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Although the renal proximal tubular epithelial cells are targeted in a variety of inflammatory diseases of the kidney, the
signaling mechanism by which tumor necrosis factor (TNF)-� exerts its effects in these cells remains unclear. Here, we
report that TNF-� elicits antiapoptotic effects in opossum kidney cells and that this response is mediated via actin
redistribution through a novel signaling mechanism. More specifically, we show that TNF-� prevents apoptosis by
inhibiting the activity of caspase-3 and this effect depends on actin polymerization state and nuclear factor-�B activity. We
also demonstrate that the signaling cascade triggered by TNF-� is governed by the phosphatidylinositol-3 kinase,
Cdc42/Rac1, and phospholipase (PLC)-�1. In this signaling cascade, Cdc42 was found to be selectively essential for PLC-�1
activation, whereas phosphatidylinositol-3,4,5-triphosphate alone is not sufficient to activate the phospholipase. More-
over, PLC-�1 was found to associate in vivo with the small GTPase(s). Interestingly, PLC-�1 was observed to associate
with constitutively active (CA) Cdc42V12, but not with CA Rac1V12, whereas no interaction was detected with
Cdc42(T17N). The inactive Cdc42(T17N) and the PLC-�1 inhibitor U73122 prevented actin redistribution and depolymer-
ization, confirming that both signaling molecules are responsible for the reorganization of actin. Additionally, the actin
filament stabilizer phallacidin potently blocked the nuclear translocation of nuclear factor-�� and its binding activity,
resulting in abrogation of the TNF-�–induced inhibition of caspase-3. To conclude, our findings suggest that actin may
play a pivotal role in the response of opossum kidney cells to TNF-� and implicate Cdc42 in directly regulating PLC-�1
activity.

INTRODUCTION

Tumor necrosis factor (TNF)-� is a potent proinflammatory
cytokine that induces necrosis or apoptosis (Natoli et al.,
1998). In addition, TNF-� elicits antiapoptotic cell signals,
leading to suppression of apoptosis, which is mostly depen-
dent on nuclear factor-�B (NF-�B), and to inflammatory
response (Barnes and Karin, 1997; Chang and Yang, 2000;
Idriss and Naismith, 2000; Baud and Karin, 2001; Bergmann
et al., 2001; Vancurova et al., 2001). It has also been proposed
that TNF-� activates cell survival signaling cascades that
result in the inhibition of apoptosis independently of NF-�B
(Pastorino et al., 1999; Madge and Pober, 2000). TNF-� is
produced by activated macrophages and monocytes, in re-
sponse to inflammation, injury, or infection, as well as by
heart and kidney in response to ischemia and reperfusion
(Meldrum and Donnahoo, 1999; Baud and Karin, 2001).
After its production, TNF-� acts locally or in distal sites,
inducing its own expression and NF-�B activation, which in
turn suppress apoptosis and induce the expression of other
genes promoting inflammation (Donnahoo et al., 1999; Baud
and Karin, 2001).

Because TNF-� is one of the most pleiotropic proinflam-
matory cytokines, the elucidation of signaling mechanisms

that lead to apoptotic or antiapoptotic cellular responses
could facilitate the control of these biological activities in
TNF-� target cells. Although TNF-� has been reported to
induce the activation of key signaling molecules and to
reorganize actin cytoskeleton in various cell systems (Woj-
ciak-Stothard et al., 1998; Kim et al., 1999; Koukouritaki et al.,
1999; Puls et al., 1999; Chen et al., 2000), the signaling mech-
anism by which TNF-� exerts its effects in proximal tubule
cells remains unclear. It is well known that the renal proxi-
mal tubular epithelial cells are targeted in a variety of im-
mune and inflammatory diseases of the kidney (Baud and
Ardaillou, 1993; Healy et al., 1999). The role of inflammatory
cytokines in the pathogenesis of renal diseases has also been
established (Ortiz et al., 1994; Rabb, 1994; Bruijn and de
Heer, 1995). Therefore, the identification of the signaling
mechanisms that regulate the response of these cells to
TNF-� may have major implications in the control of renal
inflammatory diseases.

In the present study, we have used the opossum kidney
(OP) cells that express functional characteristics of normal
proximal tubular epithelial cells, to analyze whether TNF-�
exerts an apoptotic or antiapoptotic cell response in these
cells. We also examined whether TNF-� induces actin cy-
toskeleton alterations and their possible role to cell response.
Finally, we attempted to identify the signaling mechanism
triggered by TNF-� that leads to actin redistribution and to
modulation of NF-�B and caspase-3 activity. The results
presented here demonstrate that TNF-� elicits antiapoptotic
effects in OK cells by inhibiting caspase-3 activity and that
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the pathway that transmits the signal is through the phos-
phatidylinositol-3 kinase (PI-3 kinase)3Cdc423phospholipase
(PLC)-�13actin redistribution3NF-�B nuclear translocation cas-
cade. In addition, these results provide novel mechanistic insights:
we demonstrate the essential role of Cdc42 for PLC-�1 activation
as well as the in vivo interaction between the GTP-Cdc42 and
PLC-�1, which could be implicated in the activation of the phos-
pholipase. We also present evidence that the polymerization state
of actin is required for NF-�B translocation to the nucleus, which
determines the cellular response of OK cells to TNF-�.

MATERIALS AND METHODS

Materials
TNF-� was obtained from R&D Systems (Minneapolis, MN). Rhodamine-
phalloidin and Slow Fade antifade kit were from Molecular Probes (Eugene,
OR). The NF-�B binding specific oligonucleotide, polyclonal antibodies for
p21-activated kinase (PAK)1 (rabbit), Cdc42 (rabbit), PLC-�1 (rabbit), and
NF-�B (p65) (goat) as well as monoclonal anti-phosphotyrosine (PY20) anti-
body were from Santa Cruz Biotechnology (Santa Cruz, CA). The digoxige-
nin-labeling kit and the positively charged nylon membranes were from
Roche Diagnostics (Basel, Switzerland). Rabbit polyclonal anti-PI-3 ki-
nase(p85) antibody, monoclonal anti-Rac, and Cdc42/Rac activation assay kit
(including glutathione S-transferase [GST]-fusion of the PAK1 p21-binding
domain [PBD, amino acids 67–150] bound to glutathione-agarose and lysis/
wash buffer) were purchased from Upstate Biotechnology (Lake Placid, NY).
Phospho-specific (Thr308) Akt and anti-Akt antibodies were from New En-
gland Biolabs (Beverly, MA). The APOPercentage apoptosis assay was from
Biocolor (Newtownabbey, northern Ireland, United Kingdom). The caspase-3
activation assay kit was obtained from BD Biosciences Clontech (Palo Alto,
CA) or from Calbiochem-Novabiochem (Darmstadt, Germany). U73122 and
Clostridium difficile toxin B were from Calbiochem-Novabiochem. Phosphati-
dylinositol-4,5-bisphosphate (from bovine brain), phosphatidyl[2-3H]inositol
4,5-bisphosphate, phosphatidylethanolamine (from bovine brain), wortman-
nin, and phallacidin were obtained from Sigma-Aldrich (St. Louis, MO). Silica
gel 60 sheets were from Merck (Poole, Dorset, United Kingdom). ECL West-
ern blotting kit, protein A-Sepharose beads, and [�-32P]ATP were from Am-
ersham Biosciences (Piscataway, NJ). All other chemicals were obtained from
usual commercial sources at the highest grade available.

Cell Culture and Transfections
OK cells were from the American Type Culture Collection (Manassas, VA)
and were studied between passages 40 and 50. The culture of cells and the
transfection procedure, by using the calcium-phosphate DNA coprecipitation
protocol, were performed as described previously (Papakonstanti and Stour-
naras, 2002). Initially, cells were cultured for 48 h with complete medium.
Then, the medium was changed to serum free medium 24 h before the actual
experiments. TNF-� was used at a concentration of 10 ng/ml. When indi-
cated, cells were preincubated with the PI-3 kinase inhibitor wortmannin (100
nM, 30 min), the actin stabilizing agent phallacidin (1 �M, 1 h), the inhibitor
of PLC-�1 U73122 (10 �M, 30 min), the inhibitor of Rho GTPases toxin B (50
ng/ml, 2 h), or the NF-�B inhibitor PDTC (pyrolidine dithiocarbonate) (20
�M, 1 h) and then cells were stimulated with TNF-� for the indicated times.
All experiments described below were performed in confluent cells.

