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SLK expression and activity are increased during kid-
ney development and recovery from renal ischemia-
reperfusion injury. In cultured cells, SLK promotes
F-actin destabilization as well as apoptosis, partially
via the p38 kinase pathway. To better understand the
effects of SLK in vivo , a transgenic mouse model was
developed where SLK was expressed in a podocyte-
specific manner using the mouse nephrin promoter.
Offspring of four founder mice carried the SLK trans-
gene. Among male transgenic mice, 66% developed
albuminuria at approximately 3 months of age, and
the albuminuric mice originated from three of four
founders. Overall , the male transgenic mice demon-
strated about fivefold greater urinary albumin/creat-
inine compared with male non-transgenic mice.
Transgenic and non-transgenic female mice did not
develop albuminuria, suggesting that females were
less susceptible to glomerular filtration barrier dam-
age than their male counterparts. In transgenic mice,
electron microscopy revealed striking podocyte in-
jury, including poorly formed or effaced foot pro-
cesses, and edematous and vacuolated cell bodies. By
immunoblotting, nephrin expression was decreased
in glomeruli of the albuminuric transgenic mice. Ac-
tivation-specific phosphorylation of p38 was in-
creased in transgenic mice compared with non-trans-
genic animals. Glomeruli of SLK transgenic mice
showed around 30% fewer podocytes, and a reduction
in F-actin compared with control glomeruli. Thus,
podocyte SLK overexpression in vivo results in injury
and podocyte loss, consistent with the effects of SLK in

cultured cells. (Am J Pathol 2010, 177:2290–2299; DOI:

10.2353/ajpath.2010.100263)

Germinal center kinases (GCKs) comprise a family of
protein kinases that are homologous to Ste20 of S. cer-
evisiae.1–3 The GCK family has been subdivided into eight
groups. The group I GCKs are situated upstream of mi-
togen-activated protein kinase kinase-1, and they acti-
vate the c-Jun N-terminal kinase (JNK) pathway.1,2 GCKs
in groups II-VIII are diverse kinases, and some may be
activated in vivo by various stresses, eg, heat-shock,
ischemic injury, or ATP depletion.1–3 Most of these GCKs
are expressed ubiquitously, and most do not fit into the
well-defined mitogen-activated protein kinase pathways,
although there are exceptions.2–6 The pathophysiologi-
cal roles of most GCKs are poorly understood. The Ste20-
like kinase, SLK, is a group V GCK, expressed in kidney
tubular epithelial cells, and to a lesser extent in glomer-
ular visceral epithelial cells (GECs; podocytes). Previ-
ously, we demonstrated that expression and activity of
SLK were increased in rat fetal kidneys, compared with
adult control kidneys, and that renal ischemia-reperfusion
injury enhanced SLK expression and activity in adult rat
kidneys.7 Thus, SLK is a renal epithelial protein kinase,
whose expression and activity are increased during de-
velopment, and recovery from acute renal failure, where
injured tubular epithelial cells may regenerate by reca-
pitulating developmental processes.8 Moreover, expres-
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Santé du Québec, and the Catherine McLaughlin Hakim Chair. T.T. holds a
Scholarship from the Fonds de la Recherche en Santé du Québec.
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sion of SLK in developing and mature podocytes sug-
gests a possible role in glomerulogenesis or glomerular
injury.

The functional and regulatory aspects of SLK have
received considerable attention in recent years. Expo-
sure of cultured kidney epithelial cells to chemical anoxia
and re-exposure to glucose (which recapitulates ische-
mia-reperfusion in vivo) or to serum (a source of growth
factors) stimulated SLK activity.7 Overexpression of SLK
in cultured GECs (which we have used to model the
increased expression observed in the in vivo circum-
stances) resulted in a modest pro-apoptotic effect,
whereas in the setting of ischemia-reperfusion, SLK over-
expression markedly exacerbated cell death.4,7 By anal-
ogy, transient overexpression of SLK also induced
apoptosis in other cell lines.5,6 In fibroblasts, SLK may
regulate cytoskeletal remodeling. SLK was found to be
associated with the microtubular network, and activation
of SLK via focal adhesion kinase and ERK pathways
destabilized the actin network. This process affected fo-
cal adhesion turnover, cell adhesion, spreading and
motility.9–11

The level of expression, dimerization, and phosphory-
lation may be involved in the regulation of SLK activity.
SLK mRNA has an extensive 3�-untranslated region,
which may interact with kidney RNA-binding proteins to
regulate expression.12 Similar to other GCKs, the SLK
protein possesses an N-terminal kinase domain, and an
extensive C-terminal domain. The latter may be involved
in regulation of kinase activity via dimerization.4 Phos-
phorylation or dephosphorylation of SLK were associ-
ated with changes in SLK activity in some, but not all
studies.4–6,10,13,14 Downstream signaling by SLK may
involve mitogen-activated protein kinase pathways. We
demonstrated that in kidney epithelial cells, overexpres-
sion of SLK activated the p38 mitogen-activated protein
kinase pathway.4 In addition, SLK can lead to the activa-
tion of JNK5,6,15 and an increase in the transactivation of
p53.15 In kidney epithelial cells, overexpression of SLK
enhanced caspase activity and ischemia–reperfusion-in-
duced apoptosis, and apoptosis was attenuated by in-
hibitors of p38, caspase-9, and p53.4,15

