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Abstract

Glomerular permeability for macromolecules depends
partially on proper attachment of the glomerular epithe-
lial cells (GEC) to the glomerular basement membrane
(GBM). The latter requires integrity of the actin cytoskel-
eton, which in turn is regulated by specific actin-associ-
ated proteins. Since several glomerulopathies character-
ized by heavy proteinuria are associated with increased
glomerular tumor necrosis factor a (TNF-a) expression,
we studied the interaction of TNF-a with the actin cy-
toskeleton of cultured rat GEC. Incubation of GEC with
10 ng/ml TNF-a for variable time periods ranging from
15 min to 24 hr demonstrated a marked accentuation
and redistribution of actin microfilaments, as shown by
direct fluorescence analysis and confocal laser scanning
microscopy. Quantitative biochemical determination of
the G/total-actin ratio confirmed the above observations.
Indeed, this ratio was significantly reduced, indicating
substantial polymerization of G-actin and formation of
F-actin. Concurrently, TNF-a rapidly induced tyrosine
phosphorylation of both paxfillin and focal adhesion ki-

nase, without affecting the expression levels of these two
proteins. In addition, tyrosine phosphorylation of vincu-
lin became evident, indicating involvement of this focal
adhesion marker in the observed actin reorganization.
Inhibition of tyrosine phosphorylation by genistein pre-
vented the reorganization of the actin cytoskeleton by
TNF-a. We condude that TNF-a induces substantial re-
organization of actin cytoskeleton and focal adhesions.
These effects occur simultaneously, with a prompt TNF-
a-induced tyrosine phosphorylation of paxillin and focal
adhesion kinase, indicating that these proteins, known
to regulate actin polymerization and formation of focal
adhesions, may be directly involved in the mechanism
controlling the observed actin redistribution. These find-
ings suggest that the observed TNF-a-actin cytoskeleton
interactions may relate to the pathogenesis of glomeru-
lopathies with heavy proteinuria, in which increased
glomerular expression of TNF-a is associated with dis-
turbances in the attachment of podocytes to the GBM.

Introduction
Glomerular epithelial cells (GEC), also referred to
as podocytes, adhere to their substratum, which is
the glomerular capillary basement membrane
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(GBM) in a highly specialized manner. Contact of
GEC to the GBM is made through cytoplasmic
extensions known as foot processes. These, along
with the slit pores and the slit-pore diaphragms, are
part of the physiologic barrier of the glomerular
capillary wall to macromolecules. Perturbations in
GEC contact to the GBM may result in increased
glomerular capillary permeability to proteins (pro-
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teinuria). This occurs in certain glomerulopathies
such as minimal change disease, focal segmental
glomerulosclerosis, and membranous nephropa-
thy. In these forms of injury, electron microscopic
examination of GEC reveals distorted contact be-
tween these cells and the GBM, referred to as foot-
process effacement, fusion, or flattening (1).

Cell adhesion to substrata is a tightly regu-
lated process involving the actin cytoskeleton
and cytoskeletal regulatory proteins (2,3). These
major components of the cytoskeleton are orga-
nized in a highly ordered manner and play es-
sential roles in the maintenance of cell shape and
morphology. In addition, however, many aspects
of cellular physiology seem to be actively modu-
lated by changes in actin cytoskeleton dynamics,
which involve reorganization and restructuring
of the filaments. Such morphological alterations
are principally induced by rapid modulations in
the polymerization dynamics of microfilaments
in response to external stimuli, including hor-
mones, growth factors, and ions (4-8). The
mechanisms controlling the cytoskeletal equilib-
rium dynamics may include activation of pro-
teins that regulate actin polymerization (9) pro-
tein kinases or phosphatases (10), changes in
cAMP concentrations (4), and activation of small
GTPases of the Rho family (11-13). Thus the
actin cytoskeleton seems to act both as a sensor
and as a transducer of cellular signals.

The molecular basis of abnormalities of GEC
contact with the GBM in these glomerulopathies
is unknown and is likely to involve cytoskeletal
proteins that regulate assembly of the actin cy-
toskeleton. Factors that can cause changes in
expression of these proteins include the cyto-
kines, which, by activating postreceptor bio-
chemical events leading to assembly or disassem-
bly of microfilaments, may variably affect the
cytoskeletal organization, causing changes in cell
shape and in cell-matrix interactions (14).

