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Podocytes are crucial for the permeability of the glo-
merular filtration barrier. In glomerular disease,
however, reactive oxygen species (ROS) may be in-
volved in podocyte injury and subsequent protein-
uria. Here, we describe ROS-dependent gene induc-
tion in differentiated podocytes stimulated with H2O2

or xanthine/xanthine-oxidase. Superoxide anions
and H2O2 increased mRNA and protein expression of
GAS5 (growth arrest-specific protein 5) and CHOP
(C/EBP homology protein). Cultured podocytes over-
expressing CHOP showed increased generation of su-
peroxide anions compared to controls. In addition,
the expression of �3/�1 integrins, crucial for cell-
matrix interaction of podocytes, was down-regulated,
leading to increased cell-matrix adhesion and cell dis-
placement. The altered cell-matrix adhesion was an-
tagonized by the ROS scavenger 1,3-dimethyl-2-thio-
urea, and the increase in cell displacement could be
mimicked by stimulating untransfected podocytes
with puromycin, an inductor of ROS. We next per-
formed immunohistochemical staining of human kid-
ney tissue (normal, membranous nephropathy, focal
segmental glomerulosclerosis, and minimal change
nephropathy) as well as sections from rats with pu-
romycin nephrosis, a model of minimal change ne-
phropathy. CHOP was weakly expressed in podocytes
of control kidneys but up-regulated in most protein-
uric human kidneys and in rat puromycin nephrosis.
Our data suggest that CHOP—via increased ROS gen-
eration—regulates cell-matrix adhesion of podocytes

in glomerular disease. (Am J Pathol 2006, 168:20–32; DOI:

10.2353/ajpath.2006.040774)

The podocyte plays a crucial role in the maintenance of
the permeability properties of the glomerular filtration bar-
rier.1 Damage of the podocyte leads to proteinuria, which
is a hallmark of almost all glomerular diseases.2 The
mechanisms by which podocytes are damaged are so far
incompletely understood but reactive oxygen species
(ROS) have been found to induce podocyte injury and
proteinuria under a variety of circumstances.3 In addition,
direct intra-arterial infusion of H2O2 causes proteinuria
without a change in glomerular filtration rate, renal
plasma flow, or structural changes of the glomerular fil-
tration barrier.4 Overproduction of ROS has been de-
tected in several glomerular diseases including puromy-
cin nephrosis, a model of minimal change disease;5

Heyman nephritis, a model of membranous nephropathy;
6,7 and the Mpv17�/� mouse, a model for steroid-resis-
tant focal segmental sclerosis.8 In these glomerulopa-
thies, pretreatment of animals with ROS scavengers
prevented foot process effacement and proteinuria.5,7,9

In addition, in biopsies of patients with membranous ne-
phropathy, oxidatively modified proteins are found in
podocytes, mesangial cells, and basal membranes.10

Because ROS seem to play a direct role in the damage
of podocytes, it would be helpful to understand the cel-
lular mechanisms by which ROS induce podocyte dam-
age and proteinuria. Many cellular processes are accom-
panied by changes in gene expression. Recently, we
introduced an in vitro model in which genes that are
differentially regulated by ROS could be identified by
polymerase chain reaction (PCR)-based suppressive
subtractive hybridization (PCR-SSH) in podocytes.11 In
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these studies members of the growth arrest gene family
were identified. The family member CHOP (C/EBP homol-
ogy protein) heterodimerizes with members of the
C/EBP1 family of transcription factors.12 The expression
of CHOP is markedly induced by a variety of cellular
stresses. The dimerization of CHOP with C/EBP inhibits
the function of C/EBP by preventing its DNA binding to
the promoters of a subset of genes. In addition, the
CHOP/C/EBP heterodimer binds to a specific DNA se-
quence and stimulates the transcription of specific
genes.13 CHOP also heterodimerizes with other non-C/
EBP subfamilies of basic region leucine zipper proteins,
eg, activating transcription factor 3 and Jun/Fos. Several
functions have been proposed for CHOP. Heterotopic
overexpression of CHOP induces growth arrest in fibro-
blasts,14 inhibits adipocyte differentiation,15 and induces
apoptosis in vitro.16 Here we show that CHOP is differen-
tially induced by ROS in podocytes and that CHOP reg-
ulates important properties of podocyte function.

Materials and Methods

Cell Culture

Conditionally immortalized mouse podocytes were cul-
tured as reported elsewhere.17 In brief, podocytes were
maintained in RPMI 1640 medium (Life Technologies,
Eggenstein, Germany) supplemented with 5% fetal calf
serum (Biochrom, Berlin, Germany), 100 kU/L penicillin,
and 100 mg/L streptomycin (Life Technologies). To prop-
agate podocytes, cells were cultivated at 33°C on type I
collagen (permissive conditions) in culture medium sup-
plemented with 10 U/ml recombinant interferon-�. To in-
duce differentiation, podocytes were maintained on type
I collagen (Biochrom) at 37°C without supplementation
with interferon-� (nonpermissive conditions). Only differ-
entiated podocytes between passages 10 and 16 were
used in our experiments. Cells were switched to media
that contained 1% fetal calf serum 24 hours before the
experiments and then exposed to various treatments.

PCR-Based Suppressive Subtractive
Hybridization (PCR-SSH)

PCR-SSH was performed according to the method re-
cently described.11 In brief, RNA was isolated from con-
trol cells and cells stimulated with superoxide anions
(O2

�) generated from the xanthine/xanthine-oxidase re-
action (X/XO; 50 �mol/L/5 or 50 mU/ml) for 4 hours. cDNA
synthesis using 1 �g of total RNA from each cell popu-
lation was performed with the SMART PCR cDNA synthe-
sis kit (Clone Tech, Palo Alto, CA) and subsequent
long-distance PCR according to the manufacturer’s in-
structions. Virtual Northern analysis showed that cDNA
from one clone hybridized to a 0.5-kb transcript that was
strongly up-regulated in cells that had been treated with
X/XO. The insert was then sequenced and identified as
part of the mouse GAS5 cDNA sequence (accession no.
X59728).