Podocytes are intrinsic components of the kidney glo-
merulus and play a key role in the maintenance of glo-
merular permselectivity.16–19 Permselectivity is depen-
dent on the maintenance of appropriate structure of
podocytes and the filtration slit-diaphragms, including
nephrin (a key component of the slit-diaphragm), and
cytoskeletal proteins. Various forms of glomerulonephritis
are associated with podocyte injury, which may lead to
impaired glomerular function or permselectivity (protein-
uria), apoptosis, and glomerulosclerosis. For example,
based on studies in animal models, there is evidence that
in focal segmental glomerulosclerosis, podocyte apo-
ptosis may lead to “podocytopenia” and consequently
glomerulosclerosis.20 –23 Alterations in expression of
podocyte structural proteins and filtration slit dia-
phragm components have also been reported in glo-
merular diseases16,18,19.

So far, studies have provided considerable insight into
the functions of SLK in cultured cell lines, but information

on the functional role of SLK in vivo is lacking. Transgenic
(Tg) mice have been widely used as animal models of
human disease. To gain a better understanding of poten-
tial effects of SLK in vivo, we overexpressed SLK in podo-
cytes in mice. This approach was adopted since our
previous studies have shown a functional role for SLK in
GECs in culture, and because podocytes in vivo are ter-
minally differentiated cells with low capacity for prolifer-
ation under normal circumstances and after injury.19

Moreover, podocyte injury may be quantified as albumin-
uria. Our results show that overexpression of SLK re-
sulted in striking podocyte injury, including poorly formed
or effaced foot processes, as well as edematous and
vacuolated cell bodies, in association with albuminuria.

Materials and Methods

Materials

Restriction enzymes and molecular biology reagents were
purchased from New England Biolabs (Mississauga, ON),
Invitrogen Life Technologies (Burlington, ON) and Fermen-
tas (Burlington, ON). Electrophoresis and immunoblotting
reagents were from Jackson ImmunoResearch (West
Grove, PA), Pall Corporation (Pensacola, FL), and GE
Health care (Baie d’Urfé, QC). Mouse anti-hemaglutinin
antigen epitope tag (HA) and rabbit anti-Wilm’s tumor
(WT)�1 antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). Rabbit anti-HA was from Zymed Lab-
oratories (San Francisco, CA). Rabbit antiserum to neph-
rin was described previously.24 Rabbit anti-�-actinin-4
antiserum was produced by immunization with a syn-
thetic peptide corresponding to the first 11 amino acids
of the N-terminal region of mouse �-actinin-4, as de-
scribed.25 Rabbit anti-phospho-p38 and rabbit anti-p38
antibodies were purchased from Cell Signaling Technol-
ogy (Danvers, MA). Mouse anti-synaptopodin antibody
was from Progen Biotechnik (Heidelberg, Germany).
Rhodamine conjugated-phalloidin was obtained from
Sigma-Aldrich Canada (Mississauga, ON).

Transgene Construction and Generation of
Transgenic Mice

Full length human SLK open reading frame (3.7 kb) from
the vector pEF-BOS-HA4,7 was subcloned into the NotI
restriction site in the plasmid pIND/Hygro (Invitrogen). A
255 bp PCR product containing a Kozak sequence, two
HA tags and a 143 bp portion of the 5� end of SLK was
generated using the forward primer, 5�-GGACTAGTTA-
ACGGCGCCACCATGTCGATGTACCCATACCCATACG-
3�, and the reverse primer, 5�-GTGTACAAGGCCCA-
GAATAA-3�. This product was subcloned between the
SpeI restriction site in pIND/Hygro and the BsrG1 site in
SLK (nucleotide 143). To remove most of the restriction
sites 3� to the NotI site in pIND/Hygro, a 742 bp fragment
at the 3� end of HA-SLK was amplified using the forward
primer, 5�-AACAGCTCATGAGAGCTCGAGAA-3� and the
reverse primer, 5�-TTAATTAGGGCCCTTATGATCCGGT-
GGAATGC-3�. This cDNA was subcloned into the XhoI
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site of SLK (nucleotide 3008) and the ApaI site in pIND/
Hygro. A 5.4 kb fragment of the mouse nephrin promo-
ter25 was subcloned into the vector pENTR. To introduce
a SpeI restriction site at the 3� end, a 558 bp PCR product
was produced using the forward primer, 5�-GAGATGGC-
CCTGATCAGAAA-3� and reverse primer 5�-ATAGTT-
TAGCGGCCGCGGCGCCGTTAACTAGTCACCAGC-
AGCTTGTTTGTT-3�. This product was subcloned
between the BclI site of the nephrin promoter (548 nucle-
otides from the 3� end) and NotI site of pENTR. The 5.4 kb
nephrin promoter was subcloned into the KpnI and SpeI
restriction sites in pIND/Hygro, just 5� to HA-SLK. All PCR
reactions were carried out with Pwo DNA polymerase,
and the composition of all PCR products was verified with
DNA sequencing.