Plasmids
pCMV expression plasmid encoding the double mutant I�B� (S32A/S36A),
which is not phosphorylated (Whiteside et al., 1995), was kindly provided by
Dr. A. Zantema (Laboratory for Molecular Carcinogenesis, Sylvius Laborato-
ries, Leiden University, The Netherlands). Wild-type IKK-2 and IKK-2(S177E,
S181E) were kindly provided by Dr. A. Rao (The Center for Blood Research
and, Department of Pathology, Harvard Medical School, Boston, MA) and Dr.
F. Mercurio (Celgene Research, San Diego, California). pCMV expression
plasmids encoding the Cdc42(T17N) or Cdc42V12 and pEXV expression
plasmids encoding the Rac1(T17N) or Rac1V12 were kindly provided by Dr.
A. Moustakas (Ludwing Institute for Cancer Research, Uppsala, Sweden).

Expression and Purification of Recombinant Proteins
The pCMV or pEXV plasmids were transformed into Escherichia coli DH10B
for protein expression. Recombinant proteins from 250 ml of culture were
purified by the high purity plasmid purification system (Invitrogen, Carlsbad,
CA) according to the manufacture’s instructions.

Immunoprecipitation, Kinase Assays, and Immunoblotting
Analysis
Cells were washed three times with ice-cold phosphate-buffered saline (PBS)
and suspended in cold lysis buffer containing 1% Nonidet P-40, 50 mM Tris,

pH 7.5, and 150 mM NaCl supplemented with protease and phosphatase
inhibitors. Cleared lysates were preadsorbed with protein A-Sepharose for 1 h
at 4°C, centrifuged, and the supernatants (equal amounts of protein) were
subjected to immunoprecipitation by using the indicated antibodies and the
A-Sepharose beads.

PAK1 kinase assay was performed according to the procedure of Knaus et
al. (1995), by using autophosphorylation to assess activity, and the lipid
kinase activity of PI-3 kinase was measured by the method of Auger et al.
(1989) with minor modifications as described previously (Papakonstanti and
Stournaras, 2002).

For immunoblot analysis, the cell lysates or the immunoprecipitates were
suspended in Laemmli’s sample buffer and separated by SDS-PAGE. Proteins
were transferred onto nitrocellulose membrane, and the incubation with
antibodies was performed as described previously (Papakonstanti and Stour-
naras, 2002). Blots were developed using the ECL system and the band
intensities were quantitated by PC-based image analysis (Image Analysis, St.
Catherines, ONT, Canada).

PLC-�1 Activity Assay
PLC-�1 activity was measured according to Arkinstall et al., (1995) with minor
modifications. To prepare substrate, 1 �Ci of phosphatidyl[2-3H]inositol 4,5-
bisphosphate ([3H]PIP2; 10 Ci/mmol) was mixed with 110 �l of phosphati-
dylethanolamine (10 mg/ml) and dried under nitrogen stream. Then, 120 �l
of 2 �g/�l PIP2 dissolved in 50 mM HEPES with 100 mM KCl and 10 mM
deoxycholate (pH 7.0) was added, and phospholipids were resuspended in 1
ml of substrate solution (20 mM HEPES, 100 mM NaCl, pH 7.2) by using a
sonicator. To measure PLC-�1 activity, 25 �l of substrate was mixed with 25
�l of buffer B (50 mM Tris, 50 mM maleic acid, 40 mM LiCl, 20 mM MgCl2, pH
7.0) and 25 �l of 2.2 mM CaCl2 calculated to give 5 � 10�5 M free Ca2� (based
on 0.5 mM EGTA). We have decided to use this free Ca2� concentration
because we observed maximum enzymatic activity under these conditions.
Reactions were started by addition of immunoprecipitated PLC-�1 (from
equal amounts of protein) suspended in 25 �l of 5 mM Tris, pH 7.4, containing
2 mM EGTA. After incubation at 37°C for 10 min with agitation, reactions
were stopped by the addition of methanol:chloroform:HCl (200:100:1), chlo-
roform, and 0.25 M HCl. After mixing vigorously and centrifuging to separate
the phases, 1 ml of the upper aqueous phase was counted by liquid scintil-
lation.

Electrophoretic Mobility Shift Assay (EMSA)
Nuclear proteins were extracted from untreated or TNF-�–treated cells ac-
cording to the procedure of Dignam et al. (1983) with minor modifications.
Labeling of NF-�B binding-specific oligonucleotide (5�-AGT TGA GGG GAC
TTT CCC AGG C-3�) was performed using a nonradioactive technique with
digoxigenin-11-ddUTP under the instructions provided by the kit (Roche
Diagnostics). For binding reactions, 10 �g of nuclear protein was incubated
with 0.21 pmol of 3� end-labeled probe and 5 �g poly(dI-dC) and 0.1 �g of
poly l-lysine in binding buffer in a final volume of 20 �l for 15 min at room
temperature. Specificity was determined using 1 �g of anti-p65 or anti-p50
antibodies, which were added to proteins 45 min before using the labeled
probe and by competition with 25-fold excess of unlabeled probe. The sam-
ples were analyzed on 6% native polyacrylamide gels and then were trans-
ferred in positively charged nylon membranes, blocked in blocking buffer (1%
blocking reagent, 0.1 M maleic acid, 0.15 M NaCl, pH 7.5), and finally
incubated with anti-digoxigenin-Fab fragments conjugated with alkaline
phosphatase. Bands were visualized by chemiluminescence using the CSPD
system (Roche Diagnostics).

In NF-�B (p65) translocation studies the cytosolic or nuclear extracts were
subjected to SDS-PAGE by using a 10% running gel, and immunoblot analysis
was performed as described above.

Apoptosis Assay
APOPercentage apoptosis assay is based on the staining of the cells with a
dye, which enters the cells after the translocation of phosphatidylserine that,
during apoptosis, is moved from the plasma membrane inner leaflet to the
outer leaflet where it triggers recognition and phagocytosis of the apoptotic
cells (Fadok et al., 1992; Martin et al., 1995). This assay was performed as
described in the instructions of the kit. The cells were washed with PBS and
photographed using an inverted microscope and then the Dye Release Re-
agent was added and the absorbance was measured using a microplate
colorimeter at 540 nm with reference at 620 nm.

Caspase-3 Assay
The activity of caspase-3 in whole cell lysates was determined using the BD
Biosciences Clontech ApoAlert CPP32 or the Calbiochem colorimetric assay
kit according to the manufacturers’ instructions. The caspase-3 activity was
determined by incubating cell lysates with the caspase-3 substrate (the pep-
tide DEVD conjugated to the chromophore p-nitroanilide) for 2 h at 37°C. The
absorbance of each sample was measured at 405 nm by using a 96-well
colorimetric plate reader.
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Affinity Precipitation
Affinity precipitation with GST-PBD was performed using an assay based on
the method of Benard et al. (1999). Cells were lysed in Mg2� lysis buffer
(MLB), which was provided by the assay kit (UBI, Lake Placid, NY), mixed
with 8 �g of GST-PBD bound to glutathione-agarose, and incubated for 1 h at
4°C. Precipitates were washed three times with MLB and suspended in
Laemmli’s sample buffer. Proteins were separated by 11% SDS-PAGE, trans-
ferred onto nitrocellulose membrane, and blotted with anti-Cdc42, anti-Rac1,
or anti-PLC-�1 antibody.

Immunofluorescence Microscopy
Direct fluorescence staining of microfilaments by rhodamine-phalloidin and
double labeling with additional indirect staining for fluorescence of Myc-
tagged dominant negative Cdc42(T17N) to detect the transfected cells, by
using monoclonal anti-Myc epitope antibody and the fluorescein isothiocya-
nate-conjugated goat anti-mouse antibody, were performed as described pre-
viously (Are et al., 2000; Papakonstanti and Stournaras, 2002). All specimens
were examined with an Olympus BH-2 microscope equipped with epifluo-
rescence illumination. Micrographs were photographed with a 35-mm (C-
35AD-4) camera and Kodak P3200 black and white films.

DNase I Inhibition Assay
Cells were washed three times with ice-cold PBS and suspended in cold lysis
buffer containing 10 mM K2HPO4, 100 mM NaF, 50 mM KCl, 2 mM MgCl2, 1
mM EGTA, 0.2 mM dithiothreitol, 0.5% Triton X-100, 1 M sucrose, pH 7.0. The
monomeric (G) and total (T) actin contents were determined as described
previously (Papakonstanti et al., 1996).