Expression of GAS5 and CHOP mRNA in
Podocytes

RNA preparation, reverse transcription, and polymerase
chain reaction (PCR) amplification were performed ac-
cording to the method described recently.18 In brief, total
RNA from cultured mouse podocytes was isolated with
the acid guanidinium-thiocyanate-phenol-chloroform ex-
traction method, and the amount of RNA was measured
by spectrophotometry. For first strand synthesis, 0.2 �g
of total RNA were mixed in 5� reverse transcription buffer
containing 0.5 mmol/L dNTP, 10 �mol/L random primers,
10 mmol/L dithiothreitol, 4 U ribonuclease inhibitor, and
20 U M-MLV reverse transcriptase (Promega, Mannheim,
Germany) (reverse transcriptase was also omitted to con-
trol for the amplification of contaminating DNA). Reverse
transcription was performed at 42°C for 1 hour followed
by 95°C for 5 minutes. PCR was performed in duplicates
in a total volume of 20 �l, each containing 4 �l of reverse
transcription reaction and 16 �l of PCR master mixture
with 10 pmol each of sense and anti-sense primer and
1.0 U Taq DNA polymerase. The cycle profile included
denaturation for 60 seconds at 94°C, annealing for 60
seconds at 63°C (CHOP), or 64°C (GAS5) and extension
for 60 seconds at 72°C. In the experiments for the anal-
ysis of the mRNA expression of CHOP, 30 cycles of PCR
were performed, for the analysis of GAS5, 33 cycles of
PCR were performed. The amplification products of 10 �l
from each PCR reaction were separated on a 1.5% aga-
rose gel, stained with ethidium bromide and visualized by
UV irradiation. PCR amplification of reverse transcriptase
reactions without reverse transcriptase revealed no PCR
product, thereby excluding amplification of genomic
DNA. All PCR products were sequenced to ensure iden-
tity of the fragments with published sequences.

Semiquantitative Analysis

The amplification products of 10 �l of PCR product were
separated on a 1.5% agarose gel, stained with ethidium
bromide, visualized with UV irradiation and digitally pho-
tographed. Band densities were analyzed by imaging
software (Image Quant; Molecular Dynamics, Krefeld,
Germany). The data were normalized to GAPDH/�-actin
mRNA expression. The following primers were used:
�-actin: sense 5�-TGTTACCAACTGGGACGACA-3�; anti-
sense 5�-TCTCAGCTGTGGTGGTGAAG-3�; GAS5: sense
5�-TGTGGCAAAGGAGGATGAAG-3�; anti-sense 5�-CC-
AGGCACCTCAGAAACAAA-3�; CHOP: sense 5�-CACAT-
CCCAAAGCCCTCG-3�; anti-sense 5�-CTCAGTCCCC-
TCCTCAGC-3�.

Plasmids and Viral Vector Construction

The CHOP cDNA-containing plasmids used to generate
the retroviral transfer vectors have been described else-
where.19 The plasmid pLXSN was kindly provided by D.
Miller (Fred Hutchinson Cancer Research Center, Seattle,
WA). The plasmids pMD-G, and pMD-gp were a kind gift
of R. Mulligan (Harvard Medical School, Boston, MA). The
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retroviral transfer vectors pLXSN-CHOP-IRES-gfp were
generated using standard cloning techniques.

Cell Culture, Virus Production, and Transduction

The retroviral vector was produced by co-transfection of
HEK 293T cells with three plasmids (2.5 �g of pMD-G,
7.5 �g of pMD-gp, and 10 �g of the retroviral transfer
vector) using the calcium phosphate method. The super-
natant was harvested, centrifuged to remove cellular de-
bris, and filtered. Cells were infected in the presence of 8
�g/ml polybrene for 4 hours, and were selected 3 to 4
days after viral transduction in neomycin (500 �g/ml) to
achieve 100% positive cells. Virus transduction and
transgene expression were monitored by fluorescent mi-
croscopy of the co-expressed GFP protein and Western
blot analysis.

Immunohistochemical Analysis

Fixation and preparation of tissue for immunohistochem-
ical analyses were performed as recently described.20 In
brief, human kidney biopsies or unaltered human kidney
tissue from patients after carcinomectomy were incu-
bated in cold (4°C) phosphate-buffered saline (PBS) fol-
lowed by 5 ml of 4% paraformaldehyde. Thereafter, kid-
ney samples were incubated for 24 hours at 4°C in 4%
paraformaldehyde solution, embedded in paraffin, and
cut into 2- to 4-�m-thick slices. Slices were deparaf-
finized in xylol for 1 hour, gradually hydrated through
graded alcohols (100 to 70%), and washed in deionized
water. After incubation in 1% H2O2 for 30 minutes, slices
were rehydrated with PBS, and antigen unmasking was
performed by incubation of the slices in 10 �m citrate
buffer (pH 6.0) for 10 minutes. Blocking was performed
using a 1% bovine serum albumin solution for 10 minutes.
Thereafter, sections were incubated for 24 hours, in a
humidified chamber at 4°C, with antibodies against
CHOP (rabbit anti-GADD153; Santa Cruz Biotechnology,
Santa Cruz, CA). The slices were washed extensively with
PBS and incubated for 45 minutes with a secondary
antibody using a commercially available ABC kit (Vec-
tastain rabbit peroxidase; Vector Laboratories, Burlin-
game, CA). Slices were washed with PBS, incubated with
avidin-biotin for 45 minutes, and stained with 3-amino-9
ethylcarbazole or by using the Neufuchsin chromogen.
Sections were examined in a blinded manner by two
independent scientists with a conventional light micro-
scope (Zeiss LSM 510). Negative controls were per-
formed by elimination or heat denaturation of the primary
antibody.