The nephrin promoter-HA-SLK-bovine growth hormone
polyA transgene was linearized with KpnI and RsrI and
1–2 pl at a concentration of 2 �g/ml was then microin-
jected into C3H/C57BL6 mouse embryos (Microinjection
Laboratory Service, Montreal General Hospital). Embryos
were surgically transferred to the oviduct of pseudopreg-
nant C3H recipient female mice. Genotyping of the re-
sultant pups was done by extracting tail DNA followed by
PCR. The forward primer, 5�-AACAAACAAGCTGCTG-
GTGA-3�, is based on the DNA sequence 19 nucleotides
from the 3� end of the nephrin promoter. This primer lies
downstream of the transcription start site of the mouse
nephrin mRNA. The reverse primer, 5�-TGGGTGATCA-
CAAGATGCTAA-3�, corresponds to amino acid 83 in
human SLK (PCR product 395 bp). There is an intron in
the SLK genomic DNA sequence between the two primer
pairs. Four pups who were carriers of the transgene
(founders) were crossed with C3H mice to generate the
mice reported in this study. The studies were approved
by the McGill University Animal Care Committee.

Urine Albumin Excretion

Mouse urine albumin concentration was quantified using
an enzyme-linked immunosorbent assay kit (Bethyl Lab-
oratories, Montgomery, TX), according to the manufac-
turer. Urine creatinine concentration was measured using
a colorimetric assay kit (Cayman Chemical, Ann Arbor,
MI). Excretion of albumin is expressed as albumin to
creatinine ratio. In addition, urine albumin concentration
was confirmed in some mice using SDS-polyacrylamide
gel electrophoresis.

Immunofluorescence, Light, and Electron
Microscopy

For immunofluorescence microscopy, kidney fragments
were snap-frozen in isopentane (�80°C). Four-�m sec-
tions were fixed in 1:1 ether/ethanol for 10 minutes, fol-
lowed by ethanol for 20 minutes. After washing, sections
were blocked with 5% serum. Sections were incubated
with rabbit anti-HA antibody (4°C, overnight), washed,
and incubated with rhodamine-conjugated goat anti-rab-
bit IgG (22°C, 30 minutes). Sections were examined with
a Zeiss AxioObserver fluorescence microscope with vi-

sual output connected to an AxioCam digital camera. In
some experiments, sections were incubated with rabbit
anti-HA together with mouse anti-synaptopodin antibod-
ies, followed by rhodamine-conjugated goat anti-rabbit
IgG and fluorescein-conjugated rabbit anti-mouse IgG.
These HA and synaptopodin images were collected from
series of images derived from different focal planes (Z-
stack). Merging of fluorescence images was carried out
with Adobe Photoshop software.

Nephrin immunofluorescence staining was carried out
similarly to HA. For rhodamine-phalloidin fluorescence,
kidney sections were blocked as above, and were incu-
bated with rhodamine-phalloidin, diluted 1 �g/ml in 3%
bovine serum albumin in PBS (22°C, 30 minutes).26,27 For
WT-1 immunofluorescence, frozen sections were fixed
with 4% paraformaldehyde for 5 minutes. Then, sections
were immersed in 10 mmol/L sodium citrate, pH 6.0 for 8
minutes at 100°C. After cooling to 22°C, sections were
blocked with 10% serum, and were incubated with rabbit
anti-WT-1 antibody (22°C, 1 hour), followed by rhodam-
ine-goat anti-rabbit IgG (22°C, 1 hour). Nephrin and phal-
loidin images (AxioCam digital camera) were collected
from series of images derived from different focal planes
(Z-stack). WT-1 positive cells were quantified in 4 to 5
glomeruli of Tg and control mice by visual counting.
Glomerular rhodamine-phalloidin fluorescence intensity
(4 to 5 glomeruli per mouse) was quantified using Adobe
Photoshop software, and was normalized to the fluores-
cence intensity of Bowman’s capsule.

Apoptosis was studied using the In Situ Cell Death
Detection Kit (terminal deoxynucleotidyl transferase-me-
diated dUTP nick-end labeling assay) from Roche Diag-
nostics (Laval, QC), according to the manufacturer’s in-
structions. Briefly, kidney sections were fixed with 4%
paraformaldehyde (22°C, 20 minutes), followed by 0.1%
Triton X-100 and 0.1% sodium citrate (4°C, 2 minutes).
After washing, sections were incubated with terminal
transferase and fluorescein-dUTP (37°C, 60 minutes), to
label free 3�-OH ends in genomic DNA. Positive control
staining was produced by incubating sections of normal
mouse kidney with DNase I (3 �l/ml, 22°C, 10 minutes)
before the labeling reaction. Sections were examined by
fluorescence microscopy, as above.

For light microscopy, kidney tissue was fixed in forma-
lin, and was processed and embedded in paraffin ac-
cording to conventional techniques. Sections were
stained with periodic acid Schiff. Electron microscopy
was carried out at the McGill University Facility for Elec-
tron Microscopy Research. Briefly, kidney tissue was
fixed in 2.5% glutaraldehyde in 0.1 mol/L sodium caco-
dylate buffer containing 0.1% CaCl2, pH 7.4. Samples
were washed and postfixed with 1% aqueous OsO4 and
1.5% aqueous potassium ferrocyanide. Then, samples
were dehydrated with serially-increasing concentrations
of acetone (30 to 100%), and samples were infiltrated
with epon/acetone. Sections of 90 to 100 nm were placed
onto grids, and stained with uranyl acetate and Reynold’s
lead. Sections were viewed with a FEI Tecnai 12 trans-
mission electron microscope operating at an accelerat-
ing voltage of 120 kV, and equipped with a Gatan Bio-
scan CCD camera, model 792.

