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protein to creatinine ratio = 10 in con-
trol compared to 125 in aminonucleo-
side of puromycin-treated animals). At
4 hours and on days 4 and 10 following
aminonucleoside of puromycin injec-
tion, glomeruli were either microdissect-
ed using a laser capture microdissecting
method or were isolated by differential
sieving. Total RNA was prepared and
analyzed for Wilms’ tumor 1 gene levels
by RT-PCR. Because podocytes consti-
tute a relatively small portion of total
glomerular cells, Wilms’ tumor 1 gene
messenger RNA levels were factored by
those of podocin, a podocyte specific
protein found in the slit pore
diaphragms, whose messenger RNA lev-
els do not change following aminonu-
cleoside of puromycin induced injury. In
microdissected glomeruli there was a 43
% decrement in Wilms’ tumor 1 gene
expression at 4 hours following adminis-
tration of aminonucleoside of
puromycin. This decrement was attenu-
ated on days 4 and 10. These results
were confirmed in glomeruli isolated by
differential sieving in which the decre-
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ABSTRACT
The Wilms’ tumor 1 gene is a transcrip-
tion factor expressed in glomerular
epithelial cells, where it regulates
podocyte cytoskeleton proteins that play
a key role in glomerular capillary perm-
selectivity to plasma proteins. It is
unknown whether Wilms’ tumor 1 gene
expression changes in forms of glomeru-
lar epithelial cell injury associated with
proteinuria. In this study we employed
the aminonucleoside of puromycin
mediated glomerular epithelial cell
injury model in the rat, which histologi-
cally resembles human forms of
glomerular epithelial cell disease, to
assess changes in glomerular Wilms’
tumor 1 gene expression. A single
intraperitoneal injection of aminonucle-
oside of puromycin (75 mg/kg) in
Sprague-Dawley rats induced protein-
uria that peaked 10 days later (urine
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ment of Wilms’ tumor 1 gene was again
most pronounced (28.2%) at 4 hours.
These observations indicate that
decreased Wilms’ tumor 1 gene expres-
sion is a very early molecular event in
response to glomerular epithelial cell
injury.

INTRODUCTION
The Wilms’ tumor 1 gene (WT-1) is a
tumor suppressor gene that plays a key
role in the development of Wilms’
tumor, an embryonic kidney cancer. In
addition, it is crucial in kidney develop-
ment during embryogenesis.1 Thus, WT-1
knockout mice have no kidneys due to
failure of the nephric duct to grow out
and apoptosis of the metanephric
blastema. WT-1 may act as a transcrip-
tion factor, transcriptional cofactor or
post-transcriptional regulator depending
on its spliced isoform and cell type. As
kidney development and differentiation
proceeds during embryogenesis, WT-1
expression in the kidney is down-regu-
lated, except in the visceral glomerular
epithelial cells (podocytes) of the
mature glomerulus, where expression
can be detected throughout life.
Glomerular epithelial cells (GEC) line
the surface of glomerular capillaries fac-
ing the urinary space. They play an
important role in maintenance of the
glomerular basement membrane, and
support the glomerular capillary tuft and
control glomerular filtration of protein.
WT-1 was shown to be important in
maintaining normal GEC function. Thus,
WT-1 is mutated in 94% of patients with
Denys-Drash syndrome, in whom the
most consistent finding is development
of glomerular scarring. WT-1 mutations
have also been found in patients with
nephrotic syndrome and in isolated
cases of glomerulosclerosis.2,3 Reduced
WT-1 expression levels in transgenic
mice result in glomerular lesions of pro-
liferation or scarring. In these mice,
there is also a striking reduction in 2

podocyte-specific genes that encode the
cytoskeletal proteins, nephrin and
podocalyxin.4

While evidence supporting the sig-
nificance of WT-1 in genetic forms of
GEC defects resulting in nephrotic syn-
drome is solid, studies assessing changes
in WT-1 expression in response to non-
genetic forms of GEC injury are lacking.
Non-genetic forms of GEC injury
include drug-induced, immune (ie, mem-
branous nephropathy) and viral (ie, HIV
nephropathy). A well-established form
of drug induced GEC injury is the one
induced by the anti-metabolite
aminonucleoside of puromycin (PAN).
GEC are uniquely vulnerable to PAN
and the ensuing lesion histologically
resembles human forms of GEC dis-
eases, such as minimal change disease
and focal segmental glomerulosclerosis.5

This study examined changes in
glomerular WT-1 expression levels at
early and late stages of PAN-induced
GEC injury.

