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Podocyte structural and transcriptional phenotype plasticity
characterizes glomerular injury. Transcriptional activity of
WT1 (Wilm’s tumor 1) is required for normal podocyte struc-
ture and is repressed by the podocyte adherens junction protein,
WTIP (WT1 interacting protein). Here we show that WTIP
translocated into podocyte nuclei in lipopolysaccharide (LPS)-
treated mice, a model of transient nephrotic syndrome. Cul-
tured podocytes, which stably expressed an epitope-tagged
WTIP, were treated with LPS. Imaging and cellular fraction-
ation studies demonstrated thatWTIP translocated from podo-
cyte cell contacts into nuclei within 6 h and relocalized to cell
contacts within 24 h after LPS treatment. LPS-stimulatedWTIP
nuclear translocation required JNK activity, which assembled a
multiprotein complex of the scaffolding protein JNK-interact-
ing protein 3 and the molecular motor dynein. Intact microtu-
bule networks and dynein activity were necessary for LPS-stim-
ulated WTIP translocation. Podocytes expressing sh-Wtip
change morphology and demonstrate altered actin assembly in
cell spreading assays. Stress signaling pathways initiate WTIP
nuclear translocation, and the concomitant loss of WTIP from
cell contacts changes podocyte morphology and dynamic actin
assembly, suggesting a mechanism that transmits changes in
podocyte morphology to the nucleus.

Normal glomerular filtration barrier function requires wild
type differentiation of the highly specialized glomerular epithe-
lial cell, the podocyte. Podocytes express three distinct do-
mains: cell body, primary processes, and secondary foot pro-
cesses (FPs)2 that express slit diaphragms (SDs), which are
highly specialized cell-cell contacts (1). FPs are highly dynamic
structures that reorganize within minutes through actin
cytoskeletal rearrangement (2). Glomerular diseases are char-
acterized by a persistent simplification in podocyte domain

structure with a loss of FPs, a phenotype described as FP efface-
ment (3, 4). Mutations affecting specific podocyte SD proteins
such as CD2AP, nephrin (5), podocin (6), and �-actinin-4 (7)
alter actin dynamics and result in FP effacement, emphasizing
the central role for the actin cytoskeleton in regulating podo-
cyte cytoarchitecture. Alteration in podocytemorphology (8, 9)
is contemporaneous with the onset of heavy proteinuria and
associated with genome-wide changes in transcript abundance
(10). The molecular mechanisms that regulate changes in mor-
phology through transcription are incompletely understood.
Given its unique microenvironment with exposure to hemody-
namic forces and high flow of ultrafiltrate, we reasoned that
podocytes express intracellular molecules that transmit mor-
phological changes into the nucleus. Supporting this concept,
nuclear relocation of the nephrin and a CD2AP-binding pro-
tein, dendrin, translates changes in SD integrity into podocyte
apoptosis (11).
WTIP is a LIM domain-containing protein with a nuclear

export signal thatwe previously characterized as a scaffoldmol-
ecule that linked the SD protein complex to the actin cytoskel-
eton and, when its nuclear export is blocked, repressed WT1
transcriptional activity (12). Based on data in this and other
studies (12–14), we hypothesized that WTIP functions as
molecular messenger that choreographs changes in podocyte
FP morphology and transcriptional activity and proposed the
following model of WTIP function. Normally, the WTIP
nuclear export signal excludes it from the nucleus, and an-as-
yet-to-be-defined sequence or structuralmotif(s) targetsWTIP
to podocyte cell contacts. After podocyte injury,WTIP shuttles
into the nucleus where it is retained and alters gene expression.
Nuclear retention ofWTIP results in its loss from podocyte cell
contacts, changing actin dynamics and contributing to foot
process effacement.
The experiments in this paper provide support for two

aspects of this model. First, we phenotyped WTIP expression
patterns in LPS-treated mice and defined the mechanisms of
WTIP translocation in LPS-stimulated podocytes. LPS induces
transient proteinuria in mice by destabilization of the actin
cytoskeleton (15), and LPS treatment of cultured podocytes
recapitulates FP actin reorganization and cell contact disassem-
bly. We show that LPS activated JNK to assemble a dynein-
basedmotor that ferriedWTIP to the nucleus onMTs. Second,
we show that knockdownofWTIP changed podocytemorphol-
ogy and actin cytoskeletal dynamics.
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EXPERIMENTAL PROCEDURES

Materials—See supplemental “Materials and Methods.”
HumanPodocyte Lines—Aconditionally immortalizedhuman

podocyte cell line has been generated by Drs. Michael Ross and
Leslie Bruggeman. The cells were maintained in RPMI 1640
medium (Cambrex, Walkersville, MD) supplemented with 10%
fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml strep-
tomycin. As previously described, the podocytes weremaintained
in 5% CO2 at 33 °C (permissive conditions). To induce differenti-
ation, the podocytes were plated on type I collagen-coated cover-
slipsor tissue cultureplastic andmaintainedat 37 °C (nonpermis-
sive conditions) for 10 days. Phenotypic characterization is
described in the supplemental “Results,” and supplemental Fig.
S1A demonstrates positive immunostaining for synaptopodin
and WT1 (supplemental Fig. S1A).
Podocytes Expressing TCN-inducible WTIP—Human podo-