2292 Cybulsky et al
AJP November 2010, Vol. 177, No. 5



Immunoblotting

Glomeruli were isolated from mouse kidneys by differ-
ential sieving.28 The purity of glomerular isolation was
�65%. Following cells lysis, samples were adjusted to
contain equal amounts of proteins, which were loaded
into each lane of a gel. After SDS- polyacrylamide gel
electrophoresis, proteins were electrophoretically trans-
ferred onto nitrocellulose paper, blocked, and incubated
with primary antibody, and then with horseradish perox-
idase-conjugated secondary antibody. The blots were
developed using the enhanced chemiluminescence
technique. Protein content was quantified by scanning
densitometry, using NIH ImageJ software. Preliminary
studies demonstrated that there was a linear relationship
between densitometric measurements and the amounts
of protein loaded onto gels.

Reverse Transcriptase Real-Time PCR

Total RNA was prepared from mouse glomeruli using
Trizol reagent (Invitrogen). cDNA synthesis was per-
formed using the QuantiTect Reverse Transcription kit
(Qiagen, Mississauga, ON). The PCR primer set for
mouse nephrin was from Qiagen (catalog number
QT01053276). Real-time PCR reactions were per-
formed on an ABI 7300 Sequence Detection System
(Applied Biosystems), and amplified DNA was de-
tected by SYBR green incorporation. Values were nor-
malized to glyceraldehyde-3-phosphate dehydroge-
nase mRNA levels in the same sample.

Statistics

Data are presented as mean � SEM. The t statistic was
used to determine significant differences between two
groups.

Results

Characterization of SLK Tg Mice

We generated mice carrying a HA-SLK transgene under
the control of the nephrin promoter, which enables gene
expression that in the kidney is specific to podo-
cytes.25,29,30 In total, 195 mice were born to four founder
mice. Among these, 63 mice carried the SLK transgene.
There were no apparent differences in weight between
transgenic mice and normal littermate controls for up to 6
months of age (data not shown), and there was no excess
mortality of transgenic mice. Kidney weight of transgenic
mice at sacrifice was 0.89 � 0.09 g, and was not signif-
icantly different from control 0.90 � 06 g.

To assess expression of the SLK transgene in mouse
glomeruli, kidney sections were incubated with anti-HA
antibody, and were then examined by immunofluores-
cence microscopy. The SLK transgene was expressed in
glomeruli of all male and female Tg mice studied (nine
mice), At least one mouse from each founder was exam-
ined. Immunofluorescence staining was, however, rela-

tively weak. Staining was focal and segmental in several
animals, although occasional glomeruli showed diffuse
staining of capillary loops (Figure 1, A–D). Staining with
anti-HA-antibody together with antibody to synaptopodin
(a protein expressed in podocytes19), showed that HA
staining, although focal and segmental, colocalized with
synaptopodin in capillary loops (Figure 1, E–G). We also
confirmed expression of SLK transgene mRNA in glomer-
uli isolated from some Tg and control mice, using reverse
transcription (RT)-PCR (Figure 1H). By immunoblotting,

Figure 1. Expression of the HA-SLK transgene. A–D: Immunofluorescence
microscopy. Kidney sections from Tg mice (3 months of age) were incubated
with rabbit anti-HA antibody (A–C), or non-immune rabbit IgG (D), followed
by rhodamine-conjugated anti-rabbit IgG. Transgene expression occurred
frequently in a segmental pattern (A and B). Occasional glomeruli showed
diffuse staining of capillary loops (C). Staining was negative in control
incubations (D). E–G: HA (E) and synaptopodin (F) staining in Tg mouse
glomerulus. Merged image (G); arrows point to some of the areas of HA and
synaptopodin co-localization. H: RNA was extracted from isolated glomeruli
of Tg mice or from non-Tg littermates (control; C), and was subjected to
RT-PCR using the same primers as those used for genotyping of mice (see
Materials and Methods). Some samples were first incubated with DNase (�).
PCR of tail DNA is shown for comparison. Control reactions included all PCR
components without RNA/DNA (�), and RNA without reverse transcriptase
(�RT). The arrow points to the 395-bp PCR product, evident only in Tg
mice. I: Proteins from isolated mouse glomeruli were immunoblotted with
anti-SLK antibody. Immunoblot of two Tg and two control (Ctrl) mice (upper
panel), and densitometric quantification (lower panel). *P � 0.05 Tg (N �
11) vs. control (N � 8). NS, nonspecific band (loading control).

SLK Induces Podocyte Injury 2293
AJP November 2010, Vol. 177, No. 5



expression of total SLK in Tg mouse glomeruli was �25%
greater, as compared with non-Tg littermate controls
(Figure 1I). This analysis provides an average level of
expression in the entire glomerulus, which does not ex-
clude significantly higher expression in individual podo-
cytes, and lower levels in others.