RESULTS

Anti-Apoptotic Response of OK Cells to TNF-� and the
Involvement of NF-�B and Actin Cytoskeleton
To determine whether TNF-� exerts an apoptotic or anti-
apoptotic cell response in OK cells, we performed a colori-
metric apoptosis assay in cells cultured in the presence or
absence (deprived cells) of serum for 24 h and then incu-
bated with TNF-� for the indicated times (Figure 1). As
shown in Figure 1A, cell culture in serum-free condition
resulted in the appearance of many apoptotic cells that were
progressively decreased by the addition of TNF-�. Quanti-
fication of these results revealed that exposure of deprived
cells to TNF-� induced a significant decrease of arbitrary
absorbance units (Figure 1B), suggesting that TNF-� exerts
antiapoptotic effect in OK cells. Indeed, the absorbance units
were decreased by 12% when cells were incubated with
TNF-� for 4 h compared with untreated cells (0.226 � 0.014
compared with 0.200 � 0.002, n � 6, p � 0.05), whereas 6-h
incubation with TNF-� resulted in a more substantial de-
crease of absorbance units by 44% compared with the re-
spective untreated cells (0.229 � 0.008 compared with
0.128 � 0.007, n � 6, p � 0.01) (Figure 1B). As has been
published for most effects of TNF-�, its antiapoptotic effect
in OK cells was found to be also transient because the
absorbance units after treatment of cells with TNF-� for 24 h
were almost equal to that measured in the respective de-
prived untreated cells (0.200 � 0.003 compared with 0.205 �
0.002, n � 6).

To confirm the results obtained above, we also examined
the effect of TNF-� on caspase-3 activity, a central molecule
that is early activated in the apoptotic pathway. As shown in
Figure 2A, TNF-� induced a significant decrease in the pro-
tease activity, compared with control (deprived) cells, which
became evident 1 h after TNF-� treatment and remained at
low levels during the next 6 h after the addition of TNF-�. In
an effort to identify the upstream molecule(s) that directly
involved in the protease inhibition, cells were preincubated
with the NF-�B inhibitor PDTC and then exposed to TNF-�.
As shown in Figure 2B, PDTC blocked the inhibition of
caspase-3, indicating the involvement of NF-�B in the sur-
vival effect of TNF-�. To confirm the involvement of NF-�B
and the inhibitory action of PDTC, cells were incubated for

1 h with TNF-� in the absence or presence of PDTC and the
NF-�B binding activity was determined by EMSA. As
shown in Figure 2B (inset), the NF-�B binding activity was
induced by TNF-� (compare lane 1 with lane 3), whereas in
the presence of PDTC it was significantly decreased (com-
pare lane 3 with lane 4). To obtain more direct evidence that
NF-�B is involved in the inhibition of caspase-3, we used the
double mutant I�B�(S32A/S36A), which is not phosphory-
lated because of the S32 and S36 substitutions resulting in
prevention of degradation of I�B� and the subsequent trans-
location of NF-�B into the nucleus (Whiteside et al., 1995).
Additionally, we determined the caspase-3 activity in cells
that had been transfected with the wild-type (WT) IKK-2,
which induces the TNF-�-stimulated NF-�B–mediated gene

Figure 1. Antiapoptotic effects of TNF-� in OK cells. Cells in
complete medium or cells that had been exposed to serum-free
medium for 24 h and then incubated with TNF-� for the indicated
times were assessed for apoptosis using the colorimetric APOPer-
centage apoptosis assay. Apoptotic cells were photographed using
an inverted microscope (A) or quantified by measuring the absor-
bance by using a microplate colorimeter (B). Mean � SEM from two
separate experiments performed in triplicate (significance level *p �
0.05, **p � 0.01).
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activation (Mercurio et al., 1997). We observed that, indeed,
I�B�(S32A/S36A) blocked the protease inhibition (Figure
2C), whereas the WT IKK-2 induced a more drastic inhibi-
tion of caspase-3 (Figure 2D). Although the IKK-2(S177E,
S181E) mutant generates a highly active I�B� kinase activity,
we do not present data for this mutant because we observed
that IKK-2(S177E, S181E) induces the activity of NF-�B in the
absence of cell stimulation, as it has been also described by
others (Mercurio et al., 1997).

Because the Bcl-2 family proteins function to inhibit also
caspase-3, we examined the expression of Bcl-2 by immuno-
blot analysis. This experiment revealed that Bcl-2 protein
remained unchanged after TNF-� treatment (Figure 2E, top).
Immunoblotting of the same nitrocellulose membrane for
total actin (Figure 2E, bottom) confirmed that there are no
differences in the total Bcl-2 protein levels. It is well known
that actin acts as a sensor and/or mediator of various sig-
nals. Accordingly, we examined its possible involvement in
the inhibition of caspase-3 activity induced by TNF-�. Inter-
estingly, when cells were preincubated with phallacidin, an
actin-stabilizing agent that prevents actin depolymerization
induced by extracellular stimuli in these cells (Papakonstanti

et al., 1996), the caspase-3 activity was inhibited (Figure 2F),
suggesting that actin polymerization state plays a key role in
antiapoptotic signaling triggered by TNF-�. To confirm the
inhibitory action of phallacidin on actin depolymerization
and therefore the involvement of actin in the inhibition of
caspase-3, we determined the G/T actin ratio in TNF-�–
treated cells in the presence or absence of phallacidin. Using
the DNase I inhibition assay, we found that the G/T actin
ratio was significantly increased in cells exposed to TNF-�
for 1 h compared with untreated cells (0.25 � 0.02 compared
with 0.31 � 0.01, n � 4, p � 0.05), indicating actin depoly-
merization, whereas when cells were preincubated with
phallacidin this actin ratio remained at basal levels (0.26 �
0.03, n � 4).

Effect of TNF-� on the Organization of Actin
Microfilaments
The results obtained above suggest that TNF-� affects the
organization of actin and moreover that this alteration is
involved in cell response to TNF-�. Indeed, using the well-
established DNase I inhibition assay, we found that TNF-�
induced a time-dependent increase of G/T actin ratio con-

Figure 2. Involvement of NF-�B and actin
in the inhibition of caspase-3 by TNF-�. Ex-
tracts of TNF-�–treated cells (A) or cells that
had been preincubated with PDTC (B), or
had been transfected with I�B�(S32A/
S36A) (C) or WT IKK-2 (D), or had been
preincubated with phallacidin (F) and then
treated with TNF-�, for the indicated times,
were incubated with the caspase-3 substrate
DEVD-p-nitroanilide, and the protease ac-
tivity was analyzed as described in MATE-
RIALS AND METHODS. Data are pre-
sented as percentage of control cells’ activity
by measuring the OD per milligram of pro-
tein per minute (mean � SEM from two to
three separate experiments performed in
duplicate). (B, inset) Cells were incubated
with TNF-� for 1 h in the presence or ab-
sence of PDTC. Nuclear extracts were sub-
jected to EMSA as described in MATERI-
ALS AND METHODS. Lane 1, untreated
cells; lane 2, cells treated with PDTC; lane 3,
cells treated with TNF-�; lane 4, cells treated
with TNF-� in the presence of PDTC. (E)
Cells were stimulated with TNF-� for the
indicated times. Total cell lysates were pre-
pared and immunoblotted using anti-Bcl-2
(top) or anti-actin antibody (bottom).
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sistent with a decrease in the proportion of filamentous actin
(Figure 3A). The G/T actin ratio was increased to a maxi-
mum (50 � 5%, n � 5) within 15 min of TNF-� treatment,
whereas it reached the basal levels at 2 h. To determine
whether the TNF-�-induced microfilament depolymeriza-
tion was accompanied by actin reorganization, we per-
formed direct immunofluorescence experiments. As shown
in Figure 3B, cells exposed to TNF-� for short periods (7–30
min) (Figure 3B, b–d) exhibited a clear redistribution of actin
filaments, including the loss of stress fibers as well as the
formation of many peripheral filopodia and microspikes,
which were accompanied by intense lamellipodia. In longer
incubation times (60–120 min) (Figure 3B, e and f), these
peripheral structures were progressively disappeared,
whereas stress fibers reappeared.