cytes stably expressing TCN-inducible WTIP epitope-tagged
with V5 (GEC-WTIP-V5) were generated using a ViraPower
T-Rex lentiviral expression system and Gateway Technology
vectors, according to the manufacturer’s protocol (Invitrogen).
Briefly, 3 �g of each lentiviral vector, pLenti4/TO/V5-DEST
carrying the WTIP gene with a C-terminal V5 epitope tag
(WTIP-V5) and the pLenti6/TR containing the TetR gene,
together with 9�g of the ViraPower packagingmix, were trans-
fected into 293FT cells using Lipofectamine 2000 reagent
(Invitrogen). The DNA-Lipofectamine 2000 complexes diluted
in Opti-MEM I medium (Invitrogen) were allowed to form
for 20 min at room temperature before addition to 293FT
cells. The cells were maintained for 24 h at 37 °C and 5% CO2
before removing the medium containing the DNA-Lipo-
fectamine 2000 complexes and replacing with Dulbecco’s
modified Eagle’s medium (10% fetal bovine serum, 2 mM L-glu-
tamine, 0.1 mM nonessential amino acids, 1% penicillin/strep-
tomycin, and 1 mM sodium pyruvate). The resulting retroviral
particles were harvested by removing medium 72 h after trans-
fection and used to generate a podocyte cell line stably express-
ing both transgenes. To induce WTIP-V5 expression, 1 �g/ml
of TCN (Calbiochem, La Jolla, CA)was added to the cell culture
medium for 24 h. Preliminary time course experiments estab-
lished that WTIP-V5 expression was steady state by 24 h
(supplemental Fig. S1).
LPS Treatment of Cultured Podocytes—GEC-WTIP-V5 were

preincubated with 1 �g/ml TCN (24 h) and were exposed to
LPS (1 �g/ml) for varying time points (30min to 72 h). Each set
of experiments was repeated in triplicate.
LPS-induced FP Effacement and Albuminuria in Mice—See

supplemental “Materials and Methods.”
Immunostaining—Cultured podocytes on sterile glass cover-

slips coated with type I collagen were washed in Dulbecco’s
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde
(10 min, room temperature), washed three times for 10 min
with PBS, and permeabilizedwith 0.2%Triton-X-100 in PBS for
5 min on ice. After blocking with 5% normal goat serum, 2%
bovine serum albumin, and 0.2% fish gelatin for 1 h at 37 °C, the
cells were incubatedwith primary antibodies: FITC-V5 1:500 (1
h, room temperature), ZO-1 1:50 (1 h, room temperature),
�-catenin 1:50 (1 h, room temperature), and FITC-tubulin

1:100 (1 h, room temperature). In addition, incubation with
rhodamine-phalloidin 1:300 (1 h, room temperature) was per-
formed. Subsequently, the coverslips were washed and incu-
bated with Texas Red donkey anti-mouse secondary antibody
(1:300; 20min, room temperature). The coverslipswerewashed
and mounted in anti-fade, aqueous medium containing 4�,6
diamidino-2-phenylindole (Vector Laboratories, Burlingame,
CA) on standard glass slides. Confocal images were obtained
with the Leica TCS SP2 confocal system (Leica Microsystems,
Wetzlar, Germany), using a 63� water immersion lens. WTIP
distribution patterns were scored as cytoplasmic/membrane
if the intensity was greater in the cytoplasm/membrane than
in the nucleus, as nuclear if the intensity was greater in the
nucleus than in the cytoplasm, and as equal if no difference was
observed between nucleus and cytoplasm, using a published
technique of quantification (16, 17). The digital images were
processed and grouped using Adobe Photoshop version 7.0.1
(Adobe Systems, San Jose, CA) and Auto-Quant software
(Media Cybernetics, Bethesda, MD).
Murine kidneys were harvested and snap-frozen according to

standard protocols, and 6-�m-thick sections were fixed in 4%
paraformaldehyde for 5 min. For immunofluorescent labeling,
sections were washed once with PBS and incubated in blocking
solution (5% normal goat serum, 30 min, room temperature) fol-
lowed by 0.5% SDS for 2 min. Afterward, the sections were incu-
bated with anti-WTIP for 1 h at room temperature followed by
anti-WT1 or anti-synaptopodin for 1 h at room temperature. The
slides were thenwashed three times with PBS for 10min followed
by incubation with appropriate secondary antibodies conjugated
with fluorochromeTexasRedorFITCfor1hat roomtemperature
to visualize the antigen-antibody complexes.
Co-localization Analysis—Confocal microscopic images

were analyzed for co-localization of WTIP and nuclear marker
TOPRO-3 by use of ImageJ (W. S. Rasband, National Institutes
of Health, Bethesda, MD, 1997–2004). For details of co-local-
ization analysis, see the supplemental “Materials andMethods.”
Cellular Fractionation of Cytosolic and Nuclear Compart-

ments—The podocytes were incubated for 6 or 24 h in the pres-
ence or absence of LPS (1 �g/ml) and TCN (1 �g/ml) and col-
lected by scraping in PBS plus protease inhibitor mixture tablet
(Roche Applied Science). The cytoplasmic and nuclear frac-
tions were prepared using NE-PER nuclear and cytoplasmic
extraction reagents (Pierce), following the manufacturer’s
instructions. The extraction buffers follow a classicalmethod of
low to high salt for nuclear and cytoplasmic separation. To the
cytoplasmic extraction the following inhibitors were added:
0.75mMphenylmethylsulfonyl fluoride, protease inhibitormix-
ture tablet (Roche Applied Science), 10 mM �-glycerophos-
phate, and 0.2 mM sodium orthovanadate. The nuclear extract
solution was supplemented with 2 mM phenylmethylsulfonyl
fluoride and the above inhibitors listed for the cytoplasmic
extracts. The protein concentrations were determined using
theBio-RadDCprotein assay kit. The purity of the cell fractions
was determined by Western blotting with RhoGDI, a marker
for cytoplasmic fraction and histone H3 and/or lamin B2 for
nuclear compartments.
Immunoprecipitation and Immunoblotting—See supple-