Urinary Albumin Excretion

Mice up to 3 months of age showed low urine albumin
excretion (monitored as albumin/creatinine), and there
were no significant differences between Tg mice and
littermate controls (data not shown). At three months, a
subset of male Tg mice developed increased urinary
albumin excretion. In the majority of these mice, albumin-
uria persisted at months 4 and 5, and there were no
significant upward or downward trends in the magnitude
of albuminuria. Therefore, urine albumin/creatinine mea-
surements are presented as means of measurements
during months 3, 4, and 5 (Figure 2, A–B). It should be
noted that significantly increased urinary albumin excre-
tion developed only in male Tg mice (Figure 2A; male Tg
1.6 � 0.4 mg/mg versus female Tg 0.06 � 0.02 mg/mg).
Among control mice, males also showed greater urinary
albumin/creatinine compared with female controls (0.3 �
0.08 vs. 0.06 � 0.01 mg/mg, P � 0.002). When analyzed
together, the comparison of urinary albumin/creatinine of
male and female Tg mice with male and female normal
littermate controls showed that albuminuria was signifi-

cantly greater in the Tg group (1.4 � 0.3 mg/mg vs 0.3 �
0.06 mg/mg; Figure 2A).

We then analyzed albuminuria in additional male off-
spring. Male Tg mice showed a greater mean urinary
albumin/creatinine, compared with male controls (Figure
2B). Among all male Tg mice, 66% showed urinary albu-
min/creatinine above the mean plus 2 standard devia-
tions of the normal littermate male controls. The albumin-
uric Tg mice were derived from 3 of the 4 founders
(Figure 2, A and B). Examination of urinary albumin ex-
cretion using SDS-polyacrylamide gel electrophoresis
and Coomassie blue staining confirmed that male Tg
mice had the highest levels of urinary albumin excretion
(Figure 2C).

Effects of SLK on Podocyte Structure

Glomeruli and tubules of Tg mice at age �5 months (N �
10) appeared normal by light microscopy (Figure 3A). It
should also be noted that male mice of this strain have
large glomerular parietal epithelial cells, or proximal tu-
bular epithelial cells which extend into Bowman’s space
(Figure 3A). Quantification of glomerular tuft circumfer-
ence (excluding the parietal epithelial cells, or proximal
tubular epithelial cells within Bowman’s capsule) re-
vealed a trend toward an increase in male Tg mice
(3235 � 268 �m2/glomerulus; N � 12) vs. male controls
(2712 � 129 �m2/glomerulus; N � 5), but the difference
did not reach statistical significance.

Kidneys of three albuminuric male Tg mice and one
male control mouse were examined by electron micros-
copy. The control mouse showed no glomerular abnor-
malities, and podocyte ultrastructure appeared entirely
normal (Figure 3B). In contrast, all Tg mice showed focal
abnormalities in podocyte ultrastructure. Podocyte cell
bodies appeared vacuolated and swollen, and in some
podocytes there was a paucity of intracellular or-
ganelles, consistent with “balloon degeneration” (Figure
3, C–G). Some podocyte nuclei showed condensation of
chromatin. In some areas of the glomerulus, foot pro-
cesses appeared normal, but in many other areas, there
were marked abnormalities. These ranged from short,
stubby, and widened foot processes to severely mal-
formed foot processes, and areas of complete efface-
ment (Figure 3, C–G).

Effect of SLK on Glomerular Expression of
Nephrin and �-Actinin-4, and Phosphorylation
of p38

Maintenance of glomerular permselectivity is dependent
on an intact filtration slit diaphragm. Since overexpres-
sion of SLK increased albuminuria and induced abnor-
malities in podocyte architecture, we examined if there
were linked abnormalities in slit diaphragm-associated
proteins. By immunoblotting (Figure 4, A and B) and by
immunofluorescence microscopy (Figure 4, F and G),
expression of nephrin protein was reduced in male Tg

Figure 2. SLK overexpression increases urinary albumin excretion. A and B:
Urinary albumin/creatinine ratios. Each point represents an average of two or
three urine collections of a single mouse taken at monthly intervals between
three and five months of age. Mean values for all Tg and control (Ctrl) mice
are also presented. A: The first-born 44 male and female mice. The Tg mice
(14 males and 6 females) were divided into groups according to founders.
Littermate controls (13 males and 11 females) are presented as a single group
(*P � 0.025 Tg versus control). B: Tg (N � 35) and control male mice (N �
11, *P � 0.0001 Tg versus control). C: Urinary albumin of male (M) and
female (F) Tg and control mice (representative SDS-polyacrylamide gel
electrophoresis and Coomassie blue stain, 15 �l urine per lane).
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mice, compared with male controls. However, by analogy
to changes in albuminuria, nephrin protein expression
was not significantly different in female Tg mice, com-
pared with female controls. In contrast to nephrin protein,
there was only a �30% downward trend in nephrin mRNA
expression (measured by real-time RT-PCR) in Tg mice,
compared with control (Tg: 0.39 � 0.07 units versus
control: 0.60 � 0.18 units; 3 male and 1 female mice per
group). Moreover, if only the male mice were considered,
differences between Tg (0.33 � 0.05 units) and control
(0.47 � 0.16 units) remained nonsignificant. Glomerular
�-actinin-4 protein tended to decrease in Tg mice, but the
change did not reach statistical significance (Figure 4, A
and C).