Western Blotting

Cultured mouse podocytes were washed once with PBS,
scraped, centrifuged (2000 � g, 4°C, 5 minutes), and
homogenized in ice-cold Tris-buffered saline containing
2 mmol/L EDTA, 100 mmol/L NaCl, 20 mmol/L Tris, 2
mmol/L EGTA, 2 mmol/L phenylmethyl sulfonyl fluoride, a

proteinase inhibitor cocktail (Roche Diagnostics, Mann-
heim, Germany) and 1% Nonidet P-40. Samples were
resuspended in Laemmli sample buffer, boiled (5 min-
utes), and subjected to sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis and transfer electrophore-
sis. The transblots were probed with the primary
antibodies anti-CHOP, anti-�3 integrin, anti-�1 integrin,
anti-�-actin, anti-�-tubulin (Santa Cruz Biotechnology,
Santa Cruz, CA), or anti-�-dystroglycan (Biomol, Ham-
burg, Germany), followed by peroxidase-labeled sec-
ondary antibodies (sheep anti-mouse, donkey anti-rabbit;
Amersham Pharmacia Biotech, Piscataway, NJ). Signal
was detected with chemiluminescence detection re-
agents (Amersham Pharmacia Biotech). All transblots
were stained with Ponceau solution or reprobed with
anti-�-actin antibodies or anti-�-tubulin antibodies to
prove equal amounts of protein were loaded on the
membrane.

Measurement of NADPH Oxidase Activity

Podocytes were rinsed twice with ice-cold PBS and
scraped with KREBS solution (pH 7.35) containing 99
mmol/L NaCl, 4.7 mmol/L KCl, 1.8 mmol/L CaCl2, 1.2
mmol/L MgCl2, 25 mmol/L NaHCO3, 1.03 mmol/L
K2HPO4, 20 mmol/L Na-HEPES, and 11.1 mmol/L glu-
cose and centrifuged (200 � g, 4°C, 5 minutes). The
supernatant was discarded and the pellet resuspended
in fresh KREBS buffer. The cell suspension (100 �l) was
added to KREBS solution containing 5 �mol/L lucigenin
and stimulated with 100 �mol/L NADPH. Biolumines-
cence was measured with Lumat LB9501 (Berthold
GmbH, Wildbad, Germany). Cells were subsequently
lysed and protein content measured by the Lowry
method. To calculate the amount of superoxide pro-
duced, total counts were analyzed by integrating the area
under the signal curve. These values were compared
with a standard curve that was generated by using xan-
thine/xanthine oxidase as described.21 Superoxide gen-
eration was expressed as nmol O2

� generated per mg
cellular protein per minute.

Cell Adhesion Assay

Differentiated CHOP-overexpressing and control cells
were switched to media that contained 1% fetal calf
serum 24 hours before the experiments. Cells were
trypsinized, centrifuged, and resuspended in RPMI me-
dium without fetal calf serum. Cells were counted in a
Neubauer chamber, plated on 96-well plates coated with
collagen IV (10,000 cells/well), and incubated for 1 to 5
hours at 37°C. Thereafter, cells were washed with PBS,
fixed, and stained with 0.2% crystal violet dissolved in
20% methanol for 10 minutes at room temperature. Cells
were washed twice with PBS, solubilized with a 1% aque-
ous sodium dodecyl sulfate solution, and the extinction
measured at 550 nm in an enzyme-linked immunosorbent
assay reader (Thermolab System; Multiskan EX, Dreieich,
Germany). In some experiments, cells were preincubated
with the potent ROS scavenger 1,3-dimethyl-2-thiourea
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(DMTU) (10 mmol/L) and cell adhesion measured in the
presence of DMTU.

Cell Proliferation Assay

Proliferation assay was performed with untransfected dif-
ferentiated podocytes stimulated with either H2O2 or
X/XO using the CellTrace CFSE proliferation kit (Molecu-
lar Probes, Leiden, The Netherlands) according to the
manufacturer’s instructions. CFSE (carboxyfluorescein
diacetate, succinimidyl ester) is an amine-reactive dye
that is incorporated into cells and divided equally be-
tween daughter cells during proliferation. The number of
cell divisions can be determined using flow cytometry to
measure the mean fluorescence intensity.22 In brief, cells
were incubated with 10 �mol/L CFSE for 15 minutes at
37°C and washed with PBS before culture. Thereafter
either H2O2 (250 �mol/L) or X/XO [50 �mol/L/(50 mU/ml)]
was added to the culture medium for the indicated times.
Proliferation was assessed by flow cytometry on a
FACScan flow cytometer (Becton Dickinson, Mountain
View, CA).

Cell Displacement Experiments

Migration of individual podocytes was captured by
means of time lapse video microscopy. Differentiated
podocytes (CHOP-overexpressing, CHOP mock trans-
fected, untransfected podocytes stimulated with 50
�g/ml puromycin for 24 hours, and untransfected podo-
cytes stimulated with vehicle for 24 hours) were seeded
on a collagen IV matrix, kept in culture medium with 1%
fetal calf serum for 24 hours, and placed in a heating
chamber (37°C) on the stage of a phase contrast micro-
scope (Axiovert 25, �32; Zeiss, Oberkochen, Germany).
Migration was monitored for 245 minutes. Data acqui-
sition was done with a video camera (Hamamatsu,
Hersching, Germany) controlled by HiPic software
(Hamamatsu). Images were taken in 25-minute intervals
and stored as stacks of TIFF files. The outlines of individ-
ual cells were marked throughout the entire image stack
with Amira software (TGS, France; http://www.amiravis.
com/). These segmentation data were used for further
processing. Quantitative data analysis and calculation of
parameters were performed with JAVA programs devel-
oped by us. Migration was determined as the movement
of the cell center with time as described recently.23 We
calculated the average speed of migrating cells (esti-
mated from 25-minute time intervals applying a three
point difference quotient) and their mean displacement,
ie, the distance covered within 245 minutes.

Induction of Puromycin Aminonucleoside
Nephrosis in Rats

Wistar rats (n � 6, �150 g) fed with standard rat chow
and free access to water were randomly divided into an
experimental group (n � 3) and a control group (n � 3).

The rats in the experimental group received a single
intraperitoneal injection (15 mg/100 g) of puromycin ami-
nonucleoside (PAN) (Sigma Chemical Co., St. Louis,
MO), and the rats in the control group were given 2 ml of
normal saline as described.24 Urine collections were
performed daily to measure protein excretion. Rats
were sacrificed at day 5 and kidneys harvested for
immunohistochemistry.

