionally active ATF family
members.

Dominant-negative mutants of Cdc42, RhoA, and Racl sig-
nificantly reduced PKD2-mediated AP-1 activation. Since small
GTP-binding proteins of the Rho family members activate p38
and JNKs (2, 5, 49, 55) and enterotoxin-mediated inactivation
of these small G proteins inhibits p38 activation (25, 53), these
small G proteins may represent an upstream target of PKD2
signaling. These small GTP-binding proteins are known to reg-
ulate complex cellular programs, including the organization of
the actin cytoskeleton, cell motility, shape, adhesion, and po-
larity (reviewed in references 39 and 48). Interestingly, Cdc42-
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dependent p38 activation appears to inhibit cell cycle progres-
sion, arresting cells at the G,/S transition (36), consistent with
reports that increased levels of p38 can inhibit the mitogenic
induction of G, cyclins (29). These findings suggest that PKD2
may modulate cell cycle progression through activation of
Cdc42 and p38.

PKD1 and PKD2 have been hypothesized to be components
of a common signaling pathway. Studies of PKDI '~ and
PKD2 /'~ mice have confirmed an essential role for PKD1
and PKD2 mutations in cystogenesis that resembles human
ADPKD (30, 54), and the gene products of PKDI and PKD2
are known to interact (41, 52). Despite the homologies of
PKD1 and PKD?2 to adhesion molecules and voltage-gated
sodium channels (21, 35), respectively, the functions of these
integral membrane proteins remain unknown. Our analysis re-
veals that both PKD1 and PKD?2 induce signaling events that
converge on the activation of AP-1. The synergism between
the C-terminal PKD1 and PKD2 seems to depend on the com-
lementary activation of two different PKC isozymes, PKC «
by the 112 C-terminal amino acids of PKD1 and PKC ¢ by
PKD2. Activation of PKC « inhibits c-Jun phosphorylation
on negatively regulatory DNA-binding sites, but it fails to
generate transcriptionally active AP-1 (3). In contrast, PKC
€ alone induces a powerful AP-1 response in several tissues,
although the precise signaling cascade remains unclear (8,
15, 37).

Although AP-1 is a clearly defined target of converging
PKD1 and PKD?2 signaling, other cellular programs triggered
by the combined activation of PKC « and € should be exam-
ined. Numerous studies document the growth-promoting prop-
erties of PKC; however, there is increasing evidence that some
PKC isozymes are involved in cell growth inhibition and dif-
ferentiation (reviewed in reference 13). In renal tissue, PKC «,
9, and { are the most abundant isozymes, while PKC € is weakly
but uniformly expressed in both the cortex and the medulla dur-
ing ontogeny (40). Previous studies have shown that activated
PKC ¢ inhibits cell growth in some tissues (32, 46). Moreover,
the combinatorial activation of PKC a and € appears to cause
induction of the cyclin-dependent kinase inhibitors p21"/*/<?
and p27*7!, hyperphosphorylation of the retinoblastoma pro-
tein, and an inhibition of cell cycle progression in G, of in-
testinal epithelial cells (14). Thus, the ability of PKD1 and
PKD?2 to activate PKC « and ¢, respectively, may enable the
two ADPKD gene products to inhibit cell cycle progression
and promote the cellular differentiation of tubular epithelial
cells during renal development.

The mechanism by which PKD2 triggers the activation of
PKC € remains unknown. In vivo activation of phosphatidyl-
inositol 3-kinase and phospholipase Cy has been reported to
induce the activation of PKC € (37). Since wortmannin had no
effect on PKD2-mediated AP-1 activation, it would be of in-
terest to determine whether PKD2 can activate phospholipase
Cy in vivo. PKD2 contains several putative PKC phosphoryla-
tion sites that could represent a target of either PKD1-mediat-
ed activation of PKC a or PKD2-mediated activation of PKC
€. To further characterize these signaling events, it will be im-
portant to identify PKD2 motifs and PKD2-binding adapter
proteins involved in the PKD2-mediated cellular activation.
Modeling the observed signaling events in a more complex
cellular or animal system would facilitate the design of thera-
peutic approaches to mimic the normal signaling of PKD1 and
PKD2 and thereby reduce cyst progression to prevent renal
failure in patients with ADPKD.
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FIG. 10. PKD1-mediated augmentation of PKD2 activities requires PKC «. (A) The C-terminal domain of PKD1 but not PKD2 activates PKC a. The PKC «
isozyme was immunoprecipitated from PKD1, PKD2, or vector control-transfected HEK 293T cells; the activity was determined by in vitro kinase assays. The means *
SD of three experiments were expressed as fold increase over the vector control. (B) PKD1 increases the total PKC activity triggered by PKD2. HEK 293T cells were
transfected with PKD1, PKD2, or a vector control (CDMS). The means + SD of the total PKC activity of six independent experiments were expressed as fold increase
over the vector control. (C) A dominant-negative (DN) PKC « mutant and the calcium chelator BAPTA block the effect of PKD1 upon PKD2-mediated AP-1
activation. HEK 293T cells were transiently cotransfected with a vector control (CDMS), PKD1, and PKD2 in combination with a DN mutant of PKC «. In one
experiment, BAPTA-AM (20 uM) was added for 6 h. Experiments were performed in triplicate. (D) PKD1 has no effect on the PKD2-mediated activation of PKC
€. The PKC ¢ isozyme was immunoprecipitated from HEK 293T cells transfected with vector control, PKD1, or PKD2. The PKC ¢ activity was determined by in vitro
kinase assays. Immunoprecipitates of PKC € and PKD2 expression were monitored by Western blot analysis. *, significantly different from vector control (P < 0.05);
#«k, significantly different from vector control (P < 0.01); *#, significantly different from control vector (P < 0.001); #, significantly different from PKD2-transfected
cells (P < 0.05); ## 4, significantly different from PKD2-transfected cells, P < 0.05; +, significantly different from PKD1- and PKD2-transfected cells (P < 0.05); N.S.,

not significantly different from control cells.
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