mental “Materials and Methods.”
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RNA Isolation and Reverse Transcription-PCR—See supple-
mental “Materials and Methods.”
Cell Spreading Assay—Mouse podocytes stably expressing

sh-EMP or sh-Wtip, as described in the supplemental “Meth-
ods andMethods,” were trypsinized, washed, and pelleted. 1 �
105 cells in complete medium were reseeded onto six-well
plates containing collagen type I-coated coverslips (5 �g/ml).
The plates were incubated at 37 °C for the time periods speci-
fied in the results. The cells were fixed using 4% paraformalde-
hyde and stained with rhoadmine-phalloidin and nuclear dye
TOPRO-3. The images were captured using a Leica SP2 confo-

cal microscope at 40� magnifica-
tion. Quantification of cell spread-
ing by calculation of average cell
diameter was assessed using Leica
Quantify software.
Statistical Analysis—The data

from all of the experimental groups
were expressed as the means � S.E.
An unpaired Student’s t test was
used to compare differences be-
tween control and experimental
groups. Statistical significance was
defined as p � 0.05.

RESULTS

Podocyte Injury with LPS Pro-
motes Translocation of WTIP-V5
from Cell Junctions to the Nucleus—
Wedeveloped a human podocyte cell
line that expressed WTIP with a V5
C-terminal epitope tag (GEC-WTIP-
V5) in response to TCN treatment
and focused our efforts on defining
the mechanism by which LPS in-
duced the translocation of WTIP-V5
into podocyte nuclei. An inducible
expression system was developed to
mitigate any effect ofWTIP overex-
pression during the 10–14 days
required for podocyte differentia-
tion. GEC-WTIP-V5 were induced
to differentiate using standard
procedures and then stimulated
for 24 h with TCN to induce
WTIP-V5 (supplemental Fig. S1,A
and B) prior to LPS treatment. A
3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide as-
say was used to determine whether
LPS treatment caused GEC-
WTIP-V5 cytotoxicity. No differ-
ence was observed in cell viabi-
lity between LPS-treated and
untreated control podocytes (sup-
plemental Fig. S1C). In untreated
cells, WTIP-V5 co-localized with the
adherens junction markers �-cate-

nin and ZO-1 (supplemental Fig. S1D).
After LPS treatment, WTIP-V5 shifted from sites of cell-cell

contacts (Fig. 1A, top panels) into the cytosol and nucleus, as
shown by co-localization with the nuclear dye TOTO-3 (Fig.
1A,middle panels).WTIP-V5 had returned to cell-cell contacts
24 h after LPS stimulation (Fig. 1A, bottom panels). A more
detailed time course (supplemental Fig. S2) demonstrated that
WTIP-V5 began shifting frompodocyte cell contacts as early as
1 h after LPS stimulation and localized in intracellular plaques.
Intranuclear localization of WTIP-V5 was observed as early as
3 h after LPS treatment. Maximal nuclear translocation of

FIGURE 1. Translocation of WTIP-V5 to the nucleus following LPS treatment. A, GEC-WTIP-V5 cells incubated
with or without LPS (1 �g/ml, 6 and 24 h) at 37 °C were fixed and immunostained for FITC-V5 to visualize WTIP
localization. The nuclei were visualized by nuclear dye TOTO-3. Scale bars, 10 �m. B, quantification of WTIP-V5
accumulation over time. At least 150 cells from three separate experiments were imaged randomly and scored for
localization of WTIP-V5. The bars represent the means � S.E. (n � 3). C, in the upper three panels, GEC-WTIP-V5 cells
were fractionated into cytosolic and nuclear compartments (untreated, LPS 6 and 24 h) and analyzed by immuno-
blot (IB). Specificity of the fractionation was assessed by blotting for RhoGDI (cytosolic) and lamin B2 (nuclear). The
lower two panels show that WTIP-V5 abundance in whole cell lysates (WCL) does not change after LPS stimulation.
The RhoGDI and laminB2 immunoblots document equivalent protein loading. D, densitometric analysis of WTIP-V5
expression in cytosolic and nuclear fractions was done by normalizing WTIP-V5 to WTIP-V5 in whole cell lysates. The
bars represent the means � S.E. (n � 3). *, p � 0.05, Student’s t test.
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WTIP-V5 occurred 6 h after LPS treatment (supplemental Fig.
S2). Following LPS treatment, WTIP-V5 intracellular distribu-
tion patterns were quantified by scoring podocytes at each time
point using published criteria (as described under “Experimen-
tal Procedures”). The percentage of cells with nuclear and/or
equal (nuclear � cytoplasmic) WTIP-V5 staining is as follows:
5 � 0.4% (base line), 48 � 2.9% (3 h LPS), 52 � 7.9% (4 h LPS),
73� 12.2% (5 h LPS), 83� 7.7% (6 h LPS), 82� 10.1% (7 h LPS),
21 � 7.2% (12 h LPS), and 8 � 0.3% (24 h LPS) (Fig. 1B). There-
fore LPS podocyte injury induces WTIP-V5 nuclear transloca-

tion in a reversiblemanner that par-
alleled the time course of WTIP
translocation to podocyte nuclei
observed in vivo in LPS-treatedmice
(see Fig. 6C).
Aliquots of LPS-treated podo-