Statistical Analyses

Data expressed as mean � SEM were analyzed by anal-
ysis of variance for repeated measures when comparing
within groups and one-way analysis of variance when
comparing among groups; Student’s t-test was used for
a two-group comparison. P � 0.05 was considered
significant.

Results

To identify genes induced by ROS, we used a PCR-
based cDNA subtractive hybridization strategy to gener-
ate a cDNA library of genes that were differentially ex-
pressed by ROS in podocytes. One hundred clones from
the differentially expressed cDNA library were further
analyzed by differential screening, and 27 clones gener-
ated an increased hybridization signal when hybridized
to RNA from X/XO-treated podocytes compared with
RNA from control cells.11 Of these 27 clones, we de-
tected a 0.5-kb transcript that was highly up-regulated in
podocytes that had been stimulated with ROS. This
cDNA clone was sequenced and identified by BLAST
analysis as a 228-bp fragment of the mouse GAS5 cDNA.
GAS5 belongs to the group of growth-sensitive genes
represented by growth arrest-specific (GAS) and growth
arrest and DNA damage (GADD) genes. Preliminary
analysis of other members of this family (GAS2, GAS3,
GAS5, GAS6, and CHOP) revealed that in addition to
GAS5, only CHOP was differentially regulated by ROS
(data for GAS2, GAS3, and GAS5 not shown). We there-
fore further studied the function of GAS5 and CHOP in
podocytes.

O2
� and H2O2 Increase GAS5 and CHOP

mRNA Expression in Podocytes

Reverse transcriptase (RT)-PCR studies showed that
podocytes expressed mRNA for the growth arrest
genes GAS5 and CHOP (Figure 1). For GAS5, a double
band representing two splice variants was found. To
confirm the results found with the PCR-based cDNA
subtractive hybridization strategy, podocytes were
stimulated with X/XO and the time-dependent induction
of GAS5 and CHOP mRNA expression was character-
ized. In control cells only little mRNA expression for
GAS5 and CHOP could be detected. Stimulation of
differentiated podocytes with X/XO for 1, 4, 12, 24, and
48 hours induced a time-dependent significant in-
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crease in GAS5 mRNA expression at 4 and 12 hours
and in CHOP mRNA expression at 1, 4, and 12 hours
(Figure 1). Like X/XO, H2O2 (250 �mol/L) induced a
time-dependent increase in CHOP mRNA expression
(Figure 1). The response to H2O2 was concentration-
dependent with a threshold concentration of 50 �mol/L
H2O2 (Figure 2). To assure that quantification was ob-
tained in the linear portion of the PCR amplification
curve, cycle dependency of RT-PCR experiments was
shown (Figure 2). Pretreatment of podocytes with the
ROS scavenger N-acetylcysteine (10 mmol/L) for 30
minutes completely inhibited the H2O2-induced in-
crease in CHOP mRNA expression (Figure 2).

Recent data show that despite four alternative splicing
patterns for GAS5, no cellular protein is expressed.25,26

We therefore concentrated our efforts on the analysis of
CHOP protein expression. To test whether the increased
CHOP mRNA expression levels in response to ROS re-
sulted in a subsequent increase in protein expression,
CHOP protein was measured in H2O2-treated, xanthine/
xanthine oxidase-treated, and control podocytes by
Western blotting. An �10-fold increase in H2O2-mediated
protein expression and an approximately threefold in-
crease in superoxide-mediated CHOP protein expression
were detected after 24-hour stimulation with H2O2 or
xanthine/xanthine oxidase, respectively (Figure 3).

Figure 1. GAS5 and CHOP mRNA is time dependently expressed in X/XO
and H2O2-treated differentiated mouse podocytes. Time course for the in-
duction of GAS5 and CHOP mRNA by X/XO and H2O2. Gas5 and CHOP
mRNA induction was studied in control podocytes or in podocytes that have
been incubated with X/XO (50 �mol/L/50 mU/ml) (A) or H2O2 (250 �mol/L)
(B) for the indicated times. Experiments were performed by using RT or no
RT in each set-up (RT� not shown). The densitometric analysis of mRNA
expression profiles for CHOP was normalized with GAPDH mRNA expres-
sion. Studies were performed with primers derived from published mouse
cDNA sequences resulting in a 379-bp fragment for CHOP and two 344- and
301-bp fragments for GAS5. Sequence analysis of the resulting amplification
products revealed sequence identity for the amplified fragments with pub-
lished sequences (n � 3 to 15, values are means � SEM, *P � 0.05 versus
control, t-test).

Figure 2. Top left: Cycle dependency of RT-PCR experiments. Experiments
were performed to assure that quantification was obtained in the linear
portion of the PCR amplification curve. Densitometric analysis of the bands
revealed a linear correlation between band densities and amount of cycles
(data not shown). In all experiments 21 cycles were used for �-actin and 30
cycles for CHOP amplification. Top right: Concentration response curve of
the effect of H2O2 on CHOP mRNA expression in podocytes (n � 3, values
are means � SEM, *P � 0.05 versus 0 �mol/L H2O2, analysis of variance,
Scheffé’s test). Bottom left: Effect of N-acetylcysteine on H2O2-mediated
increase in CHOP mRNA expression. Podocytes were incubated with vehicle
(Co), H2O2 (250 �mol/L), H2O2 (250 �mol/L) � n-ACC (10 mmol/L), or
n-ACC (10 mmol/L) for 1 hour. N-acetylcysteine was added 60 minutes
before stimulation with H2O2. The densitometric analysis of mRNA expres-
sion profiles for CHOP by RT-PCR was normalized with �-actin mRNA
expression. Bottom right: Statistical analysis (n � 3, values are means �
SEM, *P � 0.05 versus control, t-test).
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CHOP Overexpression Increases NADPH-
Dependent O2