METHODS
Experimental Design and Tissue
Processing
Male Sprague-Dawley rats (130 to 150
g) were anesthetized with intraperi-
toneal injection of 0.1 cc of ketamine:
xylazine (1:3 ratio) per 100 g body
weight. They subsequently received a
single intraperitoneal injection of 75
mg/kg of aminonucleoside of puromycin
(Sigma-Aldrich, St. Louis, Mo) to induce
glomerular epithelial cell (GEC) injury,
as previously described.6 Control ani-
mals were injected with equal volumes
of normal saline.

A single single timed urine sample
was collected at 4 and 10 days following
the PAN injection. Urine protein was
measured using a Bio-Rad Dc Protein
assay kit (Bio-Rad Laboratories,
Hercules, Calif). Urine creatinine was
measured using a Sigma-Aldrich kit
(Sigma-Aldrich, St Louis, Mo). The
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urine protein to creatinine ratio was
then calculated to determine the extent
of proteinuria. Following completion of
urine collections, rats were euthanised
and nephrectomies were immediately
performed at 4 hours, 4 days, and 10
days after the PAN injection.

The kidneys were immersed in opti-
mal cutting temperature compound
(Tissue-Tek OCT compound, Sakura
Finetek, Torrance, Calif) and placed in
RNAse free cryomolds. The cryomolds
were placed in 2-methlybutane and
cooled by immersion in liquid nitrogen
until frozen. This process reduces archi-
tectural distortion by shortening the
freezing time. Kidneys were then stored
at -80˚C until processed for laser capture
microdissection.

Tissue Sectioning and Staining for Laser
Capture Microdissection
Using a Leica CM IS 50 Cryostat, kid-
neys were sectioned at 6 µm and placed
onto Arcturus HistoGene LCM Slides

(Arcturus, Mountain View, Calif). The
slides were then stained using the
Arcturus HistoGene LCM Frozen
Section Staining Kit (Arcturus,
Mountain View, Calif) according to the
manufacturer’s protocol, and placed into
xylene to achieve dehydration and
thereby, optimizing capture. The slides
were immediately used for laser capture
microdissection (LCM).

Laser Capture Microdissection 
The Arcturus PixCell II Laser Capture
Microdissection System (Arcturus,
Mountain View, Calif) was employed
under RNase-free conditions to capture
glomeruli. The stained sections were
removed from xylene and allowed to air
dry at room temperature for 5 minutes
to evaporate xylene and was immediate-
ly used for laser capture microdissection.
Sixty glomeruli from each sample were
identified and captured onto Arcturus
CapSure HS LCM Caps. The laser set-
tings were as follows: laser spot size 30
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Figure 1. Proteinuria, expressed as urine pro-
tein (Up) to urine creatinine (Uc) ratio, in PAN-
treated rats at the points of study (days 4
and 10) is shown. There was a marked
increase in urine protein excretion on day 10
only.  There was no detectable increase in
urine protein excretion on day 4. Values
shown are mean ± standard deviation (± SD).

Figure 2. Figure 2A shows a representative
glomerulus following laser dissection but prior
to its capture on the vinyl film of the LCM
cap.  Figure 2B shows the empty space on
the remaining cortical section following cap-
ture and removal of the glomerulus. Note
that, following capture and removal of the
glomerulus, a number of glomerular cells
remained in the space previously occupied
by the glomerulus. In 2C, the captured
glomerulus on the LCM cap is shown.  In 2D,
the LCM cap surface following TRIzol lysis of
the captured glomerulus is shown. 
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µm, power 50 to 55 mW, and duration of
4.5 to 4.8 micro seconds. The number of
pulses to capture each glomerulus varied
according to the size of the individual
glomerulus. On an average, 4 to 8 pulses
were used to capture each glomerulus
excluding cells comprising the
Bowman’s capsule. After completion of
the capturing step, sections and caps
were examined to ensure adequate
transfer of glomeruli to the cap. The
time from removal of each slide from
xylene to capture onto a HS LCM cap
was less than 45 minutes.

