
Cardiovascular, Pulmonary and Renal Pathology

Cyclin-Dependent Kinase 5 Is a Regulator of
Podocyte Differentiation, Proliferation, and
Morphology

Sia�n V. Griffin,* Keiju Hiromura,* Jeffrey Pippin,*
Arndt T. Petermann,* Mary J. Blonski,*
Ron Krofft,* Satoru Takahashi,†

Ashok B. Kulkarni,† and Stuart J. Shankland*
From the Department of Medicine,* Division of Nephrology,

University of Washington School of Medicine, Seattle,

Washington; and the Functional Genomics Unit,† National

Institute of Dental and Craniofacial Research, National Institutes

of Health, Bethesda, Maryland

Podocytes are highly specialized and terminally dif-
ferentiated glomerular cells that play a vital role in
renal physiology, including the prevention of pro-
teinuria. Cyclin-dependent kinase 5 (CDK5) has been
shown to influence several cellular processes in other
terminally differentiated cells, in particular neurons.
In this study, we examined the role of CDK5 in podo-
cyte differentiation, proliferation, and morphology.
In conditionally immortalized mouse podocytes in
culture, CDK5 increased in association with podocyte
differentiation. During mouse glomerulogenesis in
vivo , CDK5 expression was predominantly detected
in podocytes from the capillary loop stage to matura-
tion and persisted in the podocytes of adult glomeruli.
In contrast, CDK5 was markedly decreased in the
proliferating and dedifferentiated podocytes of mice
with anti-glomerular basement membrane nephritis
and in human immunodeficiency virus transgenic
mice. p35, the activator of CDK5, was also detected in
podocytes and the p35/CDK5 complex was active.
Cell fractionation studies showed that active p35/
CDK5 was mainly localized to the plasma membrane.
Specific inhibition of CDK5 in differentiated cultured
podocytes, either pharmacologically or with siRNA,
induced shape changes, with cellular elongation and
loss of process formation compared to the character-
istic arborized phenotype. These data suggest a role
for CDK5 as a regulator of podocyte differentiation,
proliferation, and morphology. (Am J Pathol 2004,
165:1175–1185)

Podocytes, also called visceral glomerular epithelial
cells, are terminally differentiated cells overlying the outer
aspect of the glomerular basement membrane of renal
glomeruli. Podocytes have several key functions, includ-
ing the prevention of proteinuria, synthesis of basement
membrane components, regulation of glomerular filtra-
tion, and counteraction of the intraglomerular hydrostatic
pressure.1 Injury to podocytes is associated with protein-
uria and progressive glomerulosclerosis.2

Podocytes derive from epithelial cells originating in the
metanephric mesenchyme, which develop into postmi-
totic terminally differentiated cells,3 and therefore have
similarities to neurons.4 During glomerulogenesis, podo-
cytes proliferate until the S-shape body stage, and exit
the cell cycle at the capillary loop stage.5,6 Podocytes
then acquire their fully differentiated phenotype, a pro-
cess that in the mouse is not complete until 1 week after
birth. Mature podocytes tightly regulate and maintain
their quiescent and differentiated phenotype, and there-
fore the majority of diseases involving podocytes are not
associated with proliferation and an increase in cellular-
ity. Indeed, studies have shown that the inability to pro-
liferate contributes to glomerular scarring.7 In contrast,
podocytes may dedifferentiate, and proliferate, in human
immunodeficiency virus (HIV)-associated nephropathy,
which is characterized by a rapid decline in renal func-
tion, emphasizing the importance of podocyte quies-
cence for glomerular function.8 These studies show that
the state of podocyte differentiation is closely linked with
its proliferative potential. Studies have also shown that
podocyte morphology is critical for normal function.9,10