� Generation in Podocytes

To further investigate a possible role of CHOP on podo-
cyte function, a mouse podocyte cell line overexpressing
CHOP was developed. Figure 4 shows a Western blot
experiment demonstrating expression levels for CHOP in
podocytes overexpressing CHOP and control cells trans-
fected with vector only. It has been suggested that the
generation of ROS in the glomerulus leads to podocyte
foot effacement and proteinuria,2 but the source of ROS
generation in glomerulopathies is little characterized. Ac-
tivation of the NADPH oxidoreductase enzyme complex
leading to the generation of ROS has been shown in

podocytes in vivo and in vitro.6,18 We therefore tested the
hypothesis that CHOP might modify ROS generation in
podocytes. Stimulation of the NAD(P)H-oxidase enzyme
complex with NADPH (0.1 mmol/L) led to a small increase
in O2

� production in podocytes transfected with vector
only. In contrast, addition of NADPH (0.1 mmol/L) to
podocytes overexpressing CHOP increased O2

� pro-
duction by �2.5-fold. Figure 4 shows chemilumines-
cence experiments of NADPH-dependent O2

� genera-
tion in CHOP-overexpressing podocytes and controls
with a summary of the total superoxide anion production
throughout 15 minutes (areas under the curves). To test
the hypothesis that GAS5 and CHOP are both regulated
by ROS and interact in podocytes GAS5 mRNA expres-
sion was determined by semiquantitative RT-PCR in
CHOP-overexpressing cells. Interestingly, GAS5 expres-
sion was down-regulated in CHOP-overexpressing cells
(Figure 4).

The Expression of �3 and �1 Integrin Is
Reduced in CHOP-Overexpressing Podocytes

The �3/�1 integrin complex is a major extracellular matrix
receptor complex expressed by podocytes, which plays a
critical role in adhering foot processes to the glomerular

Figure 3. Effect of H2O2 and X/XO on CHOP protein expression. Podocytes
were stimulated with H2O2 (250 �mol/L) or X/XO (50 �mol/L/50 mU/ml) or
vehicle (Co) for the indicated times and protein expression for CHOP (�32
kd) was analyzed by Western blot. Ponceau staining was used to ensure
equal protein loading. There is significant up-regulation of CHOP expression
after 24 hours and 48 hours of stimulation with H2O2 and after 24 hours of
stimulation with X/XO. Statistical analysis (n � 3 to 4, values are means �
SEM, *P � 0.05 versus control, t-test).

Figure 4. NADPH-mediated superoxide anion production in control cells and in
CHOP-overexpressing podocytes. Top left: Expression levels for CHOP in
podocytes overexpressing CHOP and control cells transfected with vector only.
Top right: Statistical analysis (n � 5, values are means � SEM, *P � 0.05 versus
control, t-test). Middle left: Recording of the time course and magnitude of
NADPH-oxidase activation in control cells and CHOP-overexpressing podo-
cytes. Middle right: Summary of the experiments. O2

� generation by NADPH-
oxidase activity was calculated by integrating the total counts during the first 15
minutes of stimulation. Values are expressed as nmol O2

� generated per mg
cellular protein per minute (n � 6, values are means � SEM, *P � 0.05 versus
control, t-test). Bottom: CHOP down-regulates GAS5 mRNA expression in
CHOP-overexpressing cells (CHOP) compared to vector-only transfected cells
(Co). GAPDH expression was not different in both cell lines.
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basal membrane (GBM).27 �3 integrin-deficient mice are
not able to produce intact foot processes.28 In addition,
anti-�1 integrin antibodies lead to an increase of albumin
permeability in isolated glomeruli, suggesting that �1 inte-
grin is involved in maintaining the permeability barrier.2,9 To
study whether CHOP might be involved in the regulation of
�3/�1 integrin expression in podocytes, the expression of
these integrins was investigated in control cells and CHOP-
overexpressing podocytes. Figure 5 shows that the expres-
sion of �1 integrin and �3 integrin is reduced in CHOP-
overexpressing cells. In contrast no alterations of the protein
expression of the slit membrane proteins CD-2AP and
NEPH-1 could be detected in CHOP-overexpressing podo-
cytes (data not shown). To investigate whether the expres-
sion of �1 integrin was influenced by ROS we performed
experiments with untransfected mouse podocytes that were
stimulated with superoxide anions generated by the xan-
thine/xanthine-oxidase reaction or with vehicle. Figure 6A
shows, that stimulation of mouse podocytes with xanthine/
xanthine-oxidase time dependently reduces the �1 integrin
expression after 48 hours of stimulation compared to vehi-
cle stimulated cells.

Stimulation with H2O2 and X/XO Does Not
Induce Proliferation in Mouse Podocytes

To test the hypothesis that ROS induce cell proliferation and
dedifferentiation in podocytes, we stimulated differentiated
podocytes with either H2O2 or X/XO and measured cell
proliferation after incubation of the cells with CFSE, an
amine-reactive dye that is incorporated into cells and dis-
tributed equally between daughter cells during division pro-
liferation. There was nearly no cell divisiondetectable after
48 hours of stimulation in either group, indicating that there
was no change in proliferation or differentiation during stim-
ulation with H2O2 or X/XO (Figure 6B).

Cell-Matrix Adhesion Is Increased in CHOP-
Overexpressing Cells

Recent data suggest that the �3/�1 integrin complex
plays an important role for the adhesion of podocyte foot
processes to the GBM.28,29 To test whether CHOP over-
expression reduces cell adhesion to collagen IV, an im-
portant extracellular matrix protein of the GBM, we per-
formed adhesion assays in CHOP-overexpressing cells
and control cells. Cell adhesion to collagen IV increased
in cells-overexpressing CHOP compared to control cells,
a mechanism that was antagonized by the ROS scaven-
ger DMTU (10 mmol/L) (Figure 7A).

Cell Mobility and Displacement Velocity Is
Increased in CHOP-Overexpressing Cells and
Untransfected Podocytes Stimulated with
Puromycin

Recent data show an increase in cell mobility in podo-
cytes stimulated with puromycin.30 To test the possibility
of an increase in cell mobility in CHOP-overexpressing

Figure 5. Expression of �3 and �1 integrins is reduced in CHOP-overex-
pressing podocytes. Western blot experiments showing the significant reduc-
tion in �1 integrin and �3 integrin protein expression in CHOP-overexpress-
ing podocytes compared to control cells. All transblots were reprobed for
either �-actin or �-tubulin to prove equal amounts of protein were loaded on
the membrane (n � 5 to 6, values are means � SEM, *P � 0.05 versus
control, t-test).