cytes (shown in Fig. 1A) were frac-
tionated into nuclear and cytoplas-
mic compartments, equalized for
total protein, and probed with
anti-V5 antibody. WTIP-V5 accu-
mulated in the nuclear fraction 6 h
after LPS treatment and returned to
the cytosolic fraction 24 h after LPS
treatment (Fig. 1C, top three panels).
Immunoblotting for cytosolic pro-
tein RhoGDI and nuclear protein
lamin B2 demonstrated stringent
subcellular fractionation (Fig. 1C).
WTIP-V5 abundance in cytosolic
extracts increased 6 h after LPS
treatment. This increase reflects a
shift of WTIP-V5 from membrane/
cytoskeletal fractions into cytosol
rather than de novo synthesis,
because immunoblots of the podo-
cyte lysates used to generate the
cytosolic and nuclear fractions
demonstrate that LPS did not
increase WTIP abundance (Fig.
1C, 6 h, lower panels). Fig. 1D
quantifies WTIP translocation
between podocyte compartments
in three separate experiments.
Taken together, both cellular frac-
tionation and confocal images dem-
onstrate that LPS treatment of
podocytes stimulates a reversible
translocation of WTIP-V5 into
nuclei.
To determine whether the trans-

location of WTIP was a specific
effect in response to LPS, we evalu-
ated the effects of various stimuli of
proteinuric glomerular disease in
vivo on WTIP localization in cul-
tured podocytes. After treatment
with LPS (1 �g/ml, 6 h), puromycin

aminonucleoside (100�g/ml, 24 h), ultraviolet C (50mJ/m2), or
H2O2 (50 �M, 6 h), green fluorescent protein-WTIP translocated
into nuclei (supplemental Fig. S3). These data suggestWTIP tran-
sit into podocyte nuclei is a universal response to injury.
WTIP-V5 Translocation to the Nucleus Requires JNK

Activation—Previous reports have demonstrated that LPS
stimulation activates MAPKs, in particular JNK and p38 (18).
LPS rapidly activated both JNK and p38 following in cultured
podocytes as assayed by immunoblotting with phosphospecific
antibodies (Fig. 2A) and quantitated by densitometry (Fig. 2B).

FIGURE 2. WTIP-V5 translocation to the nucleus requires JNK activation. A, activation of phosphorylated
JNK and p38 by LPS in GEC-WTIP-V5. GEC-WTIP-V5 cells were treated with LPS (1 �g/ml), and whole cell lysates
were harvested at the indicated time points (0 –2 h) post-treatment. Protein was resolved by SDS-PAGE and
immunoblot (IB) analysis was performed. The blots were probed with phosphospecific antibodies for p38 and
JNK and then stripped and reprobed with antibodies for total JNK, total p38, or RhoGDI. B, densitometric
analysis revealed that the levels of the phosphorylated p38 (p-p38) were low in unstimulated podocytes but
increased significantly (p � 0.05) 20 min after LPS treatment. JNK was phosphorylated (pJNK) within 15–30 min
following LPS treatment. Total JNK and p38 expression did not change in response to LPS, demonstrating that
the change in JNK and p38 phosphorylation was not a result of changes in kinase abundance. RhoGDI expres-
sion demonstrates equivalent protein loading between lanes. LPS treatment in GEC-WTIP-V5 resulted in a
statistically significant increase in both JNK and p38 phosphorylation (p � 0.05). Densitometric analysis was
performed by normalizing phosphorylated p38 or JNK to total levels of p38 or JNK, respectively. The bars
represent the means � S.E. (n � 3). *, p � 0.05, Student’s t test. C, GEC-WTIP-V5 cells of untreated control, LPS
(1 �g/ml, 6 h), JNK inhibitor � LPS (SP600125, 10 �M, 1 h), or p38 inhibitor � LPS (SB202190, 10 �M, 1 h). The
cells were fixed and immunostained with FITC-V5 to visualize WTIP localization. Scale bars, 10 �m. D, quantifi-
cation of WTIP-V5 accumulation. At least 150 cells from three separate experiments were imaged randomly and
scored for localization of WTIP-V5. The bars represent the means � S.E. (n � 3).
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In addition, JNK activation was demonstrated in the various
podocyte toxins that cause WTIP nuclear translocation by
immunoblot analysis (supplemental Fig. S3B). To evaluate
whether JNK and/or p38 activation is necessary for the trans-
location of WTIP-V5 to the nucleus, we incubated GEC-
WTIP-V5 with either the JNK inhibitor SP600125 or the p38
inhibitor SB202190 for 1 h prior to LPS treatment for 6 h.
WTIP-V5 localized in a plasmamembrane pattern in untreated
cells and shifted into podocyte nuclei after LPS treatment (Fig.
2C). WTIP-V5 remained localized predominately at the cell
contacts in LPS-treated cells preincubated with the JNK inhib-
itor SP600125 (Fig. 2C). In contrast, WTIP-V5 translocated to
the nucleus and/or cytosol after treatment with the p38 inhib-
itor SB202190 and LPS (Fig. 2C, bottom panels). The pattern in
these cells was indistinguishable from podocytes treated with
LPS alone. Quantification (Fig. 2D), as described above, dem-
onstrated the percentage of cells with nuclear and/or equal
WTIP-V5 staining: 5 � 0.3% (base line), 94 � 1.7% (LPS), 91 �
9.5% (SB202190� LPS), and 17� 2.4% (SP600125� LPS). The
specificity of inhibitors SP600125 and SB202190 was demon-
strated by immunoblot (supplemental Fig. S4A) and densito-
metric analysis (supplemental Fig. S4B). Therefore, JNK, not
p38, activation is necessary for the nuclear translocation of
WTIP-V5 following LPS treatment.
The JNK Scaffolding Protein JIP3 Linked the Dynein Motor