After injury, flattening and effacement of podocytes leads
to loss of normal function.
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Proliferation and differentiation are controlled by spe-
cific cell cycle regulatory proteins.11 Cyclins bind to and
activate their partner cyclin-dependent kinases (CDK).
Cyclin-CDK complexes are inhibited by CDK inhibitors. In
contrast to the classical, cell cycle-associated CDKs,
CDK5 accumulates in postmitotic cells.12 CDK5 was orig-
inally isolated on the basis of its close primary sequence
homology to the human Cdc2 serine threonine kinase.13

The brain has the highest levels of CDK5 activity, be-
cause of the expression of its regulatory partner, p35.14

Although CDK5 activity does not promote cell cycle pro-
gression,13 it has a crucial role in the direction of neuronal
migration in the developing central nervous system.12

Dysregulation of CDK5 activity has been closely linked to
specific neurodegenerative diseases, including Alzhei-
mer’s disease and amyotrophic lateral sclerosis.15,16 Al-
though CDK5 function was originally thought to be re-
stricted to the nervous system, several groups have
recently demonstrated that CDK5 is also active in non-
neuronal tissue, including muscle, lens, and hematopoi-
etic cells.12 In these cells, CDK5 activity is critical for
development and differentiation.

In the current study we measured the expression and
role of active CDK5/p35 in podocytes in vitro and in vivo.
Our results show that CDK5 increases in podocytes dur-
ing differentiation in culture, and in developing fetal kid-
neys. CDK5 declines in experimental diseases associ-
ated with podocyte proliferation. The CDK5 activator p35
is also expressed in podocytes, and the active complex
is principally localized to the plasma membrane. Finally,
we demonstrate that a novel role for CDK5 is to maintain
podocyte morphology.

Materials and Methods

Primary Antibodies

Mouse monoclonal anti-CDK5 antibody (Ab-4; NeoMark-
ers, Fremont, CA) was used for immunohistochemical
(1:50) and immunofluorescent (1:20) studies and West-
ern blot analysis (1:500). Rabbit polyclonal anti-CDK5
antibody (C-8, 1:50; Santa Cruz Biotechnology, Santa
Cruz, CA) was used for the histone H1 kinase assay.
Rabbit polyclonal anti-p35 antibody (C-19; Santa Cruz
Biotechnology) was used for immunohistochemical (1:
500) and immunofluorescent (1:100) studies and histone
H1 kinase assay (1:50). Mouse monoclonal anti-actin
(Chemicon, Temecula, CA) was used for immunofluores-
cent studies (1:200) and Western blot analysis (1:4000).
Mouse monoclonal anti-cyclin B1 antibody (GNS1, 1:200;
Santa Cruz Biotechnology), rabbit polyclonal anti-cyclin
A antibody (C-19, 1:1000; Santa Cruz Biotechnology),
and monoclonal anti-GAPDH antibody (6C5, 1:8000, Ab-
cam, Cambridge, UK) were used for Western blotting.

Conditionally Immortalized Mouse Podocytes in
Culture

To determine the expression and potential role of CDK5
in podocytes in vitro, we used a conditionally immortal-

ized mouse podocyte cell line that was isolated from the
kidneys of H-2Kb-tsA58 transgenic mice as previously
described.17 In this cell line, a temperature-sensitive
SV40 large T-cell antigen (tsA58 Tag) is controlled by a
�-interferon inducible H-2Kb promoter. To induce prolif-
eration (and therefore dedifferentiation), cells were grown
on collagen I (BD Biosciences, Bedford, MA)-coated
plastic plates (Primaria tissue culture dish, 100 � 20 mm;
Becton Dickinson Labware, Franklin Lakes, NJ), at 33°C
in RPMI 1640 culture medium (Life Technologies, Inc.,
Gaithersburg, MD) supplemented with 10% fetal calf se-
rum (Summit Biotechnology, Ft. Collins, CO), 2 mmol/L
glutamine (Sigma, St. Louis, MO), 10 mmol/L HEPES
(Sigma), 1 mmol/L sodium pyruvate (Irvine Scientific,
Santa Ana, CA), and 100 U/ml penicillin and 100 �g/ml
streptomycin (Irvine Scientific), to which recombinant
mouse �-interferon 10 U/ml (Coulter, Hialeah, FL) was
added (growth permissive conditions). To induce quies-
cence and the differentiated phenotype, cells were
grown at 37°C in the same medium with no �-interferon
(growth restrictive conditions). All experiments were per-
formed at least three times. Unless specified otherwise,
all studies were performed on day 3 in cells growing
under permissive (proliferating/dedifferentiated) condi-
tions, and on days 10 to 14 for cells grown under restric-
tive (quiescent/differentiated) conditions. To inhibit CDK5
activity, selective and potent CDK5 inhibitors, roscovi-
tine18 (50 �mol/L; Calbiochem Novabiochem, San Diego,
CA) or alsterpaullone19 (5 �mol/L; Alexis Biochemicals,
San Diego, CA) were used.