Recent evidence suggests that an unidenti-
fied cytokine-like factor may cause GEC injury in
minimal change disease and focal segmental glo-
merulosclerosis (15,16). Moreover, enhanced
synthesis and release of TNF-a is found in GEC
but not in glomerular endothelial or mesangial
cells in human membranous nephropathy (17).
The role of this selective overproduction of
TNF-a by GEC in mediating proteinuria in mem-
branous nephropathy is unknown. TNF-a can
cause changes in the assembly of the cytoskele-
ton and in expression of specific cytoskeletal pro-
teins that regulate cell adhesion (18,19). It is
therefore possible that TNF-a-induced changes

in the cytoskeletal assembly of GEC may perturb
their contact to GBM, thereby increasing perme-
ability of the glomerular capillary to protein.

In this work, we used morphological and
biochemical approaches to study modulations in
actin cytoskeleton organization and focal adhe-
sions that are induced by TNF-a. Moreover, we
assessed quantitatively the effect of TNF-a on
actin microfilament polymerization dynamics as
a marker of changes in GEC cytoskeletal assem-
bly. Finally, in an effort to explore the mecha-
nism responsible for the alterations in the actin
cytoskeleton induced by TNF-a, we studied the
effects of this cytokine on the expression levels
and tyrosine phosphorylation of paxillin and fo-
cal adhesion kinase (FAK), two proteins that par-
ticipate in the regulation of G-actin polymeriza-
tion and that are intimately involved in podocyte
attachment to their underlying substratum.

Materials and Methods
Reagents

Culture media, DME low glucose, HAM's F-12,
HEPES, NaHCO3, L-glutamine, insulin-trans-
ferrin-selenium (ITS), penicillin-streptomycin,
Nu serum, and collagen I were from GIBCO (Life
Technologies, Bethesda, MD). Bovine serum al-
bumin (BSA), DNase I, DNA, cytochalasin B and
protein G Sepharose, and monoclonal anti-vin-
culin and anti-talin antibodies were from Sigma
(St. Louis, MO). Recombinant rat and human
TNF-a were from R&D Systems (Minneapolis,
MN), and rhodamine-phalloidin was purchased
from Molecular Probes (Eugene, OR). Monoclo-
nal antibodies against FAK and phosphotyrosine
were purchased from Upstate Biotechnology
(Lake Placid, NY). The antiphosphotyrosine
horseradish peroxidase conjugate (PT04P) was
from Calbiochem (La Jolla, CA). The antibody
against paxillin was from Transduction Labora-
tories (Lexington, KY), and antibody against
RhoB was from Santa Cruz Biotechnology (Santa
Cruz, CA). The enhanced chemiluminescence
(ECL) Western blotting kit and horseradish per-
oxidase-conjugated sheep anti-mouse immuno-
globulin G (IgG) and anti-rabbit IgG antibodies
were purchased from Amersham (Arlington
Heights, IL). Genistein was obtained from ICN
Biomedical. All other chemicals were obtained
from usual commercial sources at the purest
grade available.
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Cell Culture

Rat GEC were developed in a culture system in
the laboratories of Drs. W. Couser and K. Bom-
sztyk and were provided by Dr. C. Richardson
(Medical College of Wisconsin, Milwaukee, WI).
Cells were grown and maintained in a defined
substratum containing collagen type I as previ-
ously reported (20). The cells were cultured in
60- or 100-mm culture plates in K1 media (47%
HAM's F- 12, 47% DME low glucose, 1% HEPES,
1.5% NaHCO3, 0.1% ITS, 1% L-glutamine, 1%
antibiotic-antimycotic solution to final concen-
trations of 100 U/ml penicillin and 100 ,ug/ml
streptomycin) containing 2% Nu serum. Culture
was performed in a 5% C02-95% air atmo-
sphere at 370C. At near confluence, cells were
washed twice and cultured for 12 hr in K1 media
without serum. The morphological and bio-
chemical analysis that followed were therefore
performed with cells that were confluent and
quiescent. For the measurements of the cellular
G- and total actin content and for immunopre-
cipitation experiments, cells were washed twice
with cold phosphate-buffered saline (PBS) and
removed from plates using scrapers.