Subunit, Dynein Intermediate Chain (DIC), and WTIP-V5 in a
Multiprotein Complex—Neuronal injury induces transport of
signaling molecules from cytosol and/or plasma membrane
into nucleus (19, 20), and JNK scaffolding proteins, JIPs are
required for optimal JNK activity. After sciatic nerve injury in
themouse, JIP3 (JSAP1) assembles into amultiprotein complex
containing the motor dynein for retrograde transport from
axon to cell body (21). We hypothesized that a similar mecha-
nism for damage signaling mediated LPS-stimulated transloca-
tion ofWTIP into podocyte nuclei. The JIP3message was iden-
tified by reverse transcription-PCR in both mouse kidney and
cultured podocytes (Fig. 3A). Co-precipitation experiments
using GEC-WTIP-V5 transiently transfected with FLAG-
tagged JIP3 showed that WTIP-V5 forms a protein complex

with JIP3 following LPS injury but not in vehicle-treated con-
trols (Fig. 3B, top panel). The observed doublet is consistent
with published data demonstrating that JIP3 is phosphorylated
when JNK signaling complexes are assembled and active (see
“Discussion”). JIP3 and DIC co-localize in transfected CV-1
cells, suggesting JIP3 interaction with a dynein/dynactin retro-
grade motor system (22). In LPS-treated GEC-WTIP-V5 tran-
siently transfected with the FLAG-JIP3 construct, WTIP-V5
co-precipitated with endogenous DIC (Fig. 3B, bottom panel).
These results suggest that FLAG-JIP3/DIC/WTIP-V5 form a
multiprotein complex following LPS injury in the podocyte.
DyneinMotor Activity Is Required for WTIP-V5 Transport to

the Nucleus—Demonstration of the FLAG-JIP3/DIC/WTIP-
V5 complex suggests that theMTmotor protein, dynein, trans-
ports WTIP to the nucleus. Consistent with our model, dynein
motors mediate retrograde transport from the cell periphery to
the minus end of theMT at the microtubule organizing center.
In contrast to dyneins, kinesins mediate antegrade transport.
Both dynein and kinesin MT motor protein superfamilies use
ATP-derived energy to directionally transport intracellular car-
goes between the cell periphery and cell body (23–25). To doc-
ument that retrograde translocation of WTIP-V5 toward the
nucleus required dynein, not kinesin, activity, WTIP-V5 distri-
bution was assessed in GEC-WTIP-V5 treated with LPS and
either the dynein ATPase inhibitor erythro-9-(2-hyroxy-3-
nonyl) adenine (EHNA) or the kinesin ATPase inhibitor aurin-
tricarboxylic acid (AA) (26). EHNA (1 mM, 30 min) blocked
LPS-induced nuclear accumulation of WTIP-V5, whereas AA
(10 �M, 30 min) had no inhibitory effect onWTIP-V5 accumu-
lation in podocyte nucleus after LPS stimulation (Fig. 4A).
WTIP-V5 localization was quantified following LPS, EHNA
and LPS, or AA and LPS treatment and compared with
untreated controls (Fig. 4B). The percentage of cells with
nuclear and/or equal WTIP-V5 staining: 5 � 1.2% (base line),
91 � 2.5% (LPS), 5 � 1.4% (EHNA � LPS), and 92 � 4.0%
(AA � LPS). Thus, dynein activity is necessary for nuclear
translocation of WTIP-V5 after LPS-mediated injury.
LPS-induced Nuclear Translocation ofWTIP-V5 Requires an

Intact MT Network—Because dynein motors walk along MTs
and WTIP-V5 assembles with JIP3 and the dynein motor sub-
unit DIC, we next examined the role of the podocyte MT net-
work in the nuclear translocation of WTIP-V5. Comparison of
MT networks in untreated and LPS-treated GEC-WTIP-V5 by
immunostaining with FITC-anti-tubulin antibody showed no
difference in MT networks (Fig. 5A). However, preincubation
with the MT disruption agent nocodazole (10 �M, 1 h) com-
pletely disrupted the MT network (Fig. 5A). In GEC-WTIP-V5
preincubated with nocodazole followed by LPS treatment,
WTIP-V5 remained localized at cell contacts, similar to
untreated controls (Fig. 5B, top and bottom panels). In contrast,
WTIP-V5 shifted from the sites of podocyte cell-cell contacts to
the cytoplasm and nucleus after 6 h of LPS treatment when
MTs remained intact (Fig. 5B, middle panels). Quantification
of WTIP-V5 localization was determined in podocytes
treated with LPS alone or with nocodazole and LPS and com-
pared with vehicle-treated controls (Fig. 5C). The percent-
ages of cells with nuclear and/or equal WTIP-V5 staining
were 4 � 1.0% (base line), 91 � 10.5% (LPS), and 13 � 0.1%