siRNA Synthesis and Transfection

Double-stranded CDK5 small interfering RNA (siRNA)
was synthesized by in vitro transcription using the Si-
lencer siRNA construction kit (Ambion, Austin, TX) ac-
cording to the manufacturer’s instructions. All of the mo-
lecular biology reagents described below were supplied
with this kit. The CDK5 target mRNA sequence was 5�
AATGGCCTGCCATGACCAAGC 3�. Sense and anti-
sense siRNA oligonucleotide templates with a 3� 8-nucle-
otide sequence complimentary to the T7 RNA polymer-
ase promoter were obtained from Invitrogen (Carlsbad,
CA) (sense: 5� AAGCTTGGTCATGGCAGGCCACCT-
GTCTC 3�; anti-sense: 5� AATGGCCTGCCATGAC-
CCCGCCCTGTCTC 3�). Briefly, the oligonucleotide tem-
plates were hybridized to a T7 promoter primer, and the
3� ends extended using Klenow. The sense and anti-
sense siRNA templates were transcribed by T7 RNA
polymerase and the resulting RNA transcripts hybridized
to create dsRNA, consisting of 5� terminal single-
stranded leader sequences, a 19-nucleotide target-spe-
cific dsRNA, and 3� terminal UUs. The leader sequences
were removed by digestion with a single-strand-specific
ribonuclease, and the DNA template digested by de-
oxyribonuclease. The resulting siRNA was purified by
glass fiber filter binding and elution, and the concentra-
tion determined by measuring the absorbance at 260 nm.
A scrambled siRNA sequence was included with the kit
and used as a negative control to exclude nonspecific
effects on gene expression.
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CDK5-specific and control siRNA were spiked with
random 20-mer fluorescein isothiocyanate-conjugated
oligonucleotides (TriLink BioTech, San Diego, CA) and
transfected into 50% confluent conditionally immortalized
mouse podocytes at day 3 of growth restriction using the
n-fect transfection reagent, according to the manufactur-
er’s instructions (Neuromics, Northfield, MN). After 48
hours, transfection was confirmed by uptake of fluores-
cein isothiocyanate-conjugated oligonucleotides, cell
morphology analyzed by light microscopy before fixation,
and protein harvested for Western blotting.

Embryonal and Adult Rodent Kidneys

To determine the temporal expression of CDK5 during
podocyte development by immunostaining (see below),
embryonal kidneys were harvested from gravid C57BL6
mice (Simonsen, Gilroy, CA) at embryonic (E) days 15
and 18 as previously described.20 Kidneys were also
harvested from normal adult C57BL6 mice and Wistar
rats (2 to 4 months old; Simonsen). To examine the role of
CDK5 in renal development, kidneys were studied from
CDK5�/� and CDK5�/� mice at day E18. The genera-
tion of these mice has been reported previously.21 Kid-
neys were fixed in 10% buffered formalin for immunohis-
tochemistry (see below).