Use of TNF-a and Experimental Design
In the present study, both human and rat TNF-a
were used, which affected equally actin polymer-
ization dynamics in the podocyte culture system
studied. Recombinant rat and human TNF-a, dis-
solved in K1 media containing 0.1% BSA, were
introduced in cultured GEC at defined concen-
trations (0.1, 1, 5, 10, 20 ng/ml) for defined time
periods (15 min, 2 hr, 4 hr, 24 hr). In control
incubation experiments, the TNF-a vehicle (KI
media plus 0.1% BSA) was introduced for iden-
tical time periods. In separate experiments, prior
to exposure of GEC to TNF-a, cells were treated
for 40 min with the protein tyrosine kinase in-
hibitor genistein (final concentration 100 ,uM) to
explore the relation between TNF-a-induced cy-
toskeletal protein tyrosine phosphorylations and
the observed alterations of the actin cytoskele-
ton. To explore whether an intact cytoskeleton is
required for tyrosine phosphorylation of FAK
and paxillin by TNF-a, cells were pretreated with
cytochalasin B, which selectively depolymerizes
F-actin to G-actin. In these experiments cytocha-
lasin B was dissolved in absolute ethanol and
introduced in cultured GEC at a final concentra-
tion of 1.2 ,uM for 2 hr. In control incubation
experiments, the cytochalasin B vehicle (abso-
lute ethanol) was introduced for the same time

period. At completion of incubations with
TNF-a, GEC were processed either for measure-
ment of G-actin concentration or for assessment
of expression and tyrosine phosphorylation of
paxillin and FAK by methods detailed below.

Actin Cytoskeleton Analysis by Confocal Laser
Scanning Microscopy
Morphological assessment of actin cytoskeleton
in response to TNF-a was performed by confocal
laser scanning microscopy following labeling
with rhodamine-phalloidin. GEC were grown for.
24 hr on 22 X 22 mm coverslips that were col-
lagen I coated in K1 media containing Nu serum,
followed by 12 hr incubation in media without
serum. Cells were subsequently incubated for 2
hr with 10 ng/ml TNF-a. Cell fixation and direct
fluorescence staining of microfilaments by rho-
damine-phalloidin were performed as previously
described (4), except that before mounting the
coverslips on glass slides, plastic spacers were
attached to the edges of the coverslips to create
the appropriate depth for confocal analysis. Spec-
imens were visualized with a confocal laser scan-
ning module attached to an inverted microscope
(Zeiss IM 35) equipped with an argon-krypton
ion laser as previously described (4).

Direct Fluorescence of Actin Cytoskeleton and
Indirect Immunofluorescence

GEC were grown for 24 hr on gelatin (0.1%)
coated 22 X 22 mm glass coverslips and treated
with TNF-a as outlined above. Cell fixation and
washing as well as labeling with rhodamine-
phalloidin or with anti-vinculin and anti-talin
antibodies was performed as previously de-
scribed (6). After the final wash, specimens were
mounted on glass slides with slow-fade and were
examined with an Olympus BH-2 microscope
equipped with epifluorescent illumination. Pho-
tomicrographs were obtained with a 35-mm
Olympus (C-35AD-4) camera on Kodak P3200
black and white film.

DNase I Inhibition Assay for Determination of
Intracellular Actin

The monomeric (G-) and total actin concentra-
tions in GEC were measured using the DNase I
inhibition assay (21), with minor modifications,
as previously described (22). Briefly, GEC that
were serum starved for 12 hr were washed twice
with PBS and lysed on ice with a buffer consist-
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ing of 10 mM K2HPO4, 100 mM NaF, 50 mM
KCl, 2 mM MgCl2, 1 mM EGTA, 0.2 mM dithio-
threitol, 0.5% Triton X- 100, and 1 M sucrose, pH
7.0. For determination of G-actin concentration,
10 ,ul of the cell lysate was added to an assay
mixture containing 10 ,ul of DNase I solution [0.1
mg/ml DNase I in 50 mM Tris-HCl containing 10
mM phenyl methyl sulfonyl fluoride (PMSF) and
0.5 mM CaCl2, pH 7.5] and 1 ml DNA solution
(40 ,ug/ml DNA in 100 mM Tris-HCl containing 4
mM MgSO4 and 1.8 mM CaCl2, pH 7.5). The
DNase I activity was monitored continuously at
260 nm in a Perkin-Elmer Lamda 15 double-
beam spectrophotometer. The intracellular actin
content was quantified by reference to a stan-
dard curve of the inhibition of DNase I activity,
constructed with rabbit muscle G-actin, which
was isolated as previously described (23). A lin-
ear relationship was observed over the range of
25-70% inhibition of DNase I activity. For mea-
surement of total actin, aliquots of the cell lysate
were diluted 2 to 3 times with lysis buffer and
then incubated for 20 min on ice with an equal
volume of guanidine-HCl buffer (1.5 M guani-
dine-HCl, 1 M sodium acetate, 1 mM ATP, 20
mM Tris-HCl, pH 7.5) to depolymerize F-actin to
monomeric G-actin. G- and total-actin contents
were expressed per total cell protein amount
measured colorimetrically (Bio-Rad Protein As-
say).