FIGURE 3. LPS injury promotes the multiprotein complex formation of
JIP3/DIC/WTIP-V5. A, JIP3 transcript expression in both podocyte
(M.Podo.) and kidney (M.Kidney) was demonstrated by reverse transcrip-
tion (RT)-PCR analysis. B, expression of FLAG-JIP3 was confirmed by whole
cell lysate of transiently transfected GEC-WTIP-V5 cells and immunoblot (IB)
analysis with FLAG M2 antibody 1:7500. Immunoprecipitation experiments
were performed with either V5 or DIC monoclonal antibodies (mouse IgG
control) in untreated or LPS-treated (1 �g/ml) GEC-WTIP-V5 cells. WCL, whole
cell lysates.
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(nocodazole � LPS). WTIP-V5 nuclear and cytoplasmic
localization was slightly greater in nocodazole-pretreated,
LPS-stimulated cells compared with control podocytes, sug-
gesting that WTIP-V5 can transit to nuclei through MT-inde-
pendent pathways. Furthermore, nuclear extracts following
LPS treatment (6 and 24 h) with or without nocodazole were
prepared and analyzed by immunoblot forWTIP-V5. After 6 h
of LPS treatment, WTIP-V5 accumulated in the nucleus (Fig.
5D). In contrast, depolymerization of the MT network by
nocodazole treatment prior to LPS treatment reduced
WTIP-V5 accumulation in the nucleus (Fig. 5D). Histone H3, a
resident nuclear protein, demonstrated loading of equivalent
amounts of nuclear protein. Densitometric quantification is
shown in Fig. 5D.
Endogenous Wtip Transits to Podocyte Nuclei in Vivo in a

Model of LPS-induced Nephrotic Syndrome—We previously
demonstrated that Wtip transcripts are expressed by podo-
cyte precursors in developing mouse kidney (12). To deter-
mine the renal expression pattern of Wtip in post-natal
kidney, we generated an affinity-purified polyclonal rabbit
anti-Wtip antibody (see supplemental text and supplemen-
tal Fig. S5 for antibody characterization) and assessed Wtip
subcellular localization in vivo using podocyte domain marker
proteins (Fig. 6A). Wtip expression in mouse kidney localized to
the podocyte FP domains, as demonstrated by its co-local-
ization with the actin-associated protein synaptopodin (Fig.

6A, top panel). In contrast, Wtip
did not co-localize with WT1, a
marker of podocyte nuclei (Fig.
6B, bottom panel). The predomi-
nance of Wtip immunostaining
was identified in the glomerulus,
not in the tubulointerstitium, con-
sistent withourhypothesis thatWtip
expression in kidney is restricted to
podocytes. To determine whether
Wtip translocates to podocyte
nuclei in vivo after glomerular
injury, we injected LPS (1�g/ml) in-
traperitoneally into 3-week-oldwild
type C57BL/6 mice and analyzed
albuminuria and podocyte Wtip
localization with the glomerulus.
Control animals received PBS. LPS
injection caused albuminuriawithin
24 h (p � 0.05), whereas albumin
excretion did not change signifi-
cantly from base line in mice
injectedwith PBS (p� 0.05; Fig. 6B).
As previously reported (15), LPS-in-
duced albuminuria was transient
and returned to base-line levels
within 72 h after LPS injection (Fig.
6B). Immunofluorescent staining
of kidney sections demonstrated
that Wtip immunostaining pat-
tern dramatically changed follow-
ing LPS injection (Fig. 6C, first col-

umn) when compared with untreated and PBS-injected
controls (Fig. 6, A and C). The linear staining pattern of Wtip
observed in the PBS-injected control transitioned to a more
diffuse cytosolic and nuclear pattern after 6 h of LPS injection
(Fig. 6C, top and middle row), approximately the time we
observed an increase in urinary albumin excretion in vivo (Fig.
6B). The zoomed image insets of glomeruli (Fig. 6C) stained
with anti-Wtip (green channel), anti-synaptopodin (red chan-
nel), and nuclear dye TOPRO-3 (blue channel) demonstrate
localization of Wtip within the nucleus 6 h after LPS injection,
compared with PBS-injected controls. WTIP immunofluores-
cence has clearly shifted from its base-line localization with
synaptopodin, into the nucleus at that time point. Given the
proximity of the nucleus to synaptopodin, the nucleus is con-
sidered to be within the podocyte. WTIP has reassociated with
synaptopodin by 72 h. Fig. 6D demonstrates co-localization of
Fig. 6C at 6 h, using two different unbiased techniques of anal-
ysis available within the ImageJ program, intensity correlation
analysis (top panel) and co-localization threshold (bottom
panel). Note that both analytic methods identified identical
regions of co-localized pixels whose anatomic location is con-
sistent with podocyte nuclei. Like albuminuria, the in vivo dis-
tribution pattern of Wtip following LPS-induced injury is
reversible, and the base-line staining pattern, similar to that of
synaptopodin, is re-established 72 h after LPS injection (Fig. 6C,
72 h).

FIGURE 4. WTIP-V5 translocation to the nucleus requires the dynein motor complex. A, GEC-WTIP-V5 cells
treated with LPS (1 �g/ml, 6 h), kinesin ATPase inhibitor � LPS (AA, 10 �M, 30 min), dynein ATPase inhibitor �
LPS (EHNA, 1 mM, 30 min), or untreated controls and fixed and immunostained for FITC-V5 for WTIP-V5 local-
ization. Scale bars, 15 �m. B, quantification of WTIP-V5 accumulation. At least 150 cells from three separate
experiments were imaged randomly and scored for localization of WTIP-V5. The bars represent the means �
S.E. (n � 3).
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Wtip Affects Podocyte Spreading—Our model proposes that
WTIP retention in podocyte nuclei would deplete WTIP from
podocyte cell contacts and promote foot process effacement
and actin cytoskeletal rearrangement. To test this aspect of the
hypothesis, mouse podocytes with stable knockdown of Wtip
(sh-Wtip) and negative control (sh-EMP) were generated to
identify the cellular function of Wtip. We initially observed
podocyte morphology with pan-cadherin immunostaining.
The sh-Wtip cells had alteredmorphology and junction forma-
tion compared with sh-EMP control cells (Fig. 7A). These
observations led us to consider the effects ofWtip on cell adhe-
sion and F-actin assembly as measured by cell spreading on
collagen type I. The proportion of enlarged sh-EMP cells was