Experimental Models of Glomerular Disease

To examine the expression of CDK5 in podocytes after
injury, we studied three models of glomerular disease. 1)
Anti-glomerular basement membrane (GBM) glomerulo-
nephritis, characterized by podocyte injury, was induced
in p21�/� and p21�/� mice as previously described.22

In brief, a sheep anti-rabbit GBM antibody was injected
intraperitoneally (0.5 ml/20 g body weight) on 2 consec-
utive days, and animals were studied on days 5 and 14
(n � 4 and n � 6). 2) HIV-1 transgenic mice (a gift of Dr.
Jeffrey Kopp), characterized by HIV-associated ne-
phropathy and podocyte injury, were created by intro-
ducing proviral HIV genome, lacking the gag and pol
genes, into FVB/N mice, as previously described.23 Kid-
neys were examined at 10 weeks after birth (n � 4). 3)
The Habu snake venom model of mesangial cell injury
was induced in C57BL6/129SV mice by injection of Habu
snake venom (4 mg/kg; Sigma) through the tail vein (n �
3).24 This disease model was used as a control, because
podocytes are not the primary target of injury.

Immunofluorescence and Immunohistochemical
Analysis

Cell Culture

To determine the expression of specific proteins by
immunostaining, cultured podocytes were grown on
eight-well Permanox chamber slides (Nalge Nunc, Na-
perville, IL) and fixed in methanol and acetone (1:1) at
�20°C for 30 minutes. Cells were incubated overnight at
4°C with primary antibodies for CDK5, p35, or actin di-

luted in 1% bovine serum albumin in phosphate-buffered
saline (PBS). A secondary biotinylated anti-mouse IgG or
anti-rabbit IgG (Vector, Burlingame, CA) was incubated
at room temperature for 30 minutes. Immunofluorescent
staining was detected by streptavidin-Alexa Fluor 594
(Molecular Probes, Eugene, OR) for CDK5 and actin, and
by streptavidin-fluorescein (Amersham Pharmacia Bio-
tech, Piscataway, NJ) for p35.

Histology

Indirect immunoperoxidase immunostaining was per-
formed on formalin-fixed paraffin-embedded kidney
specimens from embryonal, normal, and diseased mice
as previously described.20 Briefly, 4-�m cut tissue sec-
tions were deparaffinized in Histo-Clear (National Diag-
nostics, Atlanta, GA) and rehydrated in graded ethanol.
Antigen retrieval was performed by boiling tissues for 10
minutes in 10 mmol/L citric acid, and endogenous per-
oxidases were blocked with 3% hydrogen peroxide. En-
dogenous biotin was blocked using an Avidin/Biotin
blocking kit (Vector). Sections were incubated overnight
with the primary antibody diluted in 1% bovine serum
albumin in PBS. The sections were washed repeatedly in
PBS before incubation with the appropriate biotinylated
secondary antibody (Vector), diluted in 1% bovine serum
albumin in PBS, for 1 hour at room temperature. The
ABC-Elite reagent (Vector) was used for signal amplifica-
tion and 3,3�-diaminobenzidine (Sigma) with nickel en-
hancement was used as chromogen. Slides were coun-
terstained with methyl green or hematoxylin and eosin,
dehydrated, and coverslipped.

Protein Extraction and Western Blot Analysis

Protein was extracted from cultured mouse podocytes20

and from glomeruli isolated from normal adult rats25 us-
ing TG buffer (1% Triton, 10% glycerol, 20 mmol/L
HEPES, 100 mmol/L NaCl) with protease inhibitors
(Boehringer Mannheim, Indianapolis, IN), or buffer A (20
mmol/L Tris-HCl, pH 7.2, 2 mmol/L MgCl2, 0.5% Nonidet
P-40, 150 mmol/L NaCl, 1 mmol/L dithiothreitol) with pro-
tease inhibitors. Rats were used instead of mice to yield
a highly purified preparation of glomeruli with minimal
tubular contamination, a frequent problem when isolating
mouse glomeruli. Protein concentration was determined
by the BCA protein assay (Pierce, Rockford, IL) accord-
ing to the manufacturer’s directions.