TNF-� Activates Cdc42 and Rac1 Downstream of PI-3
Kinase
In an effort to identify the signaling mechanism triggered
by TNF-� and leads to actin reorganization, we focused
on key signal transduction molecules. PI-3 kinase, a signal
transduction molecule that is activated upstream or
downstream of small GTPases (Tolias et al., 1995; Krasilni-
kov 2000; Vanhaesebroeck et al., 2001; Papakonstanti et al.,
2003), influences the organization of actin cytoskeleton.
To examine whether PI-3 kinase is activated by TNF-�, an
in vitro kinase assay was performed on anti-phosphoty-
rosine immune complexes isolated from equal amounts of
proteins of control and TNF-�–treated cells. We found
that the lipid kinase activity of PI-3 kinase (Figure 4A,

top) as well as the tyrosine phosphorylation of its p85
regulatory subunit (Figure 4A, bottom) was induced to a
maximum within 2 min of TNF-� treatment, and it had been
reached the control levels 2 h later.

Figure 3. Actin redistribution and depolymerization in response
to TNF-�. (A) Cells were incubated for the indicated times with 10
ng/ml TNF-� and then the monomeric (G) or total (T) actin levels
was measured as described in MATERIALS AND METHODS. Data
are presented as G/T actin ratio (mean � SEM from five separate
experiments; significance level *p � 0.05). (B) Cells were incubated
with TNF-� for 7 (b), 15 (c), 30 (d), 60 (e), or 120 (f) min and then the
redistribution of filamentous actin was determined with rhoda-
mine-phalloidin staining by immunofluorescence microscopy. (a)
Untreated cells. Bar, 20 �m. Similar results were obtained in three
independent experiments.

Figure 4. Effect of TNF-� on the PI-3 kinase and Cdc42/Rac1 activity.
Cells were incubated for the indicated times with TNF-� (10 ng/ml).
Equal amount of proteins of cell lysates were immunoprecipitated with
an anti-phosphotyrosine antibody and subjected to an in vitro PI-3
kinase assay, as described in MATERIALS AND METHODS, by using
PIP2 as substrate. The number below each lane indicates the fold
amount of phosphatidylinositol-3,4,5-trisphosphate (PIP3) product,
with that of untreated cells taken as 1 (top). The phosphorylation of the
p85 regulatory subunit of PI-3 kinase that was immunoprecipitated in
the kinase assay was assessed by immunoprecipitation (IP) with an
anti-phosphotyrosine antibody and immunoblotting (IB) with anti-PI-3
kinase (p85) antibody. The number below each lane indicates the fold
phosphorylation of p85, with that of untreated cells taken as 1 (bot-
tom). (B) Equal volume of cell lysates from untreated or TNF-�–treated
cells were affinity precipitated (AP) with GTP-PBD bound to glutathi-
one-agarose beads. Precipitated GTP-Cdc42 or GTP-Rac1 was detected
by IB with anti-Cdc42 or anti-Rac1 antibody, respectively. Equal vol-
ume of total lysates from untreated and TNF-�–treated cells were
subjected to SDS-PAGE, transferred to nitrocellulose membrane, and
IB with monoclonal anti-Cdc42 or anti-Rac1 antibody, respectively. The
number below each lane indicates the normalized fold activation of
Cdc42 or Rac1, with that of untreated cells taken as 1. Results shown
are representative of three independent experiments with similar results.
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Because the small GTPases Cdc42/Rac1 have been impli-
cated in the formation of filopodia, microspikes, and mem-
brane ruffles (Ridley and Hall, 1992), and such morpholog-
ical changes were observed in our system, we examined next
whether these GTPases are activated in response to TNF-�.
Equal volumes of cell lysates from control and TNF-�–
treated cells were affinity precipitated with a GST-fusion
protein corresponding to the p21-binding domain of PAK1
(GST-PBD) that specifically binds to and precipitates the
Cdc42-GTP and Rac1-GTP (Benard et al., 1999). The presence
of each GTPase was assessed with a specific antibody. To
normalize the results, equal volumes of cell extracts were
also analyzed by immunoblotting for total amounts of Cdc42
and Rac1. As shown in Figure 4B, the ratio of GTP-Cdc42 or
GTP-Rac1 to total Cdc42 or Rac1 was significantly and time
dependently increased in cells exposed to TNF-�. The acti-
vation of Cdc42 and Rac1 was induced to a maximum within
7 and 15 min, respectively, of TNF-� incubation, suggesting
that it would be a relatively proximal consequence of PI-3
kinase activation. To confirm this, we performed the in vitro
PI-3 kinase assay in cells that had been pretreated with the C.
difficile toxin B. As shown in Figure 5A, a, both the lipid
kinase activity (top) as well as the tyrosine phosphorylation
of p85 regulatory subunit of PI-3 kinase (bottom) were sig-
nificantly induced by TNF-� indicating that the small
GTPases are activated downstream of the PI-3 kinase. On the
other hand, pretreatment of cells with toxin B abolished the
formation of GTP-Cdc42 or GTP-Rac1 (Figure 5A, b), con-
firming the inhibition of the small GTPases. Similar results
were obtained when PI-3 kinase activity was determined
after transfection of cells with inactive Cdc42(T17N) or
Rac1(T17N) (our unpublished data). Additionally, when the
activated form of Cdc42 or Rac1 was determined in cells that
had been pretreated with the specific PI-3 kinase inhibitor
wortmannin no specific signal was detected implying that
the activation of the small GTPases is dependent on PI-3
kinase activity (Figure 5B, a and b). The inhibitory action of
wortmannin on PI-3 kinase activity was confirmed by the in
vitro kinase assay performed in cells that had been preincu-
bated with wortmannin and then exposed to TNF-� for the
indicated times (Figure 5B, c).

Cdc42 Induces PLC-�1 Activity
Among the downstream targets of activated Cdc42/Rac1 are
the PAKs (Bagrodia et al., 1995; Manser et al., 1995), the
activation of which results in depolymerization of stress
fibers and peripheral actin reorganization (Daniels and
Bokoch, 1999). To explore whether PAK1 activation is re-
sponsible for actin redistribution induced by TNF-�, we
performed the PAK1 kinase assay on immunoprecipitates
obtained from equal amounts of protein from untreated or
TNF-�–treated cells. Ethylketocyclazocine (EKC)-treated
cells were used as positive control because we have seen
previously that this opioid agonist induces the PAK1 kinase
activity in these cells (Papakonstanti and Stournaras, 2002).
Although PAK1 was activated in cells exposed to EKC, no
activation was observed in TNF-�–treated cells (Figure 6A,
top), indicating that actin reorganization occurs through a
PAK1-independent mechanism. The presence of PAK1 in
the immunoprecipitates was confirmed by immunoblotting
of the nitrocellulose membrane with an anti-PAK1 antibody
(Figure 6A, bottom).

PLC-�1 is a signaling molecule that is involved in regula-
tion of cytoskeletal organization (Yu et al., 1998; Nojiri and
Hoek 2000; Papakonstanti et al., 2000). Accordingly, we ex-
amined whether PLC-�1 was phosphorylated and/or acti-
vated in our system. Tyrosine-phosphorylated proteins were