significantly increased compared
with sh-Wtip cells, as assessed by
average cell diameter 24 h after
reseeding (Fig. 7B). Fig. 7C demon-
strates by visualization of rhodam-
ine-phalloidin that in the early
stages of spreading on collagen, sh-
Wtip cells have a distinct altered
morphology, as compared with the
sh-EMP negative control cells. In
particular, the sh-EMP cells with
endogenous expression of Wtip,
spread with an enhanced rate and
appear larger and contain increased
numbers and lengths of cell protru-
sions, an effect that persists for sev-
eral hours after reseeding (Fig. 7C,
24 h). Wtip knockdown appears to
have an effect on the degree of cell
spreading over time. Therefore,
Wtip appears to be necessary for
proper cell spreading and actin
assembly on collagen. These data,
together with the localization of
Wtip, would suggest a role for Wtip
in the regulation of actin dynamics
and/or foot process cytoarchitec-
ture in vivo.

DISCUSSION

Podocyte phenotype plasticity is
well documented. Electron micro-
scopic analyses of podocyte ultra-
structure before and after the
resolution of nephrotic syndrome
demonstrate that podocytes with FP
effacement and simplifiedmorphol-
ogy re-elaborate the complex cyto-
architecture characteristic of nor-
mal podocyte differentiation state.
Wenowdefine amolecular pathway
for WTIP translocation to the
nucleus following an environmental
signal for a podocyte phenotype
switch. Taken in aggregate, our cur-

rent and previously published data (12, 27) support a model in
which WTIP dissociates from cultured podocyte adherens
junctions and translocates into the nucleus to regulate nuclear
functions such as transcriptional activity. We have now dem-
onstrated, in this model of transient nephrotic syndrome, that
WTIP reversibly transits to podocyte nuclei in vivo, providing a
mechanism for regulating nuclear functions in response to
injury.
The podocyte differentiation state is critical for normal glo-

merular filtration barrier assembly and function. Glomerular
disease is characterized by disassembly of the SD proteins (5,
28, 29), resulting in the reorganization of the podocyte cytoskel-
eton and changes in gene expression (30, 31). Therefore, scaf-

FIGURE 5. MT depolymerization impairs LPS-induced nuclear translocation of WTIP-V5. A, MT networks in
GEC-WTIP-V5 cells. MT networks were visualized in GEC-WTIP-V5 cells in untreated control, LPS (1 �g/ml, 6 h),
or nocodazole (10 �M, 20 min) followed by LPS treatment by immunostaining for FITC-tubulin. Scale bars, 8 �m.
B, GEC-WTIP-V5 cells treated with LPS (1 �g/ml, 6 h), nocodazole � LPS (10 �M, 20 min), or untreated controls
and fixed and immunostained for FITC-V5. Scale bars, 10 �m. C, quantification of WTIP-V5 accumulation. At
least 150 cells from three separate experiments were imaged randomly and scored for localization of WTIP-V5.
The bars represent the means � S.E. (n � 3). D, nuclear extracts of GEC-WTIP-V5 cells were prepared from
untreated control, LPS (1 �g/ml, 6 h or 24 h), or nocodazole (10 �M, 20 min) followed by LPS (1 �g/ml, 6 h).
Detection of histone H3, a resident nuclear protein, was used as a nuclear loading control. Densitometric
analysis was performed normalizing WTIP-V5 to histone H3 expression. Nuclear extracts of GEC-WTIP-V5 cells
were prepared from untreated control, LPS (1 �g/ml, 6 or 24 h), or nocodazole (10 �M, 20 min) followed by LPS
(1 �g/ml, 6 h). Detection of histone H3, a resident nuclear protein, was used as a nuclear loading control. IB,
immunoblot.
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folding proteins likeWTIP, which interact directly or indirectly
with the actin cytoskeleton, become available for transport by
motor proteins to regulate nuclear functions. In this way,
cytoskeleton-driven changes in podocyte morphology can “sig-
nal” necessary alterations in gene expression. For WTIP, we
have defined the regulatory mechanisms by whichWTIP tran-
sits to and accumulates in the podocyte nucleus. However the
changes after injury in the macromolecular complexes that
allow the release ofWTIP frompodocyte cell-cell junctions and
the specific nuclear functions ofWTIP in vivo need to be exper-
imentally defined.Nuclear translocation of other podocyte pro-
teins has been shown to regulate podocyte phenotype. The
CD2AP- and nephrin-binding protein dendrin senses changes
in SD integrity, shifts into the nucleus, andmodulates podocyte
survival under pathological conditions (11). The ZHX (zinc fin-
gers and homeoboxes) family proteins are sequestered in podo-

cyte cytosol but migrate into the
nucleus and change gene expression
with the development of proteinuria
(32). WT1, a target of WTIP in the
nucleus (12), regulates podocyte
phenotype. Interestingly another
WT1 binding partner, WTX, a
Wilm’s tumor suppressor gene,
shuttles between cytoplasm and dis-
tinct nuclear substructures impli-
cated in transcription and modu-
lates WT1 activity (33). Similar to
WTIP, WTX is expressed in the
condensing metanephric mesen-
chyme and in early podocyte pre-
cursors (12, 34), raising the hypoth-
esis that WTX and WTIP may
coordinately regulate WT1 activity.
In this study, we used LPS as a