Immunoprecipitation
Cells were lysed on ice with cold lysis buffer
consisting of 50 mM HEPES, pH 7.5, 150 mM
NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glyc-
erol, 1% Triton X- 100, 1 jig/ml aprotinin, 1
,ug/ml leupeptin, 1 mM PMSF, and 200 ,M so-
dium orthovanadate. Cells were scraped off the
plates and allowed to lyse for an additional 30
min on an orbital shaker at 4°C. Samples were
subsequently centrifuged for 30 min at 14,000 X
g at 4°C and supernatants were transferred to
fresh centrifuge tubes. Protein concentrations
were determined with a colorimetric assay (Bio-
rad Protein Assay). Cell lysates containing equal
amounts of protein were incubated with either
anti-FAK, anti-paxillin, and anti-vinculin mono-
clonal IgGI or anti-phosphotyrosine monoclonal
IgG2bk at 4°C overnight. Antigen-antibody com-
plexes formed were then precipitated by agita-
tion for 2 hr at 40C with washed protein-G
Sepharose bead slurry. Beads were collected by
pulse centrifugation (14,000 X g, 5 sec) and
washed 3 times with lysis buffer. Immunopre-

cipitates were solubilized by dissolving in gel
sample buffer and boiled for 5 min. Beads were
collected by centrifugation and SDS-PAGE was
performed with the supernatant fraction.

Immunoblotting
Immunoprecipitates were run on 4-20% gradi-
ent polyacrylamide gels (100 V, constant voltage)
and electrophoretically transferred to nitrocellu-
lose paper. A 12% polyacrylamide gel was used
for paxillin and RhoB immunoblotting. Blots
were blocked for 1 hr at room temperature with
5% non-fat dry milk in Tris-buffered saline (T-
TBS; 10 mM Tris, pH 7.5, 100 mM NaCl, 0.1%
Tween-20) prior to incubation with the anti-FAK
or the anti-paxillin monoclonal antibodies. For
immunoblotting of RhoB, membranes were
blocked for 1 hr at room temperature in 0.05%
Tween-20 in T-TBS containing non-fat dry milk.
The nitrocellulose membrane was then probed
for 1 hr at room temperature with one of the
following antibodies: anti-FAK antibody at 1
p,g/ml in T-TBS; anti-paxillin antibody at 1:4000
in blocking buffer; or anti-RhoB antibody at 1
jig/ml diluted in blocking buffer. Following in-
cubation, blots were extensively washed with
several changes of T-TBS (0.05% Tween-20 for
anti-Rho blots). The blots probed with anti-FAK
or the anti-paxillin antibodies were incubated for
1 hr at room temperature with horseradish per-
oxidase-conjugated sheep anti-mouse IgG at
1:5000 (anti-FAK) or 1:2500 (anti-paxillin) and
with horseradish peroxidase-conjugated donkey
anti-rabbit IgG at 1:2000 (anti-RhoB). Blots were
again washed in T-TBS and visualized through
enhanced chemiluminescence.

Statistical Analysis
Results are expressed as the mean + SEM (n =
number of experiments). Statistical analysis of G-
and total actin content in GEC was performed by
unpaired Student's t-test, p values <0.05 being
considered significant.