Figure 5. PI-3 kinase is activated upstream of the small GTPases
Cdc42/Rac1 in TNF-�–treated cells. (A) Cells were pretreated with
toxin B (50 ng/ml, 2 h) and then incubated with TNF-� (10 ng/ml) for
the indicated times. (a) Equal amount of proteins of cell lysates were
immunoprecipitated with an anti-phosphotyrosine antibody and sub-
jected to an in vitro PI-3 kinase assay, as described in MATERIALS
AND METHODS, by using PIP2 as substrate. The number below each
lane indicates the fold amount of PIP3 product, with that of untreated
cells taken as 1 (top). The phosphorylation of the p85 regulatory
subunit of PI-3 kinase that was immunoprecipitated in the kinase assay
was assessed by immunoprecipitation (IP) with an anti-phosphoty-
rosine antibody and immunoblotting (IB) with anti-PI-3 kinase (p85)
antibody. The number below each lane indicates the fold phosphory-
lation of p85, with that of untreated cells taken as 1 (bottom). (b) The
activated forms of Cdc42 (top) or Rac1 (bottom) in the presence or
absence (�ToxB) of toxin B was determined by affinity precipitation
(AP) with GST-PBD and then by IB with the respective antibodies. (B)
Cells were pretreated with wortmannin (100 nM, 30 min) and then
with TNF-�. Equal volume of cell lysates from untreated or TNF-�–
treated cells were affinity precipitated (AP) with GTP-PBD bound to
glutathione-agarose beads. Precipitated GTP-Cdc42 (a, top) or GTP-
Rac1 (b, top) was detected by immunoblot (IB) with anti-Cdc42 or
anti-Rac1 antibody, respectively. Equal volumes of total lysates from
untreated and TNF-�–treated cells were subjected to SDS-PAGE, trans-
ferred to nitrocellulose membrane, and IB with monoclonal anti-Cdc42
(a, bottom) or anti-Rac1 (a, bottom) antibody, respectively. (c) The lipid
kinase activity of PI-3 kinase in the presence or absence (�Wort.) of
wortmannin was determined by the in vitro PI-3 kinase assay, as
described in MATERIALS AND METHODS, by using PIP2 as sub-
strate. Results shown are representative of three similar experiments.
PIP3, phosphatidylinositol-3,4,5-trisphosphate.
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immunoprecipitated from untreated or TNF-�–treated cells
with a specific antibody, and the nitrocellulose membrane
was probed with an anti-PLC-�1 antibody. PDGF-treated
cells were used as positive control. As shown in Figure 6B
(top) no phosphorylation of PLC-�1 was observed in TNF-
�–treated cells. The same result was obtained when PLC-�1
was immunoprecipitated from untreated or TNF-�–treated
cells, and the nitrocellulose membrane was probed with an
anti-phosphotyrosine specific antibody (Figure 6B, middle).
Reprobing of the nitrocellulose membrane with the anti-
PLC-�1 antibody confirms its presence in the immunopre-
cipitates (Figure 6B, bottom).

Although these results may indicate that PLC-�1 was not
phosphorylated after treatment of cells with TNF-�, they do
not imply that PLC-�1 was not activated because it is well
known that PLC-� isoenzymes are also activated in the
absence of tyrosine phosphorylation (Sekiya et al., 1999). To
test this, we performed the PLC activity assay on PLC-�1
immunoprecipitates and indeed, we determined a time-de-
pendent increase of PLC-�1 activity. As shown in Figure 7A,
the maximum stimulation of PLC-�1 was observed 7 min

after TNF-� treatment, whereas it returned to control levels
during the next 2 h after the addition of TNF-�. To examine
whether PLC-�1 activation is dependent on small GTPases,
we performed the PLC-�1 activity assay in cells that had
been preincubated with C. difficile toxin B or in cells that had
been transfected with inactive Cdc42(T17N) or Rac1(T17N).
As shown in Figure 7, B and C, both toxin B and
Cdc42(T17N) prevented the increase of PLC-�1 activity in-
duced by TNF-�. Interestingly, transfection of cells with
inactive Rac1(T17N) did not affect the activation of PLC-�1
(Figure 7D). Because the transfection efficiency with the
Rac1(T17N) was almost the same as that with Cdc42(T17N),
we consider the above-mentioned finding meaningful.
These results indicate that the activated Cdc42 is selectively
essential for PLC-�1 activation. However, it has been shown
that PLC-�1 is activated by PI(3,4,5)P3 (phosphatidylinosi-
tol-3,4,5-triphosphate) the product of the reaction catalyzed
by the PI-3 kinase even in the absence of the tyrosine phos-
phorylation of the phospholipase (Bae et al., 1998; Falasca et
al., 1998). The next experiment was designed to examine
whether Cdc42 alone is sufficient to activate PLC-�1. Cells
were transfected with constitutively active Cdc42V12 and
then incubated with the PI-3 kinase inhibitor wortmannin
before their exposure to TNF-�. As shown in Figure 7F,
wortmannin blocked the increase of PLC-�1 activity in
Cdc42V12-transfected cells, implying that Cdc42 is essential,
but not sufficient, to activate PLC-�1. Cdc42V12 alone did
not negatively affect the phospholipase activation. In con-
trast, it caused PLC-�1 activity to return at basal levels more
slowly than in untransfected cells (Figure 7E).

Separate immunoblots for all of the above-mentioned ex-
periments confirmed that equal amounts of PLC-�1 were
assayed under each condition (table data below each panel
in Figure 7).

The Activated Cdc42 Associates In Vivo with PLC-�1
The above-mentioned results suggest that Cdc42 is activated
upstream of PLC-�1 and that it is essential for the activation
of the latter in the signaling cascade triggered by TNF-�.
Therefore, we explored whether these proteins are associ-
ated in vivo. To this end, equal volumes of cell lysates from
untreated and TNF-�–treated cells were affinity precipitated
with the GST-PBD that specifically binds to and precipitates
the Cdc42-GTP and Rac-GTP (Benard et al., 1999). In addi-
tion, total lysates were used as standard (Std) to compare the
mobility of the total PLC-�1 with that coprecipitated with
activated GTPase(s) (Figure 8A, top). The presence of the
PLC-�1 was assessed with a specific antibody. To normalize
the results, equal volumes of cell extracts from untreated or
TNF-�–treated cells were also analyzed by immunoblotting
for total amounts of PLC-�1 (Figure 8A, bottom). As shown
in Figure 8A (top), PLC-�1 was coprecipitated with the
activated forms of the small GTPases, and it was migrated
with the same mobility (�150 kDa) as the PLC-�1 in total
lysates (Std). The ratio of coprecipitated PLC-�1 (Figure 8A,
top) to total PLC-�1 (Figure 8A, bottom), which represents
the normalized measurements, was significantly and time
dependently increased in cells exposed to TNF-�. The asso-
ciation of the activated GTPase(s) with PLC-�1 was induced
to a maximum within 7 min of TNF-� incubation. Interest-
ingly, the kinetics of activated GTPase(s)-PLC-�1 association
was shown to correlate with the increase in Cdc42 activity,
which was induced to a maximum within 7 min (Figure 4B)
as well as with the increase in PLC-�1 activity, which also
was induced to a maximum within 7 min of TNF-� treat-
ment (Figure 7A). This result indicates that the association of
GTP-Cdc42 with PLC-�1 could play an important role in

Figure 6. TNF-� has no effect on PAK1 activity and on PLC-�1
phosphorylation. (A) Cells were stimulated with TNF-� for the
indicated times or with 10�8 M EKC for 30 min (positive control),
lysed, and anti-PAK1 immune complexes were assayed for kinase
autophosphorylation by an in vitro kinase assay as described in
MATERIALS AND METHODS. The reaction products were sepa-
rated by SDS-PAGE, transferred to nitrocellulose membrane, and
phosphorylation was visualized by autoradiography (top). The
amount of PAK1 protein that was immunoprecipitated in the kinase
assay was assessed by immunoblotting (IB) with anti-PAK1 anti-
body (bottom). (B) Cells were stimulated with TNF-� for the indi-
cated times or with 40 ng/ml platelet-derived growth factor for 15
min (positive control), lysed, and then equal amount of proteins
were immunoprecipitated (IP) with an anti-phosphotyrosine anti-
body. The tyrosine-phosphorylated PLC-�1 was detected by IB with
a specific anti-PLC-�1 antibody (top). PLC-�1 phosphorylation was
also examined by its immunoprecipitation that was followed by
immunoblotting with an anti-phosphotyrosine antibody (middle).
Stripping and reprobing of the nitrocellulose membrane confirmed
the presence of PLC-�1 protein on immunoprecipitates (bottom).
Results shown are representative of three similar experiments.
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PLC-�1 activation. To further confirm the interaction be-
tween GTP-Cdc42 and PLC-�1, we performed coimmuno-
precipitation experiments in cells that had been transfected
either with the inactive myc-tagged Cdc42(T17N) or with
the constitutively active myc-tagged Cdc42V12. As shown in
Figure 8B, immunoprecipitation experiments with anti-
myc antibody did not reveal any association between the
inactive Cdc42(T17N) and PLC-�1. On the contrary, the
constitutively active Cdc42V12 was effectively associated
with PLC-�1 (Figure 8C). Under the later experimental
conditions, the Cdc42V12-PLC-�1 interaction in TNF-�–
treated cells was also induced compared with that of
untreated cells, but to a lesser extent than the respective
interaction in untransfected cells. This could be explained
by the fact that cells expressing Cdc42V12 exhibited an
induction in Cdc42V12-PLC-�1 association under control
conditions compared with Cdc42-PLC-�1 association in
untransfected control cells (compare Figure 8A with C). In
addition to GTP-Cdc42, GST-PBD precipitates also the
GTP-Rac. Accordingly, we examined whether GTP-Rac is
involved in the active GTPase(s)–PLC-�1 complex ob-
served in Figure 8A. For this, we performed immunopre-
cipitation experiments in cells that had been transfected
with constitutively active myc-tagged RacV12. As shown
in Figure 8D, no interaction was observed between
RacV12 and PLC-�1, indicating that the effect on PLC-�1

activation is specific for Cdc42. This result is in line with
that observed in Figure 7D, whereby inactive Rac1(T17N)
did not affect the activity of PLC-�1.