In cultured cells, overexpression of SLK induced
activation of the p38 mitogen-activated protein kinase
pathway.4 To determine whether SLK overexpression
activated the p38 pathway in vivo, we monitored p38
phosphorylation (which reflects activation) in glomeru-
lar lysates of mice derived from the four founders.
Phosphorylation of p38 was enhanced 1.7-fold in Tg
mice, compared with controls (Figure 4, A and D).
Unlike albuminuria, there were no significant differ-
ences in phospho-p38 between Tg male and female
mice, ie, increases in phospho-p38 were noted in both
males and females. Expression of p38 was comparable
in Tg and control mice (Figure 4, A and E). In certain
cell lines, SLK activates the JNK pathway.5,6,15 How-
ever, in contrast to p38, we did not detect phosphory-
lation of JNK in glomeruli of Tg mice (results not
shown). Furthermore, there was no increase in phos-
phorylation of ERK in Tg mice (results not shown).

Effect of SLK on Podocyte Number and on the
Cytoskeleton

Overexpression of SLK in cultured cells, including GECs
induced apoptosis.4–7 To determine whether overexpres-
sion of SLK in podocytes in vivo also induces apoptosis,
we quantified the number of podocytes in glomeruli of Tg
and non-Tg littermate control mice (age �5 months), by
using WT-1 immunostaining. In the glomerulus, WT-1 is
expressed specifically in podocytes.31 There was a
�30% decrease in the number of WT-1 positive cells in
Tg glomeruli compared with control (Figure 5, A–E), sug-
gesting that overexpression of SLK induced a loss of
podocytes. This result does not, however, exclude the
possibility that a reduction in WT-1 positive cells was
related to injury instead of loss of cells. Examination of
nine Tg and three control mice by terminal deoxynucleo-
tidyl transferase-mediated dUTP nick-end labeling did
not, however, demonstrate the presence of apoptotic
podocytes (Figure 5, F and G).

In cultured cells, SLK has been shown to affect cy-
toskeletal remodeling by destabilizing the F-actin net-
work. To examine if SLK may affect the amount of F-actin
in vivo, we incubated mouse kidney sections with rho-
damine-phalloidin (Figure 5, H and I), and then quantified
rhodamine-fluorescence intensity, which is proportional
to the amount of F-actin. Fluorescence was �35% lower
in male Tg glomeruli, compared with male control (Figure
5J), implying that overexpression of SLK resulted in a
reduction in F-actin content. This assay reflects F-actin
content in the entire glomerulus, so we cannot conclude
that the reduction in F-actin was due solely to loss in

Figure 3. SLK overexpression induces abnormalities in
podocyte ultrastructure. A: Glomeruli of Tg mice (age
�5 months) appear normal by light microscopy (peri-
odic acid Schiff stain). B: Control mouse shows normal
podocyte ultrastructure (scale bar � 1 �m). C–H: Tg
mice (age �5 months). C: Podocyte foot processes ap-
pear effaced (arrows; Scale bar � 2 �m). D: Podocyte
body (arrow) is markedly swollen (Scale bar � 5 �m).
E: Podocyte foot processes appear widened (arrow-
heads) or effaced (arrows, Scale bar � 2 �m). F: Podo-
cyte cell body is markedly swollen (asterisk), and there
is focal foot process effacement (arrows, Scale bar � 2
�m). G: Podocyte cell bodies (asterisks) are markedly
swollen, and the foot processes are malformed (Scale
bar � 1 �m).
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podocytes and not in other glomerular cells. However, in
non-Tg mice, there was substantial F-actin staining of the
capillary loops, suggesting that there was abundant F-
actin in the podocytes (Figure 5I).

Discussion

In this study, we demonstrate that overexpression of SLK
in podocytes leads to albuminuria, podocyte injury, and a
decrease in podocytes. We generated mice carrying a
HA-SLK transgene under the control of the nephrin pro-
moter, which enables gene expression that in the kidney
is exclusive in podocytes.25,29,30 SLK Tg mice were born
to four founders, and male and female mice derived from
the four founders expressed the SLK transgene in glo-
meruli. By immunofluorescence microscopy, HA-SLK
was detected in a focal and segmental pattern in most
animals, although occasional glomeruli showed diffuse
capillary loop localization (Figure 1). The HA-SLK staining
intensity was relatively weak when compared with stain-
ing for endogenous nephrin in control mice (Figure 4), or
when compared, in parallel, with the expression of HA-
�-actinin K256E transgene under the control of the neph-

rin promoter in another Tg mouse line.25 Nevertheless,
the HA-SLK staining pattern suggests that the transgene
was expressed more robustly in a subset of podocytes,
even though global expression was relatively low (Figure
1). In rodents, nephrin promoter activity has been de-
tected in some parts of the central nervous system,
�-cells of the pancreas, testis, spleen, and thymus, while
in humans, nephrin has been detected in pancreatic and
lymphoid tissue. The significance of nephrin expression
in these other organs has not been established conclu-
sively.32 We did not examine extrarenal SLK transgene
expression in the Tg mice, but the mice did not manifest
any obvious extrarenal abnormalities.

In cultured cells, overexpression of SLK induced acti-
vation of apoptosis signal-regulating kinase-1, and the
p38 pathway.4 By analogy, activation-specific phosphor-
ylation of p38 was enhanced in glomeruli of Tg mice,
compared with controls, and increases in phospho-p38
were noted in both male and female mice (Figure 4).
Based on this result, it is reasonable to conclude that SLK
overexpression activated downstream signaling in podo-
cytes. Although SLK is also reported to activate the JNK
pathway in certain cell lines,5,6,15 in contrast to p38, we
did not detect glomerular phosphorylation of JNK in Tg
mice. SLK does not induce ERK activation in cell culture
models,4 and consistent with this finding, we did not
detect ERK phosphorylation in Tg mice.