Results
TNF-a Induces Reorganization of Actin Cytoskeleton
To precisely analyze the effect of TNF-a on the
actin cytoskeleton of GEC, a confocal laser scan-
ning microscopic analysis was performed. Treat-
ment of GEC with 10 ng/ml TNF-a for 2 hr
resulted in alteration of the overall cell shape,

385
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Fig. 1. Confocal laser scanning microscopy of rat glomerular epithelial cells; actin cytoskeleton was
stained with rhodamine-phalloidin. (A) Control cells. (B) Cells incubated in the presence of TNF-a (10 ng/ml)
for 2 hr. Panels 1-4: Consecutive scanning sections (0.5 ,um) from the upper cytoplasmic region (1) to the attach-
ment site of the cells (4). Bar = 10 ,um.

which was accompanied by changes in the orga-
nization of the actin cytoskeleton (Fig. 1). A rel-
ative increase in actin microfilament density and
fluorescence, as well as newly formed stress fi-
bers became apparent upon TNF-a treatment, as
shown in scanning sections 2 and 3 in Figure 1B.
The reorganization effect was evident as early as
15 min after initiation with TNF-a and persisted
for as long as 24 hr (data not shown).

Because actin stress fibers emanate from fo-
cal adhesions, we also examined vinculin, which
is a marker protein for the latter structures, in
TNF-a-treated cells and their lysates. Cells were
studied by indirect anti-vinculin immunofluores-
cence, while their lysates, after anti-phosphoty-
rosine and anti-vinculin antibody immunopre-
cipitation, were subjected to electrophoresis and
subsequently probed with an anti-vinculin anti-
body (Fig. 2). Furthermore, since vinculin is
known to localize in adherens junctions, in ad-
dition to focal adhesions, we verified its sole
association with the latter structures by compar-
ing vinculin's topography with that of talin, an-
other actin cytoskeletal protein associated exclu-
sively with focal adhesions. Cells from control
incubations revealed marked anti-vinculin and
virtually superimposable anti-talin staining (data
not shown). Treatment with TNF-a did not alter
appreciably the distribution pattern of both

proteins or the overall abundance of vinculin,
determined by indirect immunofluorescence and
immunoprecipitation (Fig. 2), respectively. How-
ever, probing of the phosphotyrosine immuno-
precipitations with anti-vinculin antibody dis-
closed an appreciable increment in the tyrosine
phosphorylation of this protein following expo-
sure of GEC to TNF-a (Fig. 2). These findings
show that TNF-a induces a clear reorganization
of actin microfilaments in GEC, which involves
the restructuring of the cortical actin network
into newly formed stress fibers, and increased
tyrosine phosphorylation of the focal adhesion
marker vinculin.

TNF-a Induces G- to F-actin Polymerization
To focus on the mechanism underlying the ob-
served actin cytoskeleton reorganization, we
evaluated the ability of TNF-a to induce a shift
toward F-actin in the intracellular G-actin pool.
For this we used the DNase I inhibition assay to
measure cellular levels of G- and total actin and
their ratio, the latter representing a well-estab-
lished quantitative index of G-actin polymeriza-
tion (4-8). Table 1 summarizes the obtained re-
sults: treatment of GEC with 10 ng/ml of TNF-a
for 15 min, 2 hr, 4 hr, and 24 hr caused a repro-
ducible and significant (p < 0.05) decrease in the

- ..-r-



S. B. Koukouritaki et al.: Actin Cytoskeleton Reorganization by TNF-a

-n A

U0

Ip:

WB: vimculin

a1
a

so A

v

0-

*- vinculin

P-Tyr vinculin

G/total-actin ratio by 18%, 28%, 44%, and 17%,
respectively, compared to untreated control cells.
It is important to note that total actin content
increased considerably upon TNF-a-treatment
for 24 hr, indicating substantial de novo actin
biosynthesis (Table 1). G-actin content, on the
other hand, decreased within the first 2 hr of
incubation, followed by a slight increase. These
findings indicate a significant actin polymeriza-
tion, which is rapidly induced in TNF-a-treated
GEC and which persists during 24-hr incubations
with the cytokine. In experiments (data not
shown) we established that the effect of TNF-a
on actin microfilament assembly was dose de-
pendent, the most significant drop in G-actin
being recorded with 10 ng/ml of cytokine.