Actin Cytoskeleton Alterations Induced by TNF-� Depend
on Cdc42 and PLC-�1 Activation
To determine the involvement of Cdc42 and/or PLC-�1 in
actin redistribution induced by TNF-�, cells were trans-
fected with inactive Cdc42(T17N) or preincubated with the
PLC-�1 inhibitor U73122 and TNF-� was added for 15 min.
To confirm the inhibitory action of U73122, PLC-�1 activity
was measured in TNF-�–treated cells in the presence or in
the absence of U73122. We found that the phospholipase
activity was significantly increased in cells exposed to
TNF-� for 15 min compared with untreated cells (2490 � 28
compared with 3011 � 23 3H cpm released, n � 4, p � 0.05),
whereas when cells were preincubated with U73122 and
then exposed to TNF-� this activity remained at basal levels
(2530 � 32, 3H cpm released, n � 4). As shown in Figure 9A,
in cells expressing the Cdc42(T17N) the formation of filop-
odia as well as the dissolution of stress fibers induced by
TNF-� were completely blocked (arrowhead). On the con-
trary, these cytoskeletal changes were observed in untrans-
fected cells (arrow). On the other hand, when cells were
preincubated with U73122 the formation of filopodia still
occurred in TNF-�–treated cells but the dissolution of stress

Figure 7. PLC-�1 activity depends on
Cdc42 activation in TNF-�–treated cells.
PLC-�1 was immunoprecipitated from
equal amount of proteins from TNF-�–
treated cells (A) or cells that had been pre-
incubated with toxin B (B) or had been
transfected with Cdc42(T17N) (C),
Rac1(T17N) (D), Cdc42V12 (E), or with
Cdc42V12 followed by exposure to wort-
mannin (100 nM, 30 min) (F) and then incu-
bated with TNF-� for the indicated times.
PLC-�1 was analyzed for hydrolytic activity
toward [3H]phosphatidylinositol 4,5-
bisphosphate as described in MATERIALS
AND METHODS. PLC-�1 activity is pre-
sented as percentage of control cells’ activity
by measuring the cpm [3H]inositol 1,4,5-
triphosphate released (mean � SEM from
three separate experiments performed in
duplicate, *p � 0.05). To confirm that equal
amounts of PLC-�1 protein were assayed
under each condition separate immunoblot
experiments were performed. The “OD �
area” (as percentage of control) (�SEM) cor-
responding to bands of PLC-�1 loaded was
measured by PC-based image analysis and
presented in table below each panel.
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fibers was suppressed (compare Figure 9B, b� with B, b).
These observations indicate that Cdc42 is responsible for
filopodia formation and PLC-�1 for stress fibers depolymer-
ization. Moreover, these data suggest that Cdc42 acts up-
stream of PLC-�1 and influences the activation of the latter.

NF-�B Translocation to the Nucleus and Caspase-3
Activity Depend on Actin Reorganization
To examine the involvement of the signaling molecules de-
scribed above in the activation of NF-�B in TNF-�–treated
cells, we determined the NF-�B translocation to the nucleus
as well as its binding activity. Using the anti-NF-�B (p65)
antibody, immunoblotting of nuclear extracts from un-
treated or TNF-�–treated cells revealed a time-dependent
translocation of NF-�B that was induced to a maximum
within 30–60 min of TNF-� treatment (Figure 10A). Inter-
estingly, no significant nuclear NF-�B translocation was seen
when cells were transfected with the inactive Cdc42(T17N)
or preincubated with U73122 or phallacidin. In agreement
with these results, the NF-�B binding activity, as it was
determined by EMSA, was induced after 30 min of TNF-�
treatment, whereas it remained unchanged in Cdc42(T17N)-
transfected cells as well as in cells that had been preincu-
bated with U73122 or phallacidin (Figure 10B). According to
these data, the stabilization of actin affected the antiapop-
totic process so far as it was occurred by the inhibition of the
upstream signaling molecules. This result indicates that the
translocation of NF-�B to the nucleus and its subsequent
activation depend ultimately on the polymerization state of
actin.

It is well known that Akt could be activated downstream
of PI-3 kinase, and its phosphorylation is also involved in
NF-�B activation. As shown in Figure 10C, however, stim-
ulation of cells with TNF-� did not result in phosphorylation
of Akt, because it was observed by using a specific anti-
phospho Akt antibody, suggesting that NF-�B activation is
not dependent on Akt in our system.

Finally, to determine whether the molecules, which were
found to transduce the signal to the actin cytoskeleton, are
involved in the inhibition of caspase-3 activity we tested
specific inhibitors or dominant-negative mutants. Transfec-
tion of cells with inactive Cdc42(T17N) abrogated the anti-
apoptotic effects of TNF-� (our unpublished data). Similar
results were obtained when cells were preincubated with the
PLC-�1 inhibitor U73122 (our unpublished data). In this
case, we observed as well that the blockage of the signaling
cascade leading to actin reorganization or the blockage of
the actin depolymerization alone, using phallacidin (Figure
2F), prevented the antiapoptotic effects of TNF-�.

DISCUSSION

The role of inflammatory cytokines in the pathogenesis of
renal diseases is well established (Baud and Ardaillou 1995;
Lieberthal et al., 1998). Indeed, cytokines induce a variety of
responses on renal cells, including toxic effects, and in-
creased proliferation and release of inflammatory mediators.
Moreover, proinflammatory cytokines are up-regulated dur-
ing the course of progressive renal disease. It is also well
known that the renal proximal tubular epithelial cells are
targeted in a variety of immune and inflammatory diseases
of the kidney as well as that TNF-� is produced by proximal
tubule cells and acts on these cells (Jevnikar et al., 1991; Ortiz
et al., 1994; Klahr, 1999; Luster et al., 1999; Meldrum and
Donnahoo, 1999). However, the signaling mechanism by
which TNF-� exerts its effects in proximal tubule cells re-
mains unclear to date.