probe to initiate podocyte injury.
LPS causes transient nephrotic syn-
drome when injected in sublethal
doses in mice and, in vitro, changes
podocyte actin cytoskeletal assem-
bly. In podocytes, LPS activates the
Toll-like receptor TLR-4, which
triggers the reorganization of the
kidney filtration apparatus, leading
to podocyte FP effacement and pro-
teinuria (15, 35). LPS treatment of
podocytes stimulates the MAPKs
JNK and p38, but WTIP transit to
the nucleus only required JNKactiv-
ity.MAPK activation is enhanced by
scaffold proteins that efficiently
assemble the necessary upstream
kinases (36–38). In macrophages,
JIP3 constitutively associates
through its N-terminal domainwith
TLR-4 and enhances LPS-stimu-
lated JNK activation as a scaffold for
activating kinases (39). JIPs also link

cargomolecules tomotor proteins. JIP3 is expressed in cultured
podocytes andmouse kidney and co-precipitatedwithWTIP in
LPS-stimulated podocytes. JIP3 is phosphorylated in vivo (40,
41), and stimulation-dependent phosphorylation of JIP3 facili-
tates formation of a functional JNK signaling module. In our
studies, FLAG-JIP3 co-precipitatedwithWTIP fromLPS-stim-
ulatedcellsFLAG-JIP3asadoublet,consistentwithstimulation-
dependent phosphorylation of JIP3. JIP3 phosphorylation may
facilitate the formation of a WTIP-based, injury surveillance
complex.
Both podocytes and neurons have highly compartmentalized

cytoskeletons with MT-based thick processes with branching
morphology and thin actin-based projections (i.e. podocyte FPs
and dendritic spines) (1, 42). Similar to neurons, information
transfer from podocyte cell-cell contacts to podocyte nuclei
requires long range transmission of biochemical signals. If

FIGURE 6. Endogenous Wtip co-localizes with the podocyte actin binding protein synaptopodin and
shifts to podocyte nuclei in LPS-injected mice. A, glomerular co-staining of kidney cross sections of Wtip and
the podocyte foot process actin binding protein, synaptopodin, or podocyte nuclear marker WT1. Scale bars, 10
�m. B, albuminuria was assessed by dipstick as described under “Experimental Procedures.” The bars represent
the means � S.E. (n � 25 mice in total; n � 11, PBS-injected; n � 14, LPS-injected). *, p � 0.05, Student’s t test.
C, immunofluorescence staining for Wtip (green, left column), synaptopodin (red, middle column), and merge
with nuclear dye TOPRO-3 (blue, right column) in sections of kidneys from mice injected with LPS or PBS. The
insets represent zoomed images of glomerular areas, indicated by arrows. The arrowheads highlight regions of
nuclear translocation of Wtip. D, using ImageJ (see “Experimental Procedures”), two unbiased co-localization
analyses of immunofluorescence images (shown in C) demonstrate that Wtip localizes within nuclei at 6 h after
LPS, whose anatomic location is consistent with WTIP-V5 translocation into podocyte nuclei. Yellow dashed
lines represent outlines of the glomerulus. Co-localization analysis using the co-localization threshold plug-in
displays co-localized pixels pseudocolored green (top panel). The Intensity correlation analysis was used to
confirm co-localization threshold analysis, and co-localized pixels were pseudocolored white (bottom panel).
Scale bar, 10 �m.
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WTIP hitchhikes on JIP3, its movement from the glomerular
filtration barrier into the nucleus requires a cytoskeleton path-
way and amotor protein to provide the engine. TheDrosophila
JIP3 orthologue, Sunday Driver, undergoes retrograde axonal
transport following nerve injury (21). In injured mammalian
neurons, retrograde transport of activated JNK and JIP3 to the
cell body is driven by a dynactin-dynein complex (21). After
LPS-induced podocyte injury, WTIP and JIP3 form a multi-
protein complex with a subunit of the dynein motor protein,
DIC. Dynein is composed of two identical heavy chains and
several associated chains. Dynein processive motion is a prop-
erty of the heavy chains. DIC regulates attachment of themotor
to the appropriate cargo, making DIC a logical partner for
WTIP. Using inhibitors of motor protein ATPase activity (24),
dynein, but not kinesin motor activity, and intact microtubules
were required for WTIP transit to the nucleus. JIP3 also has
been co-localized with the dynein heavy chain (21) and with
DIC in transfected CV-1 cells (22), suggesting that JIP3 links
WTIP to dynein for translocation from podocyte adherens
junctions to the nucleus.
In eukaryotic cells, signaling pathways in subcellular com-

partments must be integrated dynamically for a cell to respond
appropriately to information flow from its microenvironment.
Molecules that choreograph cytoskeleton-based changes in cell
morphology and nuclear function have been described in other
systems. WTIP is a member of the Ajuba LIM protein family
(Ajuba,WTIP, LIMD1) (13, 14). Similar toWTIP, Ajuba family
LIM proteins contain 3� C-terminal LIM protein interaction
domains and unique pre-LIM regions, and link cell adhesive
complexes to cytoskeleton (43), and shuttle into nucleus to reg-

ulate the activity of specific transcription factors. In mamma-
lian cells, Ajuba functions as a scaffold for assembly of macro-
molecular transcriptional repressor complexes at target
promoters (44–46). In vivo, Xenopus Ajuba LIM proteins,
includingXenopusWTIP, serve as Snail/Slug co-repressors and
regulate gene expression necessary for Xenopus neural crest
development (14). In a similar manner, we believe that WTIP
regulates podocyte phenotype changes in response to the
microenvironment of the glomerular filtration barrier. We
believe that changes in actin dynamics initiate this process, a
hypothesis that will be the focus of further experimentation.
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