To determine the subcellular localization of the active
p35/CDK5 complex, proteins from the cytoplasmic and
crude membrane fractions were isolated using a modifi-
cation of a published method.26,27 Cells were harvested
by trypsin digestion, rinsed with cold PBS, and placed on
ice for 15 minutes in hypotonic buffer (10 mmol/L HEPES,
pH 7.9, 10 mmol/L KCl, 0.1 mmol/L EDTA, 0.1 mmol/L
EGTA, 1 mmol/L dithiothreitol, 0.5 mmol/L phenylmethyl
sulfonyl fluoride) and protease inhibitors. After homoge-
nization with a Dounce-type homogenizer 30 times, the
lysate was centrifuged for 15 minutes at 4000 � g to
discard nuclei and intact cells. To extract the cytoplasmic
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fraction, the supernatant was collected after a 60-minute
centrifugation at 100,000 � g. The pellet was resolved in
buffer A with protease inhibitors (as above) on ice, and was
gently vortexed for 15 minutes. After centrifugation for 15
minutes at 15,000 � g, the supernatant was collected,
representing the crude plasma membrane fraction.

For Western blot analysis, 5 to 40 �g of protein extracts
were separated under reduced conditions on 8 or 15%
sodium dodecyl sulfate-polyacrylamide gels and trans-
ferred to polyvinyl difluoride membrane (Immobilon-P;
Millipore, Bedford, MA) as we have reported previous-
ly.20 Membranes were incubated with primary antibodies
overnight at 4°C, washed, and incubated with an alkaline
phosphatase-conjugated anti-mouse IgG or anti-rabbit IgG
antibody (Promega, Madison, WI) at room temperature for 1
hour. After further washing, detection of bound antibody
was performed using the chromagen 5-bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium (Sigma).

Co-Immunoprecipitation and Histone H1 Kinase
Assay

To determine CDK5 activity, co-immunoprecipitation fol-
lowed by a histone H1 kinase assay was performed as
previously described.26,28 Briefly, 100 �g of total or frac-
tionated protein (membrane and cytoplasm) extracted
from cultured cells or isolated glomeruli was immunopre-
cipitated with primary antibodies for p35 or CDK5 in buffer
A for 1 hour at 4°C, followed by incubation with protein
A-Sepharose beads (RepliGen Corporation, Cambridge,
MA) for 1 hour at 4°C. As a negative control, normal rabbit
IgG was substituted for the specific antibody.

To perform the histone H1 kinase assay, the beads
were washed four times with buffer A, then once in kinase
reaction buffer (50 mmol/L HEPES, pH 7.0, 10 mmol/L
MgCl2, 1 mmol/L dithiothreitol). The kinase reaction was
performed at 37°C for 30 minutes in a kinase reaction
buffer containing 5 �mol/L ATP, 2 �Ci [32P] ATP (NEN
Life Science Products, Boston, MA) and 0.6 �g histone
H1 (Boehringer Mannheim). After stopping the reaction
with 2� sodium dodecyl sulfate sample buffer, samples
were resolved on a 15% sodium dodecyl sulfate-polyac-
rylamide gel under reduced condition. Finally, the gel was
exposed to autoradiographic film (Amersham Pharmacia
Biotech) to visualize the phosphorylated histone H1.

Polymerase Chain Reaction (PCR)

The expression of p35 was also confirmed by reverse
transcriptase (RT)-PCR. Total RNA was isolated from
70% confluent differentiated heat-sensitive mouse podo-
cytes using the Tri-Reagent (Sigma) according to the
manufacturer’s instruction. To prevent contamination by
genomic DNA, extracted RNA was treated with DNAase
(RQ1 RNase-Free DNase Promega) at 37°C for 30 min-
utes. cDNA was synthesized using the oligo(dT) protocol
contained in the Superscript First-Strand Synthesis Sys-
tem for RT-PCR (Life Technologies, Inc.). cDNA was am-
plified in a semiquantitative manner using primer sets
specific for the mouse p35 gene (forward primer: 5�

CATGCTCTGCAGGGATGTTA 3�, reverse primer: 5�
GAAATAGTGTGGGTCGGCAT 3�). The PCR reaction
was performed as follows: 94°C for 3 minutes, followed
by 35 cycles of 94°C for 1 minute, 56°C for 1 minute, and
72°C for 1 minute. PCR products were resolved on a 2%
agarose gel.