Isolation of Glomeruli by Differential
Sieving
Glomeruli were isolated according to an
established technique first described by
Misra.7 Briefly, the kidneys were
removed, and the cortex was separated
from the medulla and finely minced.
The glomeruli were separated from
other cortical tissues by passing the
minced cortices through 2 different sizes
sieves (106-µm and 75-µm sieves). With
repeat flushing, using ice-cold non-
serum RPMI 1640 media, the glomeruli
were retained on the 75-µm sieve while
the non glomerular tissue, mainly corti-

cal tubules, were washed through this
sieve. The purity of glomerular prepara-
tions was determined microscopically
and was routinely 95% to 98%.

Preparation of Total Glomerular RNA
and RT-PCR
Total RNA was extracted either from
captured or isolated glomeruli, using the
TRIzol reagent method (Gibco BRL,
Carlsbad, Calif). To isolate total RNA
from captured glomeruli, HS LCM caps
containing approximately 60 glomeruli
were attached to a 0.5 mL eppendorf
tube containing 200µL of TRIzol via an
adaptor supplied by the manufacturer
(Arcturus, Mountain View, Calif).
Glomerular RNA was precipitated in
–80˚C overnight. To optimize RNA
recovery, 20 µg of glycogen (an inert
RNA carrier molecule) was added dur-
ing the overnight precipitation. The
RNA was subsequently re-suspended in
5µL of 10 mM Tris-EDTA/DEPC buffer
and stored at 70˚C until RT-PCR was
performed.

RT-PCR
Messenger RNAs (mRNA) for WT-1,
podocin, and glyceraldehyde 3-phos-
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Figure 3. Levels of WT-1 and podocin mRNA detected by RT-PCR performed on total RNA isolat-
ed from microdissected glomeruli. The bar graph is densitometric analysis of the gel and shows
changes in WT-1/podocin ratio. A decrement in this ratio was most pronounced at 4 hours. 
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phate dehydrogenase (GAPDH) were
detected and quantified by reverse tran-
scription-polymerase chain reaction
(RT-PCR). Podocin, a podocyte-specific
gene, was used as a marker for presence
of podocytes in captured glomeruli.
Detection of GAPDH RNA served as a
marker of comparable extent of capture
of glomeruli from each cortical kidney
section. Aliquots of 5 µL of RNA were
used for complimentary DNA (cDNA)
synthesis using the iScript cDNA
Synthesis Kit (Bio-Rad Laboratories;
Hercules, Calif) according to the manu-
facturer’s instructions. Aliquots of 3 µL
of cDNA were used for PCR amplifica-
tion of WT-1, podocin, and GAPDH
using 500 nM of gene specific primers
and iQ Supermix (Bio-Rad
Laboratories, Hercules, Calif) in a total
volume of 25 µL.

WT-1 primers were: forward: 5’-
AGCATCTGAAACCAGTGAGAA-3’;
reverse: 5’-CAAAATCAGATTTG-
GAAGCAGT-3’.

GAPDH primers were: forward: 5’-
GTGCTGAGTATGTCGTGGA-3’;
reverse: 5’-CACAGTCTTCGAGTG-
GCA-3’.

Podocin primers were: forward: 5’-
ATTTCCTTGTGCAAACCACTAT-
GA-3’; reverse:
5’-CCAAGGCAACCTTTGCATCT-3’.

The PCR cycling profile was 94˚C
for 5 minutes to activate iTaq DNA
polymerase followed by 1 minute at
94˚C, 1 minute at 56˚C, 3 minutes at
72˚C. Thirty-five-cycle amplifications
were performed followed by a final
extension at 72˚C for 10 minutes.
Fifteen µL of PCR products was sepa-
rated on a 2% pre-cast agarose gel
(Invitrogen, Carlsbad, Calif).

Semi-Quantitative Analysis
Gels were visualized using a gel docu-
mentation system (Bio-Rad
Laboratories, Hercules, Calif). The opti-
cal density of the PCR products were

determined using a BioRad Gel Doc
4.4.0 software program and a KODAK
ID image software. Because podocytes
constitute a relatively small population
of total glomerular cells, WT-1 mRNA
levels obtained by RT-PCR, as described
above, were factored by those of
podocin, a podocyte specific gene found
in the slit pore diaphragm. The observa-
tion that mRNA levels of podocin do
not change following PAN induced
injury,8 makes podocin an appropriate
marker by which changes in WT-1 levels
can be factored.

Relative WT-1 expression was
defined as WT-1 mRNA levels, deter-
mined by densitometry, factored by
those of GAPDH. Relative podocin
expression was defined as podocin
mRNA levels, determined by densitome-
try, factored by those of GAPDH.
Changes in WT-1 levels were expressed
as changes in the relative WT-1/podocin
ratio.