Figure 6. A: Expression of �1 integrin is down-regulated after stimulation
with superoxide anions. Time course of �1 integrin expression after stimu-
lation with X/XO or vehicle. There is a significant down-regulation of �1

integrin after 48 hours of stimulation with X/XO compared to vehicle-treated
cells. Values were normalized with corresponding controls. All transblots
were stained with Ponceau solution to prove equal amounts of protein were
loaded on the membrane. In addition blots were reprobed with �-actin (data
not shown) (n � 5 to 6, values are means � SEM, *P � 0.05 versus control,
t-test). B: Proliferation profiles of differentiated CFSE-loaded podocytes after
stimulation with either H2O2 (250 �mol/L) or X/XO (50 �mol/L/50 mU/ml)
for 48 hours. There was nearly no cell division detectable after 48 hours of
stimulation in either group, indicating that H2O2 or X/XO does not induce
cell proliferation and dedifferentiation in these cells.
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cells, we analyzed cell displacement (dis) and cell veloc-
ity (V) in CHOP-overexpressing podocytes, puromycin-
stimulated untransfected podocytes (pur), and their con-
trols (CHOP-control, pur-control). Cell velocity and cell
displacement were significantly increased in CHOP-
overexpressing podocytes and podocytes stimulated
with puromycin (50 �g/ml) compared to their controls
(Figure 7B).

Podocyte CHOP Protein Expression Is
Increased in Human Membranous
Nephropathy, Focal and Segmental
Glomerulosclerosis, and Minimal Change
Nephropathy

Overproduction of ROS has been detected in many
glomerulopathies such as Heyman nephritis, a model
of membranous nephropathy,6,7 and PAN nephrosis.31

To test the hypothesis that CHOP might be involved in
the pathogenetic process of glomerular disease, we
stained human biopsy samples of patients with mem-
branous nephropathy, focal segmental glomeruloscle-
rosis, and minimal change nephropathy, and control
samples from patients undergoing nephrectomy be-
cause of renal cancer. Very little CHOP was expressed
in normal human podocytes. In contrast, expression of
CHOP was increased in podocytes of most tissue sam-
ples from patients with membranous nephropathy, fo-
cal segmental glomerulosclerosis, and minimal change
nephropathy as compared to control samples (Figure
8). Interestingly, an increase in CHOP expression was
not found in all biopsies. Analysis of staining intensity
showed that in some biopsies CHOP expression was
not different from control samples (Table 1).

Podocyte CHOP Protein Expression Is
Increased in Rat Puromycin Nephrosis

To test if CHOP might be involved in the pathogenetic
process of PAN nephrosis in rats, a model of ROS-
mediated glomerular injury, we induced PAN in Wistar
rats. ROS supposedly play an important role in the
pathogenesis of PAN.32 Little CHOP was expressed in
sections of control rats whereas an up-regulation of
CHOP was found in rats with PAN (Figure 9). In con-
trast, �-dystroglycan, a member of the dystroglycan/
dystrophin complex of adhesion molecules, was down-
regulated in kidneys from rats with PAN compared to
vehicle-treated rats.

Discussion

Overproduction of ROS has been detected in several
glomerular diseases and ROS scavengers have been
shown to reduce foot process effacement and protein-
uria.2–8 However, despite the evidence of the role of ROS
in podocyte injury, the clinical benefit derived from these
insights has yet to come, and most studies show that only
pretreatment with ROS scavenger prevents glomerular
injury.3 One reason for the lacking efficiency of ROS
scavengers in reversing established glomerular injury
may be that ROS itself changes several signaling cas-
cades in podocytes, which then maintain podocyte injury
by mechanisms distinct from ROS. Alternatively, ROS
might regulate protective and deleterious effects on cell
functions at the same time with subsequent ineffective-
ness of ROS scavengers. This study used previous data
from a PCR-based cDNA subtractive hybridization strat-
egy11 to characterize expression differences for CHOP in

Figure 7. A: Cell adhesion is increased in CHOP-overexpressing cells. Increased cell-matrix adhesion
(collagen IV-coated plates) in CHOP-overexpressing compared to control cells. This effect could be
antagonized in the presence of DMTU (10 mmol/L), a potent ROS scavenger (n � 3 to 5, between 15
and 48 data points were used for each experiment, values are means � SEM, *P � 0.05 versus control,
t-test). B, top: Cell migration velocity (v) and cell displacement (dis) are increased in CHOP-
overexpressing cells and puromycin-stimulated cells compared to controls (CHOP: V � 0.23 � 0.06
�m/minute, dis � 19.7 � 2.2 �m/250 minutes, n � 28; CHOP-control: V � 0.04 � 0.003 �m/minute,
dis � 6.8 � 0.9 �m/250 minutes, n � 33; pur: V � 0.2 � 0.03 �m/minute, dis � 23.4 � 2.2 �m/250
minutes, n � 51; pur-control: V � 0.06 � 0.007 �m/minute, dis � 11.5 � 1.7 �m/250 minutes, n �
43 (values are means � SEM, *P � 0.05 versus control, t-test). B, bottom: Motion trajectories of
CHOP-overexpressing and control cells. Mean displacement distance is indicated by the circle.
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podocytes that have been treated with ROS. ROS, pro-
duced from both the xanthine/xanthine-oxidase reaction
as well as H2O2, induced a time-dependent expression of
CHOP mRNA.