Results

CDK5 Is Increased in Protein Level During
Differentiation of Cultured Podocytes

We began by using heat-sensitive mouse podocytes in
culture. When grown under growth permissive condi-
tions, these cells dedifferentiate and proliferate; when
grown under restrictive conditions, they exit the cell cy-
cle, differentiate, and acquire a quiescent phenotype
similar to podocytes in vivo.17,20 As shown in Figure 1,
cyclins B1 and A are increased in proliferating podo-
cytes, grown under growth permissive conditions. In con-
trast, the protein levels for CDK5 were low in proliferating
podocytes. However, there was an increase in CDK5
protein levels in differentiating podocytes when cultured
under growth restrictive conditions (Figure 1). Actin was
used to confirm equivalence of protein loading. CDK5
expression was also demonstrated in cultured podocytes
by immunostaining. Consistent with the Western blot re-
sults, immunostaining for CDK5 was weak in proliferating
and dedifferentiated podocytes (Figure 2). However,
there was an increase in CDK5 staining in differentiated
and quiescent podocytes, with CDK5 being detected in
both the nucleus and cytoplasm, and abundant in cellular
processes (Figure 2).

Figure 1. Differential expression of cyclin-CDKs during podocyte differen-
tiation. The protein expression of cyclin-CDKs was measured by Western
blot analysis. The switch from a dedifferentiated and proliferating phenotype
to a differentiated and quiescent one was accompanied by a decrease in
cyclins A and B. In contrast, CDK5 levels increased. Actin staining confirms
equivalent protein loading.
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CDK5 Is Expressed During Glomerulogenesis
and in Adult Glomeruli

To test the hypothesis that CDK5 is also expressed in
differentiating podocytes in vivo, we examined kidneys
from normal embryonic mice. Our results showed faint
staining of CDK5 in most kidney cells including the met-
anephric mesenchyme and tubular structures. Weak
staining for CDK5 was also detected in early glomerular
structures including the vesicle and comma and
S-shaped bodies. In contrast, there was a marked in-
crease in CDK5 staining at the capillary loop stage, in a
distribution consistent with podocytes (Figure 3, A and

B). Immunostaining for CDK5 was intense in podocytes of
adult mice (Figure 3C). The specificity of the CDK5 anti-
body was confirmed by negative CDK5 staining in em-
bryonal kidneys of CDK5�/� mice (data not shown).

CDK5 Decreases in Proliferating Podocytes in
Experimental Glomerular Disease

We next determined if CDK5 protein levels were altered
after podocyte injury. Accordingly, we examined two
models of experimental podocyte injury (anti-GBM ne-
phritis and HIV nephropathy) and one model of glomer-

Figure 2. CDK5 immunostaining in cultured mouse podocytes. A: Faint staining for CDK5 was seen in dedifferentiated podocytes. B and C: Both nuclear and
cytoplasmic CDK5 immunostaining increased significantly in differentiated podocytes, with enhancement at the tips of cellular processes. D–F: Corresponding
phase contrast images. Original magnifications: �200 (A, B, D, E); �400 (C and F).
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ular disease (Habu nephritis) in which mesangial and
endothelial cells, but not podocytes, are injured.