RESULTS
Aminonucleoside-Induced Proteinuria
In Figure 1, the degree of proteinuria
(Up/Uc) in PAN-treated rats at the
points of study (days 4 and 10) is shown.
There was a marked increase in urine
protein excretion on day 10 only. There
was no detectable increase in urine pro-
tein excretion at 4 hours or on day 4.

Changes in Glomerular WT-1
Expression Detected by LCM
Figure 2A shows a representative
glomerulus following laser dissection but
prior to its capture on the vinyl film of
the LCM cap. Figure 2B shows the
empty space on the remaining cortical
section following capture and removal
of the glomerulus. Note that, following
capture and removal of the glomerulus,
a number of glomerular cells remained
in the space previously occupied by the
glomerulus. In Figure 2C, the captured
glomerulus on the LCM cap is shown.
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In Figure 2D, the LCM cap surface fol-
lowing TRIzol lysis of the captured
glomerulus is shown.

The gel in Figure 3A shows levels of
WT-1 and podocin mRNA detected by
RT-PCR performed on total RNA iso-
lated from microdissected glomeruli.
The bar graph in Figure 3B is the densit-
ometric analysis of the gel in Figure 3A,
and shows changes in WT1/podocin
ratio. A decrement in this ratio was
noted at 4 hours. It returned to near
control levels on days 4 and 10.

Confirmation of Changes in WT-1
Expression in Glomeruli Isolated by
Differential Sieving
The gel in Figure 4A shows levels of
WT-1 and podocin mRNA as deter-
mined by RT-PCR performed on total
RNA of glomeruli, isolated by differen-
tial sieving at 4 hours and on days 4 and
10. The bar graph in Figure 4B shows
the densitometric analysis of the gel in
Figure 4A, and shows the changes in
WT-1/podocin ratio determined as
described in the methods section. A
decrement in WT-1/podocin ratio was
again noted at 4 hours.

Magnitude of Decrement in WT-1 Levels
in Isolated Versus Captured Glomeruli
The bar graph in Figure 5 shows the
magnitude of the decrement in WT-1
levels in PAN treated animals expressed
as the percent change compared to con-
trol. The decrement in WT-1 level detect-
ed in captured glomeruli was most
pronounced (43%) at 4 hours following
PAN treatment. The decrement in WT-1
levels detected in glomeruli isolated by
differential sieving was also most pro-
nounced (28%) at 4 hours following
PAN treatment.

DISCUSSION
Contact of glomerular epithelial cells
(GEC) to the glomerular basement
membrane (GBM) involves a highly spe-
cialized structure and signaling appara-
tus in their foot processes and slit
diaphragms. Key protein constituents of
this apparatus include nephrin, podoca-
lyxin, podocin, and the cytoskeleton pro-
tein synaptopodin, paxillin, actinin,
vinculin, talin, a3/b1 integrin, and
CD2AP. Nephrin, podocin, and 
a-actinin-4 are encoded by genes linked
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Figure 4. Levels of WT-1 and podocin mRNA as determined by RT-PCR performed on total RNA
of glomeruli isolated by differential sieving at 4 hours and on days 4 and 10. The bar graph is a
densitometric analysis of the gel and shows the changes in WT-1/podocin ratio determined as
described in methods section. The number inside each bar is the actual ratio value. A 
decrement in WT-1/podocin ratio was most pronounced at 4 hours.
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to diseases involving GEC and charac-
terized by proteinuria. For example, the
congenital nephrotic syndrome gene was
mapped to chromosome 19q13, which
encodes nephrin, a 185 KD protein that
localizes to the GEC slit diaphragm and
plays a role in regulating signaling path-
ways.9,10 The steroid resistant nephrotic
syndrome (autosomal recessive inheri-
tance) gene was mapped to chromosome
1q25-31 which encodes podocin, a 383
amino acid protein that also localizes to
the slit diaphragm and interacts directly
with nephrin.11 Identification of factors
that regulate podocin and nephrin and

characterization of changes in expres-
sion of such factors following GEC
injury may enhance our understanding
of the biology of diseases involving
GEC. Such factors may also serve as
markers of the extent of injury.