CHOP belongs to the group of growth arrest and DNA
damage (GADD) genes.33 During development these
genes are expressed at different times before and after
implantation and seem to play a role in the growth of

different organs such as the cardiovascular system, lung,
and kidney. The mRNAs for the GADD gene family are
increased in growth-arrested cells. Interestingly, stable
overexpression of CHOP in our cell line did not increase
cell death or growth arrest compared to control cells.
Similar results have been found in an osteoblastic cell
line,34 but conflicting data exist. A rat1 cell line constitu-
tively expressing GADD153 could not be established,

Figure 8. CHOP protein expression is increased in
podocytes of patients with membranous nephropa-
thy, focal segmental glomerulosclerosis, and minimal
change nephropathy. Immunohistochemical staining
of kidney tissues from patients with membranous ne-
phropathy, focal segmental glomerulosclerosis, and
minimal change nephropathy, or from patients under-
going nephrectomy because of renal cancer. There
was a strong increase in CHOP protein expression in
podocytes from most patients with proteinuric dis-
ease. At least seven different tissue samples were
tested in each group (Table 1).
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presumably because of the growth-arresting properties
of GADD153.35 CHOP is a nuclear protein that serves as
a dominant-negative inhibitor of C/EBP transcription fac-
tors.12 Cellular stress, particularly in response to toxic
and metabolic insults that perturb function of the endo-
plasmic reticulum, strongly induces the expression of
CHOP.36 Several reports indicate that ROS can up-reg-
ulate the transcription of CHOP.37–42 However, contra-
dictory data exist, reporting down-regulation of CHOP by
H2O2 in neuronal cells.43 In addition, up-regulation of
CHOP by superoxide dismutase was found in MCF7

cells.44 CHOP serves as a growth arrest gene, blocking
cells from progressing from G1 to S phase.14 Besides its
function as a growth arrest gene CHOP has been impli-
cated in several other important cellular functions such as
intracellular acidification,45 differentiation,15 apoptosis,
and regeneration.46

Induction of GAS5 and CHOP mRNA in podocytes was
immediate and relatively long-lasting, given that elevated
CHOP mRNA was still detectable 12 hours after podo-
cytes had been exposed to exogenous ROS. Because
recent data have shown that no cellular protein is ex-
pressed despite four alternative splicing patterns for
GAS5, no confirmation of GAS5 expression on protein
level was performed.25,26 Western blot analysis of CHOP
expression showed that the induction of CHOP protein by
H2O2 and xanthine/xanthine oxidase was not immediate
but occurred after 24 and 48 hours of stimulation, indi-
cating that CHOP may play a prolonged role in the dam-
age of podocytes induced by ROS. Recent data indicate
that CHOP and GAS5 expression is increased after nu-
trient deprivation.47 In addition, data suggest that GAS5

Table 1. Staining Intensity of CHOP in Biopsies of Patients
with Minimal Change Nephropathy, Focal
Segmental Glomerulosclerosis and Membranous
Nephropathy

Staining intensity 0 1� 2�

Minimal change nephropathy n � 4 n � 2 n � 2
Focal segmental glomerulosclerosis n � 2 n � 4 n � 2
Membranous nephropathy n � 1 n � 1 n � 5

Figure 9. CHOP protein expression is increased in podocytes of rats with PAN compared to vehicle-treated rats. Immunohistochemical staining of CHOP in
podocytes from vehicle-treated rats (top left) and from rats with PAN (top right). Kidneys were harvested at day 5 after induction of PAN. Bottom left: Time
course for proteinuria in vehicle-treated rats and rats with PAN. The maximum of proteinuria was reached at day 4 after induction of PAN. Significant
�-dystroglycan (160 kd) down-regulation in kidneys from vehicle-treated rats and from rats with PAN (n � 3 for each group, values are means � SEM, *P � 0.05
versus control, t-test). To prove that equal amounts of protein were loaded on the membrane all transblots were reprobed with antibodies against �-actin (data
not shown).
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might regulate CHOP expression through snoRNA.26 To
test the hypothesis that GAS5 and CHOP can interact in
podocytes, GAS5 mRNA expression was determined in
CHOP-overexpressing cells. GAS5 expression was
down-regulated in CHOP-overexpressing cells suggest-
ing a negative feedback mechanism of CHOP on GAS5
expression.

CHOP protein could also be detected in podocytes in
the glomerulus, suggesting that it plays a role in podo-
cyte function in vivo. As a consequence of the high de-
gree of differentiation of podocytes, it has been shown
that they are unable to proliferate under normal condi-
tions, and that in contrast to the proliferative capacity of
the neighboring mesangial cells, the cell-cycle quies-
cence in podocytes is tightly controlled.48 An escape of
the podocyte from cell-cycle arrest leads to injury of the
glomerular structure followed by a rapid deterioration of
kidney function, as shown by the deleterious course of
collapsing nephropathy.49 Our data show that prolifera-
tion in CHOP-overexpressing podocytes is not altered,
but cell displacement is markedly increased. In addition,
stimulation of untransfected podocytes with puromycin
had a similar effect. This effect has been shown before30

and might reflect the known migration tendency of podo-
cytes in nephritic syndrome. Our data also indicate that
CHOP protein expression is increased in membranous
nephropathy, focal segmental glomerulosclerosis, and
minimal change disease suggesting a functional role of
CHOP in this disease. Interestingly, expression of CHOP
was not found in all biopsies studied. This might be
caused by differences in the severity of disease, time
course of the disease, or subforms of disease. Further
studies will be necessary to clarify this phenomenon.

To investigate possible functions of CHOP in podocytes,
CHOP was constitutively overexpressed in a mouse cell
line. In CHOP-overexpressing podocytes an increased
generation of O2

� could be detected. Podocytes are known
to be not only the target but also the source of ROS. In
Heyman nephritis sublytic C5b-9 attack on podocytes
causes up-regulation of the NADPH oxidoreductase en-
zyme complex by podocytes, which is translocated to the
cell surface.2 Subsequently, ROS are generated, reach the
GBM matrix, and initiate lipid peroxidation and degradation
of GBM collagen IV, leading to proteinuria.2 Therefore, in-
duction of CHOP might—via activation of NADPH-depen-
dent generation of superoxide anions—increase podocyte
injury and proteinuria. Recently, it has been demonstrated
that elevated CHOP expression results in an increased ROS
production, reduction of cellular glutathione levels, and
down-regulation of BclII in fibroblasts.35