We have previously reported that p21�/� mice exhibit
marked podocyte proliferation after the induction of glomer-
ulonephritis with an anti-GBM antibody, and therefore used
these mice to examine the expression of CDK5 in podocyte

proliferation in vivo.22 Our results showed that CDK5 stain-
ing was barely detected in areas of podocyte proliferation in
p21�/� nephritic mice (Figure 4B). In nephritic p21�/�
mice, podocyte proliferation is less marked, and although
CDK5 immunostaining decreased this was to a lesser ex-
tent compared to nephritic p21�/� mice (Figure 4C).

Figure 3. CDK5 immunostaining in mouse kidneys. A: CDK5 staining was faint in immature glomeruli (examples indicated by arrowheads) during glomeru-
logenesis in embryonic kidneys. In contrast, CDK5 staining was detected in mature glomeruli (examples indicated by arrows) in embryonic kidneys (E18). B and
C: CDK5 staining was abundant in podocytes in differentiated glomeruli of embryonic kidneys (E18) (B) and adult glomeruli (C). Original magnifications: �200
(A); �630 (B and C).

Figure 4. CDK5 immunostaining in experimental renal disease. A: CDK5 is expressed in podocytes in normal mouse glomeruli. B: Immunostaining for CDK5
decreases in podocytes in the anti-GBM mouse model in p21CIP1�/� mice, which is characterized by podocyte dedifferentiation and proliferation. C: CDK5
immunostaining decreased to a lesser extent in the anti-GBM mouse model in wild-type mice, which is typically associated with a less severe course than in the
p21CIP1�/� mice. D: CDK5 immunostaining decreased in podocytes in HIV transgenic mice, a second model characterized by podocyte dedifferentiation and
proliferation. E: CDK5 immunostaining in podocytes was not altered in Habu nephritis, which is characterized by mesangial cell injury. Original magnifications, �630.
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Previous studies have shown that HIV-1 transgenic
mice develop focal segmental glomerulosclerosis, ac-
companied by nephrotic syndrome and rapid progres-
sion to end-stage renal failure.23 However, before the
sclerotic changes, podocytes enter the cell cycle, simi-
larly to human HIV-associated nephropathy.29 In contrast
to the intense CDK5 staining of podocytes in normal
mice, CDK5 staining was barely detected in the podo-
cytes of HIV transgenic mice (Figure 4D). Finally, we also
determined CDK5 expression in the Habu nephritis
model in mice, which is characterized by mesangial cell
proliferation (and is not associated with podocyte inju-
ry).30 Figure 4E shows that podocyte immunostaining for
CDK5 was not altered in mice with Habu nephritis. Al-
though the number of CDK5-positive cells was reduced in
the area of mesangial expansion, this may be attributed to a
reduction in podocyte density consequent to the enlarge-
ment of the mesangial area, and the intensity of staining for
individual podocytes was unchanged from unmanipulated
animals. Taken together, these results show that CDK5 is
expressed in normal podocytes, and that levels decrease
when podocytes re-enter the cell cycle.

p35 Is Expressed in Glomeruli and Cultured
Podocytes and Activates CDK5

CDK5 is activated by p35 in neurons.14 To determine
whether p35 was also expressed in podocytes, we per-
formed immunostaining on adult mouse kidneys and cul-
tured podocytes. In the normal mouse glomeruli, p35

staining was detected in podocytes (Figure 5A). The spec-
ificity of p35 antibody was confirmed using a blocking pep-
tide, and by replacing it with normal rabbit IgG (data not
shown). Figure 5B shows that p35 staining was detected in
differentiated and quiescent podocytes in vitro, in a cyto-
plasmic distribution, and was abundant in cellular pro-
cesses. To confirm p35 transcription in vivo in glomeruli and
in vitro in podocytes, we measured p35 mRNA by RT-PCR.
Figure 5C shows that p35 mRNA was present in both iso-
lated rat glomeruli, and in differentiated and quiescent
podocytes.