The transcription factor WT-1 was
shown to regulate GEC proteins such as
the aforementioned nephrin and
podocalyxin.4 WT-1 was cloned based on
its role in the development of Wilm’s
tumor. Two clinical syndromes, the
Denys-Drash and the Fraiser syndrome,
are caused by WT-1 mutations1 and both
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Figure 5. Percent decrement in WT-1 levels in isolated versus captured glomeruli. The decre-
ment in WT-1 levels in PAN treated animals is expressed as percent change compared to con-
trol. The decrement in WT-1 level detected in captured glomeruli was most pronounced (43%)
at 4 hours following PAN treatment. The decrement in WT-1 levels detected in glomeruli isolated
by differential sieving was also most pronounced (28%) at 4 hours following PAN treatment.
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are characterized by proteinuric
glomerular disease. The glomerular
lesion in Fraiser syndrome is focal and
segmental glomerular sclerosis (FSGS)
while that in Denys-Drash is diffuse
mesangial sclerosis.1 This apparent regu-
latory significance of the WT-1 transcrip-
tion factor, prompted us to explore
changes in its expression at very early
and advanced stages of a GEC injury
model, induced by the anti-metabolite
aminonucleoside of puromycin and
resembling human forms of GEC injury,
such as minimal changes disease and
FSGS.5 We employed the laser capture
microdissection (LCM) method as it can
be used in human kidney biopsies, in
which a small number of glomeruli are
usually available for evaluation.

Although expression of the house-
keeping gene GAPDH was detected by
RT-PCR in as few as 5 glomeruli, detec-
tion of the less abundant WT-1 and
podocin genes required capture of at
least 60 glomeruli. A technical pitfall of
the LCM method is the apparently
incomplete capture of all glomerular
cells. Thus, as shown in Figure 2A, a con-
siderable number of cells were left
behind, following capture of the repre-
sentative glomerulus shown. This may
impact on recovery of GEC genes that
are expressed in low abundance. This
pitfall and the fact that GEC constitute
only a fraction of the glomerular cellu-
larity necessitated factoring of the WT-1
expression values obtained by those of
podocin, a GEC specific gene.

Our results indicate that, following
PAN-induced GEC injury, there is a
decrease in WT-1 expression and that
this occurs very early and is transient.
Thus, the decrease in WT-1 occurred as
early as 4 hours following PAN injection
and returned toward control levels by
days 4 and 10. Therefore, this event far
proceeded proteinuria. Moreover, pro-
teinuria had no further effect on WT-1
expression when urine protein excretion
became pronounced (day 10).

A number of studies have demon-
strated structural changes in GEC that
occur much earlier than the onset of
proteinuria. The earliest ultrastructural
changes identified at the electron
microscopy level in cultured rat GEC
are cell rounding, surface blebbing and
marked increase in number of microvilli.
These changes are observed within 3
hours of exposure to PAN.12 The earliest
ultrastructural change identified at the
electron microscopy level in vivo (rat
kidney) is a reduction in the number of
foot processes and filtration slits with
loss of the normal arrangement of inter-
digitating podocytes and displacement
of the slit diaphragm.5,13 These changes
are observed within 2 days following a
single dose of PAN, a protocol of PAN
treatment similar to the one used in the
present studies. Changes in GEC
cytoskeleton proteins whose expression
could be linked to the WT-1 transcrip-
tion factor also occur prior to onset of
proteinuria. This has been shown for 
a-actinin, whose levels of expression
transiently increase within 1 day post
PAN injection and return to control lev-
els by day 3 (prior to onset of protein-
uria). a-Actinin expression remains at
control levels on day 10 when protein-
uria is pronounced,14 a pattern similar to
the one observed with WT-1 expression
in the present studies.

To confirm results on changes in
WT-1 expression obtained by LCM, we
employed the well-established method
of glomerular isolation by differential
sieving. Purity of typical preparation of
glomeruli isolated by this method is
90% to 95%.7 As shown in Figure 4, a
decrement in WT-1 expression was again
noted at 4 hours following administra-
tion of PAN. This decrement was again
transient with expression values return-
ing towards control levels on days 4 and
10.

The significance of the very early
decrease in WT-1 expression in GEC
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injury remains to be established and to
be linked to changes in key cytoskeleton
proteins that regulate glomerular capil-
lary permeability to protein. Whether
assessment of WT-1 expression is of
value in human forms of GEC injury,
such as minimal change disease and
FSGS, also remains to be elucidated in
kidney biopsy material from patients
with nephrotic syndrome resulting from
these diseases. In this regard, LCM
applied to kidney biopsy material may
prove to be a valuable tool.
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