Figure 8. PLC-�1 associates in vivo with Cdc42. (A) Equal volumes of
cell lysates from untreated or TNF-�–treated cells were affinity precip-
itated (AP) with GTP-PBD bound to glutathione-agarose beads. Co-
precipitated PLC-�1 was detected by immunoblot (IB) with anti-
PLC-�1 antibody. Total lysates were used as Std to assess the mobility
of precipitated PLC-�1 (top). Equal volume of total lysates from un-
treated and TNF-�–treated cells were subjected to SDS-PAGE, trans-
ferred to nitrocellulose membrane, and immunoblotted (IB) with anti-
PLC-�1 antibody (bottom). The number below each lane indicates the
normalized fold amount of PLC-�1 precipitated with GST-PBD, with
that of untreated cells taken as 1. (B) Cells were transfected with the
inactive Cdc42(T17N) and then stimulated with TNF-� for the indi-
cated times. Myc-tagged Cdc42(T17N) was immunoprecipitated (IP)
with mouse monoclonal anti-myc epitope antibody, and Western blot
of immunoprecipitates was probed (IB) with anti-PLC-�1 antibody.
Total lysates were used as Std to assess the mobility of precipitated
PLC-�1 (top). The blot was stripped and reprobed with anti-myc
antibody to confirm the presence of Cdc42(T17N) in the immunopre-
cipitates (bottom). (C) Cells were transfected with the constitutively
active Cdc42V12 and then stimulated with TNF-� for the indicated
times. Myc-tagged Cdc42V12 was IP with mouse monoclonal anti-myc
epitope antibody and western blot of immunoprecipitates was probed
(IB) with anti-PLC-�1 antibody. Total lysates were used as Std to assess
the mobility of precipitated PLC-�1 (top). The blot was stripped and
reprobed with anti-myc antibody to confirm the presence of Cdc42V12
in the immunoprecipitates (bottom). The number below each lane
indicates the fold amount of PLC-�1 coimmunoprecipitated with
Cdc42V12, with that of untreated cells taken as 1. (D) Cells were
transfected with the constitutively active Rac1V12 and then stimulated
with TNF-� for the indicated times. Myc-tagged Rac1V12 was IP with
mouse monoclonal anti-myc epitope antibody and Western blot of
immunoprecipitates was probed (IB) with anti-PLC-�1 antibody. Total
lysates were used as Std to assess the mobility of precipitated PLC-�1
(top). The blot was stripped and reprobed with anti-myc antibody to
confirm the presence of Rac1V12 in the immunoprecipitates (bottom).
The experiments were repeated four times with similar results.
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Cdc42 Is Essential for PLC-�1 Activation in TNF-�
Signaling That Leads to Actin Redistribution in OK Cells
In the present study, we have used the OK cell line to
examine whether TNF-� elicits apoptotic or antiapoptotic
effects on these cells and the possible involvement of actin
cytoskeleton in the TNF-�–induced apoptosis or cell sur-
vival. We found that TNF-� promotes cell survival of OK
cells by inhibiting the activity of caspase-3, and, indeed, this
effect depends on actin redistribution. Consequently, we
investigated the signaling mechanism controlling the reor-
ganization of actin and the cell response to TNF-�. At the
early stages after stimulation, TNF-� caused a significant
depolymerization of stress fibers and the formation of ex-
tended filopodia, which were accompanied by lamellipodia
and membrane ruffles. Gradually, the peripheral membrane
structures disappeared, whereas stress fibers reformed. As
expected by the morphological observations, we found that
Cdc42 and Rac1 were activated early in response to TNF-�.
It is likely that TNF-� induced the activation of a GTPase
signaling cascade in OK cells similar to that observed in
other cell systems according to which activation of Cdc42
leads to activation of Rac and subsequently to activation of
Rho (Nobes and Hall, 1995; Wojciak-Stothard et al., 1998;
Puls et al., 1999). However, TNF-� induced a significant
dissolution of stress fibers in our cell system, in addition to
peripheral membrane changes, indicating the involvement
of signaling molecule(s) capable of leading to such actin
redistribution. The best characterized downstream effector
of Cdc42/Rac PAK1 was not activated in response to TNF-�.
Accordingly, we examined the possible PLC-�1 activation
that could modulate the organization of actin cytoskeleton.
PLC has three isoforms: �, �, and �. The activation mecha-
nism of PLC-� is unclear. PLC-� isoenzymes are stimulated
by agonists whose receptors are coupled to heterotrimeric G
proteins. Among the PLC-� isoenzymes, the PLC-�1 is ex-
pressed ubiquitously, whereas PLC-�2 is expressed mainly
in cells of hematopoietic origin (Rhee and Bae, 1997; Sekiya
et al., 1999). Therefore, we focused on PLC-�1 because it is
the only PLC isoform that could be activated in our system.
Indeed, we found that PLC-�1 is time dependently activated
in cells exposed to TNF-�. Interestingly, both C. difficile toxin
B and the inactive mutant Cdc42(T17N) abolished the phos-
pholipase activity implying that PLC-�1 is activated down-
stream of the small GTPase Cdc42. It is noteworthy, that the
inactive Rac1(T17N) did not influence the activity of PLC-�1,
indicating that only Cdc42 is essential for the phospholipase
activation. Under the experimental conditions used, we

were not able to demonstrate any phosphorylation of PLC-
�1. It has been shown previously that the product of the
reaction catalyzed by PI-3 kinase, PI(3,4,5)P3, can induce
PLC-�1 translocation to the cell membrane, via interaction
with its PH or SH2 domains, leading to phospholipase acti-
vation in the absence of its tyrosine phosphorylation (Bae et
al., 1998; Falasca et al., 1998). Our experiments revealed that
TNF-� induced a significant increase of PI-3 kinase activity,
generating thus high levels of PI(3,4,5)P3, which was fol-
lowed by activation of the small GTPases. Because
Cdc42(T17N) prevented PLC-�1 activation, it is likely that
the PI(3,4,5)P3 was not sufficient to activate PLC-�1. How-
ever, the activated Cdc42 alone was not sufficient to activate
the phospholipase because wortmannin abolished the acti-
vation of the latter in cells that had been transfected with CA
Cdc42V12 and then exposed to TNF-�. Together, these data
indicate that GTP-Cdc42 is essential; however, both GTP-
Cdc42 and PI(3,4,5)P3 are needed for efficient PLC-�1 acti-
vation.

In Vivo Association of Cdc42 with PLC-�1 in TNF-�
Signaling
This study has also demonstrated an association of activated
Cdc42 with PLC-�1 in vivo, which could account for the es-
sential role of the small GTPase to PLC-�1 activation. The fact
that GTP-Cdc42, but not GTP-Rac1, interacted with the phos-
pholipase is consistent with the observed Rac1-indepentent
activation of PLC-�1 and further supports the notion that the
Cdc42–PLC-�1 association might be critical for the activation of
the latter. It is of note that CA Cdc42V12 did not bind to the
same extent to PLC-�1 from unstimulated and stimulated cells.
In contrast, TNF-� time dependently induced the Cdc42V12–
PLC-�1 interaction, indicating that factor(s) triggered by TNF-�
enhance this association. It is reasonable to assume that such a
factor could be the PI(3,4,5)P3, which is produced by the reac-
tion catalyzed by PI-3 kinase. In particular, PI(3,4,5)P3 can
induce PLC-�1 translocation to the plasma membrane (Bae et
al., 1998; Falasca et al., 1998), thus mediating the effective bind-
ing of Cdc42 with PLC-�1.

Cdc42 and Rac have been previously characterized as
stimulators of PLC-�2 in a study describing the in vitro
activation of PLC-�2 by the complex Cdc42HsxLyGDI or by
the direct association of Cdc42/Rac and PLC-�2 in a system
of purified recombinant proteins (Illenberger et al., 1998).
Another study demonstrates that Cdc42 and Rac activate the
IP3/calcium pathway upon antigen stimulation in RBL-2H3
mast cells (Hong-Geller and Cerione, 2000). This study pre-

Figure 9. The TNF-�–induced actin re-
modeling occurs through a Cdc42- and
PLC-�1–dependent mechanism. Cells were
transfected with Myc-tagged dominant neg-
ative Cdc42(T17N) (A) or preincubated with
U73122 (B) and then incubated with TNF-�
for 15 min. Transfected cells were identified
by double immunofluorescence as de-
scribed in MATERIALS AND METHODS.
Cells expressing Myc-tagged Cdc42(T17N)
are indicated by an arrowhead; arrows
show untransfected cells. Bar, 30 �m. Simi-
lar results were obtained in three indepen-
dent experiments.
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sents the in vitro association of recombinant GST-Cdc42
with PLC-�1 in RBL-2H3 cells as well as the preferential
association of Cdc42 with a form of PLC-�1 that migrates
slightly faster than the majority of the PLC-�1 protein puri-
fied from insect cells, indicating that a posttranslational
modification of PLC-�1 might be necessary for efficient bind-
ing to Cdc42. Cdc42 did not stimulate PLC-�1 activity in the
system used in the above-mentioned study, consisting of the
purified recombinant proteins, due to lack of a fully modi-
fied population of PLC-�1. Moreover, an in vivo association
between the two proteins was not observed, and it was
attributed to the formation of an unstable complex between
unmodified PLC-�1 and Cdc42, which could not be detected
by coimmunoprecipitation methods (Hong-Geller and Ceri-

one, 2000). In our study, we observed that activated Cdc42
both associates with PLC-�1 in vivo and is essential for the
activation of the latter upon TNF-� stimulation. However,
the differences regarding PLC-�1 activation and its associa-
tion with Cdc42 observed between OK and RBL-3H3 cells
may very well reflect differentially modified PLC-�1 pro-
teins that could be explained by the different organ or spe-
cies origin of the cells studied.