TNF-a Induces Tyrosine Phosphorylation ofFAK
and Paxillin without Affecting Their Expression
Levels

To assess whether FAK and/or paxillin are in-
volved in the cytoskeletal reorganization induced

Fig. 2. Tyrosine-phosphorylated
proteins and vinculin immunopre-
cipitated (Ip) with corresponding
antibodies from GEC lysates before
and after incubation with TNF-a
(10 ng/ml) for indicated time peri-
ods. After separation of immunopre-
cipitates on SDS-polyacrylamide gels,
proteins were transferred to a nitro-
cellulose membrane and immunoblot-
ted with monoclonal anti-vinculin
antibody. P-Tyr, anti-phosphotyrosine
antibody. WB, Western blotting.

by TNF-a, the expression and tyrosine phosphor-
ylation levels of both proteins were monitored.
The effect of TNF-a (10 ng/ml) on FAK and
paxillin expression is shown in Fig. 3A. Western
blot analysis performed at 2, 5, and 15 min and 4
hr following introduction of TNF-a revealed no

changes in expression levels of both proteins
(Fig. 3A, lanes 1-5). However, during TNF-a
treatment, increased levels of tyrosine phosphor-
ylation of FAK became apparent after 2 min
(Fig. 3B, lane 2) and persisted after 5-, and 15-
min and 4-hr incubations with this cytokine
(Fig. 3B, lanes 3-5). Similar results showing ex-
tensive TNF-a-induced increases in tyrosine
phosphorylation levels were obtained for paxillin
(Fig. 3B, lanes 2-5).

TNF-ac Does Not Alter RhoB Protein Expression

Since signal transduction pathways leading from
receptor activation to actin remodeling seem to
involve small GTPases (11-1 3), we investigated
whether Rho family proteins are also involved in

Table 1. Effect of TNF-a on actin polymerization dynamics of GEC

TNF-a

Control 15 min 15 min 2 hr 4 hr 24 hr Control 24 hr
(n = 10) (n =7) (n= 10) (n =9) (n =9) (n = 5)

G-actin 20.67 ± 0.82 14.45 ± 1.52 17.9 ± 1.26 27.03 ± 2.84 83.71 ± 4.8 52.70 ± 5.9
(,uglmg)

Total actin 41.55 ± 1.68 35.24 ± 2.03 50.23 ± 2.17 96.54 + 1.96 209.28 ± 7.9 109.80 ± 10.1
(,ug/mg)

G/total actin 0.50 ± 0.03 0.41 ± 0.01* 0.36 ± 0.015* 0.28 ± 0.05* 0.4 ± 0.025** 0.48 ± 0.03

Monomeric (G) and total actin were quantified by the modified DNase I inhibition assay in extracts of untreated (control) or
TNF-a-treated cells. Actin content is expressed in ,ug/mg total cell protein (mean values ± SEM).
*p < 0.05 versus control at 15 min and **p < 0.05 versus control at 24 hr.
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Fig. 4. Effect of TNF-a on RhoB expression af-
ter 4-hr and 24-hr exposure to TNF-a of GEC.
Cell lysates of untreated and TNF-a-treated GEC
were subjected to SDS electrophoresis and subse-
quently proteins were transferred to a nitrocellulose
membrane and immunoblotted with polyclonal anti-
RhoB antibody.

- Paxillin
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Fig. 3. Western analysis of expression (A) and
tyrosine phosphorylation (B) of focal adhesion
kinase (FAK) and paxillin. (A) FAK and paxillin
were immunoprecipitated with the corresponding
anti-FAK and anti-paxillin antibody (Ipt: protein)
from GEC that were serum starved overnight and
then incubated with TNF-a (10 ng/ml) for the indi-
cated time periods. After separation of immunopre-
cipitates on SDS-polyacrylamide gels, proteins were
transferred to a nitrocellulose membrane and immu-
noblotted with monoclonal anti-FAK and anti-paxil-
lin antibodies, respectively. (B) GEC were serum
starved overnight and then treated with TNF-a (10
ng/ml) for the indicated time periods. Cell lysates
were immunoprecipitated with anti-phosphotyrosine
antibody (Ipt: P-Tyr). After separation of immuno-
precipitates on SDS gels, proteins were transferred to
a nitrocellulose membrane and immunoblotted with
monoclonal anti-FAK and anti-paxillin antibodies,
respectively.

the TNF-a-induced actin polymerization ob-
served in our system. As shown in Figure 4, we
were unable to document induction of RhoB
protein expression in GEC exposed to TNF-a.
However, this finding does not exclude altered
activation of the protein.