Figure 4. Effect of SLK on glomerular expression of nephrin and �-actinin-4,
and phosphorylation of p38. Glomeruli were isolated from Tg and control (C)
mice (age 5 to 6 months). Lysates were immunoblotted with antibodies to
nephrin, �-actinin-4, phospho-p38 (pp38), and p38. A band from the mem-
brane stained with amido black is presented to demonstrate protein loading.
A: Representative immunoblot. B–E: densitometric quantification. B: *P �
0.02 Tg versus control (8 Tg mice and 8 control mice). D: *P � 0.05 Tg versus
control (9 Tg mice and 8 control mice). C and E: There are no significant
differences between groups (9 Tg mice and 8 control mice). F and G: Kidney
sections of Tg (F) and control male mice (G) were immunostained with
anti-nephrin antibody. There is reduction in staining in the Tg mouse.

Figure 5. Effects of SLK on podocyte number and actin cytoskeleton. WT-1
immunofluorescence in two Tg mice (A and B) and two control mice (C and
D). E: Quantification of WT-1-positive cells per glomerulus. *P � 0.01 Tg
(N � 11) vs. control (C; N � 8). F and G: Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end staining of mouse kidney sections. F:
Section of normal mouse kidney treated with DNase I (positive control). G:
Section of Tg mouse kidney shows absence of staining. H–J: Rhodamine-
phallodin fluorescence in Tg (H) and control (I) mouse kidney sections. J:
Quantification of rhodamine-phallodin fluorescence (arbitrary units). *P �
0.035 Tg (N � 11) vs. control (C; N � 4).
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The principal phenotypic finding in Tg mice became
evident at three months of age, when 66% of male Tg
mice developed albuminuria. This increase in urinary
albumin excretion persisted at months four and five (Fig-
ure 2). The albuminuric male Tg mice were derived from
three separate founder mice, whereas there were no
proteinuric mice born to one of the founders (Figure 2).
This result implies that the presence of albuminuria was
most likely due to an effect of the SLK transgene, rather
than disruption of the function of another gene after in-
corporation of the transgene into chromosomal DNA. In
association with albuminuria, the Tg mice showed focal
abnormalities in podocyte ultrastructure. In particular,
certain podocyte cell bodies were vacuolated and swol-
len, with a paucity of intracellular organelles (Figure 3).
There were focal abnormalities of the foot processes,
ranging from short, stubby, and widened foot processes
to severely malformed foot processes, and areas of com-
plete effacement (Figure 3). The focal nature of podocyte
ultrastructural injury is in keeping with the focal pattern of
SLK transgene expression (Figure 1).

The podocyte plays an important role in maintaining
glomerular permselectivity. Actin filaments are the core
structural component of podocyte foot processes. Con-
densation of the actin cytoskeleton at the base of effaced
podocyte foot processes together with alterations in fil-
tration slits, and displacement and disruption of slit dia-
phragms are features of proteinuric glomerular disea-
ses.33 Heritable mutations of slit diaphragm-associated
proteins or proteins associated with the actin cytoskele-
ton (eg, nephrin, podocin, �-actinin-4) may result in pro-
teinuria,16,18,19 implying that these proteins play key roles
in maintaining podocyte ultrastructure. Changes in neph-
rin expression are also observed in acquired proteinuric
kidney disease.33 Since overexpression of SLK induced
albuminuria and abnormalities in podocyte architecture,
we examined if there were associated abnormalities in
nephrin expression. By analogy to changes in albumin-
uria, nephrin protein expression was reduced signifi-
cantly in male Tg mice, but was not significantly different
in female Tg mice, compared with controls. Glomerular
�-actinin-4 tended to decrease in Tg mice, but the
change did not reach statistical significance (Figure 4).
The decrease in nephrin protein expression measured at
5 to 6 months of age was not paralleled by an analogous
reduction in nephrin mRNA, suggesting that the nephrin
promoter was active. Thus, the decrease in nephrin pro-
tein expression was most likely due to a post-transcrip-
tional change,34 including a reduction in translation or
increased degradation.

Interestingly, increased urinary albumin excretion was
found only in male, but not female Tg mice, whereas SLK
transgene expression and p38 activation were not signif-
icantly different between males and females (Figure 2).
Also female control mice had lower basal levels of urine
albumin excretion, compared with male controls. These
results suggest that sex hormones influenced the mech-
anism for the pathogenesis of podocyte injury and pro-
teinuria. A link between sex and progression of protein-
uric kidney disease has been described in humans and
animal models, and may involve cell response systems

and glomerular hemodynamic factors.35 Aging male rats
develop proteinuria and glomerulosclerosis, whereas fe-
males and orchidectomized males appear to be resis-
tant.36 Male animals have larger glomeruli than fe-
males,37,38 and glomerular hypertrophy may be a risk
factor for glomerulosclerosis. Extracellular matrix produc-
tion may be modified by the presence of estrogen.39

Experimental work also supports an interaction between
the renin-angiotensin system and intraglomerular pres-
sure that is at least partially estrogen dependent.40