Attachment of podocytes to the glomerular basement
membrane is thought to be mediated in part by the �3/�1

integrin complex and by other cytoskeletal proteins in-
cluding dystroglycan, actin, talin, vinculin, and �-acti-
nin.49 The �3/�1 integrin complex plays an important role
for kidney development and function.27,28 �3 integrin
knockout mice show a disorganized GBM and podocytes
with immature foot processes.27 Cross-linking of �1 inte-
grin by antibody binding has been shown to inhibit ad-
hesion of podocytes in vitro and to increase glomerular
permeability for albumin.50,51 A reduced expression of

�3/�1 integrin on podocytes has been demonstrated in
podocytes of both humans and rats with diabetes52 and
in PAN, an experimental model for human minimal
change disease.31 In the latter study treatment of animals
with phosphatidyl choline-bound superoxide dismutase
reduced proteinuria and preserved the expression of �3

integrin expression in podocytes.31 Interestingly, in our
experiments with rats treated with puromycin to induce
PAN, up-regulation of CHOP was found exclusively in
podocytes. In addition, Western blot analysis of �3/�1

integrins in podocytes showed that the expression of
both integrins is reduced in CHOP-overexpressing podo-
cytes. In contrast the expression of CD2AP or NEPH-1,
two important proteins of the podocyte slit diaphragm53

was not altered (data not shown). The data indicate that
CHOP may be a regulator of �3/�1 integrin expression in
podocytes and could play a role in the maintenance of
podocyte adherence to the GBM. Down-regulation of
�3/�1 integrins in podocytes might depend on extracel-
lular ROS because stimulation of untransfected podo-
cytes with xanthine/xanthine oxidase reduced �1 integrin
expression similar to the reduction seen in CHOP-over-
expressing cells. Surprisingly, cell adhesion of CHOP-
overexpressing cells was increased. This effect could be
antagonized with the ROS scavenger DMTU. An in-
creased cell-matrix adhesion of podocytes in the pres-
ence of reduced �3 integrin expression has been shown
very recently in PAN, but the mechanism involved is
poorly understood.31 In the latter study, down-regulation
of �3 integrin protected against PAN-induced podocyte
detachment. It therefore might be possible, that CHOP—
via down-regulation of integrins—inhibits the detachment
of podocyte foot processes in glomerular disease. Fur-
ther studies will be necessary to differentiate between
deleterious and beneficial effects of ROS on various cell
functions in the glomerulus.

In summary the data indicate that podocytes regulate
CHOP expression in response to ROS. The expression of
CHOP in podocytes is increased in some forms of pro-
teinuric nephropathies and PAN. CHOP regulates impor-
tant functions in podocytes: it increases NADPH-depen-
dent generation of O2

�, it reduces the expression of
�3/�1 integrins, and alters cell attachment and cell dis-
placement. Thus, CHOP might play a critical role in the
glomerular injury.
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species alter gene expression in podocytes: induction of granulocyte
macrophage-colony-stimulating factor. J Am Soc Nephrol 1996,
13:86–95

12. Ron D, Habener JF: CHOP, a novel developmentally regulated nu-
clear protein that dimerizes with transcription factors C/EBP and LAP
and functions as a dominant-negative inhibitor of gene transcription.
Genes Dev 1992, 6:439–453

13. Wang XZ, Kuroda M, Sok J, Batchvarova N, Kimmel R, Chung P,
Zinszner H, Ron D: Identification of novel stress-induced genes
downstream of CHOP. EMBO J 1998, 17:3619–3630

14. Barone MV, Crozat A, Tabaee A, Philipson L, Ron D: CHOP
(GADD153) and its oncogenic variant, TLS-CHOP, have opposing
effects on the induction of G1/S arrest. Genes Dev 1994, 8:453–464

15. Batchvarova N, Wang XZ, Ron D: Inhibition of adipogenesis by
the stress-induced protein CHOP (Gadd153). EMBO J 1995,
14:4654–4661

16. Matsumoto M, Minami M, Takeda K, Sakao Y, Akira S: Ectopic ex-
pression of CHOP (GADD153) induces apoptosis in M1 myeloblastic
leukemia cells. FEBS Lett 1996, 395:143–147

17. Mundel P, Reiser J, Zuniga Mejia BA, Pavenstadt H, Davidson GR,
Kriz W, Zeller R: Rearrangements of the cytoskeleton and cell con-
tacts induce process formation during differentiation of conditionally
immortalized mouse podocyte cell lines. Exp Cell Res 1997,
236:248–258

18. Greiber S, Munzel T, Kastner S, Muller B, Schollmeyer P, Pavenstadt
H: NAD(P)H oxidase activity in cultured human podocytes: effects of
adenosine triphosphate. Kidney Int 1998, 53:654–663

19. Nickel C, Benzing T, Sellin L, Gerke P, Karihaloo A, Liu ZX, Cantley
LG, Walz G: The polycystin-1 C-terminal fragment triggers branching
morphogenesis and migration of tubular kidney epithelial cells. J Clin
Invest 2002, 109:481–489

20. Bek MJ, Wahle S, Muller B, Benzing T, Huber TB, Kretzler M, Cohen
C, Busse-Grawitz A, Pavenstadt H: Stra13, a prostaglandin E2-in-
duced gene, regulates the cellular redox state of podocytes. FASEB
J 2003, 17:682–684

21. Bek MJ, Reinhardt HC, Fischer KG, Hirsch JR, Hupfer C, Dayal E,
Pavenstadt H: Up-regulation of early growth response gene-1 via the
CXCR3 receptor induces reactive oxygen species and inhibits Na�/
K�-ATPase activity in an immortalized human proximal tubule cell
line. J Immunol 2003, 170:931–940

22. Holcombe H, Mellman I, Janeway Jr CA, Bottomly K, Dittel BN: The
immunosuppressive agent 15-deoxyspergualin functions by inhibit-
ing cell cycle progression and cytokine production following naive T
cell activation. J Immunol 2002, 169:4982–4989

23. Schwab A, Wulf A, Schulz C, Kessler W, Nechyporuk-Zloy V, Römer
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