Inhibition of Tyrosine Phosphorylation Prevents
Reorganization of Actin Cytoskeleton by TNF-a

Exposure of GEC to TNF-a in the presence of the
tyrosine kinase inhibitor genistein (100 ,M)

failed to cause changes in the polymerization
state of the actin cytoskeleton. Indeed, as shown
in separate experiments using the DNase I inhi-
bition assay, the G/total-actin ratio remained un-
changed in genistein-pretreated (40 min) GEC
after their exposure to TNF-a for 15 and 120 min
(0.47 + 0.021, n = 3 and 0.47 ± 0.01, n = 4 for
15- and 120-min incubations, respectively, ver-
sus 0.47 ± 0.02, n = 4 for untreated cells). Al-
though the effects of genistein may not be re-
stricted to inhibition of tyrosine kinases, these
data suggest the involvement of tyrosine phos-
phorylation events in the observed actin reorga-
nization by TNF-a.

Discussion
Podocytes possess an extensive cytoskeleton,
which, in addition to its framework function for
cell body and foot processes, participates in the
formation of complex anchoring structures (focal
adhesions). These structures are responsible for
the attachment of podocytes to the GBM via
integrins (24). Podocytes are the targets of injury
in several immunologic and toxic human and
experimentally induced glomerular diseases, the
characteristic functional correlate of which is
heavy proteinuria. Morphologic changes of
podocytes in responce to injury include foot pro-
cess flattening and effacement, and microvillous
apical membrane transformation and detach-
ment from the GBM (25), all features suggestive
of cytoskeletal involvement. Glomeruli from rats
with experimental adriamycin or puromycine
aminonucleoside-induced nephrosis, in parallel
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with the severity of proteinuria, overproduce
TNF-a (26). In patients with membranous ne-
phropathy, TNF-a is overexpressed by visceral
glomerular epithelia and urinary concentrations
of the cytokine are significantly increased (17).
Moreover, TNF-a has been reported to be mod-
erately toxic to GEC in culture, an effect that can
be eliminated by treatment with anti-TNF-a an-
tibodies (23).

Our observations demonstrating marked
changes in actin cytoskeleton polymerization
and in the basement membrane attachment mol-
ecules of GEC exposed to TNF-a must therefore
be considered against this background. The shift
in equilibrium from monomeric (G-) to filamen-
tous (F-) actin indicates microfilament assembly
and may reflect attempts at stabilization of the
actin cytoskeleton (4,5,7). However, total actin
content also increased significantly upon expo-
sure to TNF-a for 24 hr in comparison to control
experiments (Table 1), pointing out the induc-
tion of actin biosynthesis by this cytokine in
GEC. Whereas laser scanning confocal micros-
copy verified these biochemically derived find-
ings by demonstrating significant actin cytoskel-
eton reorganization along with the formation of
newly synthesized stress fibers, it additionally
suggested increases in the volume of TNF-a-ex-
posed GEC. Although we have not completed a
precise quantitation of this apparent cellular vol-
ume increase, we do consider this observation
interesting and important, as it appears to be
consistent with our group's analogous earlier
findings, which suggested the occurrence of con-
cordant increases in actin polymerization and
cellular volume in other cellular systems (8,27).

From a pathophysiologic viewpoint, the ob-
servation of a GEC volume increase may be rel-
evant to nephropathies characterized by hyper-
trophy of glomerular podocytes, a response
thought to participate in the chain of pathoge-
netic events eventualiy leading to segmental glo-
merulosclerosis (28,29). On the other hand,
analogous actin cytoskeleton polymerization re-
sponses to TNF-a have been demonstrated in
human endothelial cells, which subsequently re-
tract, forming intercellular gaps (30). Endothelial
retraction and gap formation have been impli-
cated as contributing to the vascular "leakiness"
associated with increased levels of TNF-a.
Whether the cytoskeletal alterations we ob-
served in glomerular epithelial cells exposed to
TNF-a lead to analogous permeability changes is
unknown.

Tyrosine phosphorylation is essential for mi-

crofilament assembly (31,32). Tyrosine phos-
phorylation of specific cytoskeletal proteins has
also been implicated as a mechanism underlying
the assembly of focal adhesions between cells
and the extracellular matrix (ECM) (33). Focal
adhesions are thought to be important not only
as structural links between the ECM and the
cytoskeleton but also as sites of signal transduc-
tion from the ECM. In our system, TNF-a in-
creased the levels of tyrosine phosphorylation of
vinculin without affecting significantly its ex-
pression levels or its topography in relation to
talin, the latter being known to localize exclu-
sively in focal adhesions. This finding suggests
involvement of this focal adhesion molecule in
TNF-a-induced microfilament redistribution.