Overexpression of SLK in mice resulted in a �30%
decrease in podocytes, measured by WT-1 staining (Fig-
ure 5). In view of the ultrastructural evidence of podocyte
injury, it is likely that the reduction in podocytes in Tg
mice was associated with apoptosis. Although we could
not demonstrate the presence of apoptotic cells in glo-
meruli of Tg mice by terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick-end staining, it is possible
that the technique was not sufficiently sensitive to detect
a low-grade apoptotic process. For example, in other
studies, rats with extensive podocyte injury and nephrotic
syndrome induced by the podocyte toxin, puromycin
aminonucleoside, showed few apoptotic podocytes.41,42

In addition, it has been suggested that apoptotic podo-
cytes are flushed out in the urine, making it technically
difficult to detect these cells.43 Reduction in podocytes in
vivo due to apoptosis is in keeping with the effect of SLK
overexpression in cultured GECs, and other renal and
non-renal cells in culture.4–7 Loss of podocytes in vivo
may lead to glomerulosclerosis.20–23 However, the de-
crease in podocytes in the SLK Tg mice was not associ-
ated with glomerular sclerotic lesions, at least up to 5 to
6 months of age, although there was a tendency toward
a greater glomerular circumference in Tg mice, suggest-
ing early glomerular hypertrophy, which may be a risk
factor for glomerulosclerosis. Probably, a greater amount
of podocyte loss may be necessary for sclerotic lesions
to appear, or alternatively other factors, such as hyper-
tension, may also be required. It a rat model of podocyte
loss, it was demonstrated that loss of �70% of podocytes
resulted in significant glomerular capsular adhesions,
while glomeruli remained relatively free of lesions if podo-
cyte loss was �25%.22 In two mouse models of diabetic
nephropathy, there was a 27 to 37% decrease in podo-
cytes. These changes in podocyte numbers were asso-
ciated with some mesangial expansion, but glomerular
sclerotic lesions were absent.44

In cultured fibroblasts, SLK was shown to regulate cy-
toskeletal remodeling. SLK was associated with the micro-
tubular network, and activation of SLK via focal adhesion
kinase and ERK pathways destabilized the actin network,
thereby affecting focal adhesion turnover, cell adhesion,
spreading, and motility.9–11 By analogy, we observed that
in the SLK Tg mice, there was a reduction in glomerular
F-actin content (Figure 5). Disassembly of podocyte F-actin
could contribute to changes in ultrastructure and protein-
uria. Podocyte foot processes harbor an actin-based con-
tractile apparatus, and defects in proteins which interact
with the actin cytoskeleton (eg, �-actinin-4) impair glomer-
ular permselectivity.16,18,19 A reduction in podocyte F-actin
may be associated with foot process effacement, and po-
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tentially, detachment from the glomerular basement mem-
brane.33 Thus, podocyte detachment is another potential
explanation for the reduction in podocyte number.

Tg mice were born at a frequency of �33%, which is
somewhat less than expected. We did not observe any
apparent increase in mortality of adult Tg mice up to 6
months of age, compared with normal littermate controls,
and there were no significant differences in kidney
weights. In addition, the abnormal phenotype of Tg mice
(albuminuria) was not detected until 3 months of age.
These results would suggest that overexpression of SLK
was not detrimental to normal podocyte development,
but instead exerted an injurious effect on mature cells.
Furthermore, expression of genes under control of the
nephrin promoter is highly restricted, further arguing
against toxicity of the transgene. Thus, the reduced fre-
quency of Tg mice may have been due to chance. Nev-
ertheless, we cannot entirely exclude the possibility of
excess intrauterine or perinatal mortality in mice with very
high levels of SLK overexpression.

There is only limited information on the functional effects
of GCKs in vivo. The Ste20-like kinase, MstI, is activated by
stress and stimulates apoptosis in some cultured cell types.
In vivo, cardiac-specific overexpression of MstI in transgenic
mice induced caspase activation, apoptosis, and a dilated
cardiomyopathy.45 In addition, MstI inhibited cardiac mus-
cle hypertrophy. By analogy to SLK in the kidney, MstI was
activated by ischemia-reperfusion in the mouse heart in vivo.
Suppression of endogenous MstI by cardiac-specific over-
expression of a dominant-negative MstI mutant in trans-
genic mice prevented myocyte death by pathological in-
sults.45 Thus, MstI is an initiator of apoptosis and an inhibitor
of hypertrophy in cardiac myocytes.

The Ste20-related proline/alanine-rich kinase (SPAK)
plays important roles in cell differentiation and regulation
of chloride transport.46 Cultured intestinal epithelial cells
stably transfected with SPAK showed increased perme-
ability. Transgenic mice that expressed a constitutively
active form of SPAK under the control of the villin gene
locus control region, which can target SPAK expression
only in intestinal epithelial cells were generated to study
intestinal barrier function in vivo. The mice showed a
decreased intestinal barrier function.46

We have previously demonstrated that SLK expression
and activity increase in the developing kidney and in
kidneys subjected to ischemia-reperfusion injury.7 The
upregulation of expression may then favor homodimer-
ization and phosphorylation, and possibly reversal of
auto-inhibition, together leading to an increase in kinase
activity.4,6 Decisive proof of this mechanism will require
further study. It will also be of interest to determine
whether increased SLK expression and/or activity are
evident in experimental models of glomerular diseases
associated with podocyte injury.
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