Role of Cdc42, PLC-�1 and Actin in the Nuclear
Translocation of NF-�B and the Subsequent Inhibition of
Caspase-3
It is well established that the transcription factor NF-�B is a
key regulator of inflammatory responses (Ghosh et al., 1998)
and that it is activated by a mechanism involving phosphor-
ylation of I�B� or I�B� by the I�B kinases, leading to trans-
location of NF-�B to the nucleus where it binds to specific
DNA sequences present in the promoter of target genes
(Barnes and Karin, 1997; Takeda et al., 1999). The inhibitors
of apoptosis proteins (IAPs) belong to the gene family that
protect cells to undergo apoptosis by inhibiting pro-
caspase-9 or the activated caspase-3 and -7 (Deveraux et al.,
1997, 1998; Roy et al., 1997). It has been shown that members
of IAP family are included in the NF-�B–regulated genes,
which are induced upon TNF-� treatment, thus preventing
cells from undergoing apoptosis during inflammation (Chu
et al., 1997; Stehlik et al., 1998a,b; Wang et al., 1998). The
TNF-�–induced signaling cascade described in this study
was found to result in nuclear translocation of NF-�B with
subsequent increase of its binding activity and in inhibition
of caspase-3. Because the antiapoptotic Bcl-2 protein, which
inhibits caspase-3, remained unchanged after exposure of
cells to TNF-�, it could be assumed that the inhibition of
caspase-3 observed is a consequence of up-regulated IAPs
followed by the NF-�B activation. Regarding the upstream
signaling events, we found that either inactive Cdc42(T17N),
the PLC-�1 inhibitor U73122, or the actin-stabilizing agent
phallacidin equally blocked NF-�B activity and retained
caspase-3 at basal levels. A number of studies have impli-
cated the small GTPases or Akt in the induction of NF-�B
activity through IKK activation (Perona et al., 1997; Mon-
taner et al., 1998; Ozes et al., 1999; Romashkova and
Makarov, 1999; Deshpande et al., 2000). In our study, we
were not able to detect a marked phosphorylation of Akt
after TNF-� stimulation, indicating that Akt is not involved
in NF-�B activation in OK cells. This is in agreement with
studies performed with other cell systems (Madge and
Pober, 2000; Rauch et al., 2000). In contrast, we found that
upon TNF-� treatment the small GTPases were activated
and, moreover, the inactive Cdc42(T17N) abrogated NF-�B
nuclear translocation and activation as well as the inhibition
of caspase-3, suggesting that Cdc42 could account for cellu-
lar response to TNF-�. However, the PLC-�1 inhibitor
U73122 prevented also the effects of TNF-� on NF-�B and
caspase-3 activity. PLC-�1 hydrolyzes PI(4,5)P2 to form the
two second messengers, IP3, which causes the release of
Ca2� from intracellular stores; and diacylglycerol, which
activates the protein kinase C. It has been shown recently
that inhibition of PLC and PKC� blocks the activation of
NF-�B in TNF-�–stimulating human neutrophils by inhibit-
ing degradation of I�Ba (Vancurova et al., 2001) as well as
that PLC-�2 and PKC� are involved in TNF-�–induced ac-
tivation of NF-�B–inducing kinase and IKK1/2 in human
lung epithelial cells (Chen et al., 2000). In addition, elevated
intracellular Ca2� levels can induce IKK, leading to in-
creased activity of NF-�B (Todisco et al., 1999; Petranka et al.,
2001). Thus, it is possible that either or both of the second

Figure 10. NF-�B nuclear translocation is dependent on actin po-
lymerization state. (A) Nuclear extracts of cells incubated with
TNF-� or cells that had been transfected with Cdc42(T17N) or that
had been preincubated with phallacidin or U73122 and then ex-
posed to TNF-�, for the indicated times, were prepared as described
in MATERIALS AND METHODS. The nuclear levels of NF-�B (p65)
protein were immunodetected using a specific anti-NF-�B (p65)
antibody, and the band’s intensity was quantified using a PC-based
image analysis. Data are presented as percentage of NF-�B (p65)
protein levels in control cells (mean � SEM from three separate
experiments). (B) Cells were incubated with TNF-� for 30 min.
Nuclear extracts were subjected to EMSA as described in MATERI-
ALS AND METHODS. Specificity of the bands was determined
using anti-p65 (p65) or anti-p50 (p50) antibodies or by competition
with 25� excess of unlabeled probe. (C) Cells were treated with
TNF-�, for the indicated times, or with platelet-derived growth
factor (PDGF) (40 ng/ml, 15 min) that was used as positive control
and then equal amount of proteins (50 �g) were subjected to SDS-
PAGE, transferred to nitrocellulose membrane, and immunoblotted
(IB) with an anti-phospho-Akt (top) or anti-Akt (bottom) antibody.
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messengers generated by PLC-�1 could mediate the activa-
tion of NF-�B observed in our system.

The fact that inhibition of Cdc42 or PLC-�1 prevented
NF-�B translocation and activity could mean that Cdc42
affects NF-�B through PLC-�1 or that each of the two signal
transduction molecules mediates separately the effects of
TNF-� on NF-�B. However, the ability of these proteins to
induce the activity of NF-�B and thus the antiapoptotic
process does not occur independently of the signaling to the
actin cytoskeleton. Indeed, we found that activation of
Cdc42 and PLC-�1 leads to redistribution and depolymer-
ization of actin filaments. Moreover, we demonstrate that
the actin-stabilizing agent phallacidin completely blocked
the nuclear translocation of NF-�B and the subsequent inhi-
bition of caspase-3. Therefore, it is likely that a critical step
for the activation of NF-�B and the subsequent inhibition of
caspase-3 is the depolymerization of actin because even
though the upstream NF-�B–related events could occur, as a
result of Cdc42 and/or PLC-�1 activity, the stabilization of
actin is sufficient to abrogate the TNF-�–induced cell re-
sponse. Because it has been shown that the p65 subunit of
NF-�B interacts with actin structures, including focal con-
tacts and stress fibers (Are et al., 2000), it seems reasonable
that depolymerization of stress fibers and the redistribution
of actin could facilitate the translocation of NF-�B to the
nucleus. In the present study, we found that actin depoly-
merization occurred in short time periods and returned to
control levels 2 h after TNF-� treatment, whereas a signifi-
cant decrease in caspase-3 activity became evident 1 h after
TNF-� treatment and remained at low levels during the next
6 h after the addition of TNF-�. As expected, the apoptotic
cells had been decreased at 4 h and this effect became sig-
nificantly stronger at 6 h after the addition of TNF-�. These
data are compatible with the involvement of actin depoly-
merization in nuclear translocation of NF-�B because its
nuclear localization was progressively increased early after
TNF-� treatment, which is in line with the time course of the
actin redistribution. The maximum nuclear localization of
NF-�B at 30–60 min after the addition of TNF-� could be
explained by the time that is essential for its gradual trans-
location. However, the nuclear localization of NF-�B was
started to decrease 2 h after the addition of TNF-�, and it
was expected, because in the same time period, actin had
been already repolymerized. With respect to the decrease of
apoptotic cells at 4 h and mainly at 6 h, it is compatible with
the events that are necessary for the expression of cell re-
sponse. These events may include the induction of the
NF-�B target genes; the activation of IAPs, resulting in the
inhibition of caspase-3; and finally the inhibition of apopto-
sis. The results presented here are in line with previously
reported data. In particular, it has been shown that jaspla-
kinilide, a molecule that stabilizes polymerized actin struc-
tures, increases apoptosis induced by cytokine deprivation
(Posey and Bierer, 1999). Conversely, latrunculin, an inhib-
itor of actin polymerization reduced the ability of constitu-
tively active GTPase mutants to stimulate apoptosis and
blocked Fas-induced activation of caspase-3 (Subauste et al.,
2000).

CONCLUSIONS

The above-mentioned results imply that TNF-� induces an-
tiapoptotic effects in OK cells by activating key signaling
molecules in a hierarchy of PI-3 kinase3Cdc423PLC-
�13actin reorganization3NF-�B activation3inhibition of
caspase-3. In addition to the identification of the TNF-�–
induced antiapoptotic signal transduction pathway, our re-

sults provides novel mechanistic insights. Indeed, we dem-
onstrate that PLC-�1, in the absence of its tyrosine
phosphorylation, is regulated in vivo not only by PI(3,4,5)P3
but also by the small GTPase Cdc42, which possibly occurs
through the association of the two proteins. Our experi-
ments provide also evidence that the depolymerization of
actin is essential for the nuclear translocation of NF-�B and
the subsequent inhibition of caspase-3.
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