Proteins that become phosphorylated on ty-
rosine in association with microfilament assem-
bly also include FAK and paxillin (34). Increases
in FAK and paxillin tyrosine phosphorylation are
accompanied by profound alterations in the or-
ganization of the actin cytoskeleton and in the
assembly of focal adhesions, the distinct areas of
the plasma membrane where FAK and paxillin
are localized (35). FAK and paxillin are fre-
quently found to colocalize at the termini of
F-actin fibers in focal adhesions (36,37). FAK
contains a highly conserved tyrosine kinase do-
main flanked by amino- and carboxyl-terminal
noncatalytic domains, the former being the pu-
tative integrin-binding site, while the carboxyl-
terminal domain is thought to mediate localiza-
tion of FAK to focal adhesions and its binding to
paxillin (38). Phosphorylation of FAK on ty-
rosine residues may occur in response to engage-
ment of the integrin receptor with ECM proteins
(34,39-41) as well as in response to extracellular
signals such as hormones (41,42) and growth
factors (41,43). FAK, in turn, phosphorylates
paxillin (44,45).

Recent observations suggest that the tyrosine
phosphorylation of paxillin may be instrumental
in triggering assembly of the actin cytoskeleton
and in formation of cytoskeleton-membrane at-
tachments as focal adhesions develop (34). Our
observations identify TNF-a as a stimulus for
phosphorylation on tyrosine residues of both
FAK and paxillin in GEC. This effect mediates the
observed assembly and reorganization of the ac-
tin cytoskeleton in response to TNF-a. In support
of this sequence is our finding that genistein
largely prevented the TNF-a-induced polymer-
ization of actin and redistribution of the micro-
filaments. Although the effects of genistein may
not be restricted to inhibition of tyrosine kinases,
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our findings suggest the involvement of tyrosine
phosphorylation events in the observed actin re-
organization by TNF-a (46,47). In this regard,
the polymerization of G-actin in response to
TNF-a observed in our experiments may consti-
tute a mechanism for transduction of signals aris-
ing from the TNF-a receptor, which result in
tyrosine phosphorylation of FAK in GEC. Such
signals may include activation of tyrosine ki-
nases, e.g., MAP kinase (48), that phosphorylate
FAK on tyrosine residues (49). Evidence that
polymerization of G-actin can serve as a signal
transduction mechanism was shown for nerve
growth factor (NGF), whose receptor belongs to
the TNF/NGF receptor superfamily. Thus, NGF
was reported to induce a rapid increase in ty-
rosine phosphorylation of paxillin and this effect
was blocked by cytochalasin D, which disrupts
cytoskeletal assembly (50,51). In line with these
reports are experiments in GEC showing that
cytochalasin B largely abrogated tyrosine phos-
phorylation of FAK and paxillin in response to
TNF-a-treated GEC (data not shown). This find-
ing may indicate that an intact actin cytoskeleton
is required for the transmission of signals arising
from TNF-a receptor activation and support the
notion that rapid actin cytoskeleton redistribu-
tion may be an important step in the mechanism
controlling the signal transduction pathway of
the TNF-a response. The apparent synchrony of
focal adhesion and stress fiber formation suggests
that actin polymerization and focal adhesion as-
sembly may represent distinct downstream ef-
fects of a common regulatory molecule, such as
the small GTP-binding protein of the ras super-
family, Rho (11-13,52,53). In an attempt to ad-
dress this issue, we were unable to document
induction of RhoB protein expression in cells
exposed to TNF-a, which does not exclude alter-
ations in the activation of the protein.

In summary, our observations demonstrate
that in GEC, TNF-a induces events that appear to
be linked and are fundamental in cytoskeletal
organization and signaling, including (a) restruc-
turing of actin cytoskeleton and enhanced actin
biosynthesis and polymerization of G-actin, and
(b) tyrosine phosphorylation of FAK, paxillin,
and vinculin. In view of the importance of these
phenomena in the attachment of cells to their
substratum, our findings suggest that the ob-
served TNF-a-GEC-cytoskeleton interactions
may be relevant to the pathogenesis of protein-
uric glomerupathies, in which increased glomer-
ular expression of TNF-a is associated with per-
turbed podocyte attachment to the GBM.
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