We also examined the p35/CDK5 kinase activity in
isolated rat glomeruli and cultured podocytes by histone
H1 kinase assay. As shown in Figure 6, A and B, CDK5
was co-immunoprecipitated with p35, and the complex
was active. Our results also showed that the active p35/
CDK5 complex was predominantly in the membrane-rich
protein fraction compared to the cytoplasmic fraction
(Figure 6C).

CDK5 Contributes to Podocyte Cytoskeletal
Integrity and Morphology

Finally, we examined the functional role of CDK5 in podo-
cytes. Although the kidneys and podocytes of CDK5�/�
mice appear morphologically normal during embryogen-

Figure 5. p35 is expressed by podocytes. A: p35 immunostaining was abun-
dant in podocytes in normal mouse glomeruli. B: p35 immunostaining was
present in differentiated mouse podocytes in culture. C: p35 mRNA was
detected in podocytes by RT-PCR. Lane 1, DNA ladder; lane 2, H2O; lane 3,
H2O, DNase, reverse transcriptase; lanes 4 and 7, normal rat brain; lanes 5
and 8, normal rat sieved glomeruli; lanes 6 and 9, differentiated cultured
mouse podocytes. Lanes 4–6: With reverse transcriptase; lanes 7–9, without
reverse transcriptase. Original magnifications, �630 (A and B).

Figure 6. A: CDK5 complexes with p35 in podocytes. Protein from isolated
glomeruli and cultured mouse podocytes was immunoprecipitated with an
antibody to p35, and a Western blot performed for CDK5. No CDK5 bound
in a control immunoprecipitation using rabbit IgG. B: CDK5 is active in
podocytes. CDK5 activity was measured by the histone H1 kinase assay after
immunoprecipitation with an anti-p35 antibody. CDK5 was active in protein
derived from glomeruli and cultured differentiated podocytes. C: Subcellular
fractionation demonstrates localization of active CDK5/p35 to the plasma
membrane. Cytoplasmic and crude membrane fractions were isolated from
cultured differentiated podocytes, immunoprecipitated with an anti-p35 an-
tibody, and CDK5 activity measured by the histone H1 kinase assay. p35/
CDK5 activity was principally localized to the membrane fraction.
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esis21 (and our own observations), the role of CDK5 in
podocytes after birth is not known, as CDK5�/� mice
undergo perinatal lethality because of brain abnormali-
ties. Accordingly, to test the hypothesis that CDK5 has a
critical function in mature podocytes, we inhibited CDK5

in podocytes in culture. Our results showed that specifi-
cally inhibiting CDK5 in differentiated cultured podocytes
with roscovitine or alsterpaullone induced morphological
changes with cellular elongation and loss of processes
compared to the characteristic arborized phenotype (Fig-

Figure 7. A: Inhibiting CDK5 causes changes in podocyte morphology. a: Phase microscopy shows the normal cell morphology of differentiated podocytes in
vitro, with multiple arborizing cell processes. When CDK5 is inhibited with either roscovitine (b) or alsterpaullone (c), podocytes lose their normal shape and
become markedly elongated. B: Inhibiting CDK5 causes actin rearrangement. a: Immunofluorescent staining for actin shows that actin is normally arranged as long
stress fiber-like bundles (examples indicated by arrows) in control differentiated podocytes. Inhibiting CDK5 with either roscovitine (b) or alsterpaullone (c)
causes significant loss of these actin bundles. Original magnifications: �200 (A); �400 (B).
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ure 7A). Furthermore, these morphological changes were
associated with actin rearrangement. In untreated podo-
cytes, actin is distributed as long stress fiber-like bun-
dles.17 Inhibiting CDK5 activity with either roscovitine or

alsterpaullone was associated with loss of these actin
bundles in the cytoplasm before cells become elongated
(Figure 7B). To confirm the specificity of these results for
CDK5, we reduced CDK5 protein levels using siRNA

Figure 8. Specific inhibition of CDK5 with siRNA recapitulates the podocyte shape changes resulting from pharmacological inhibition. Differentiating mouse
podocytes at day 3 of growth restriction were transfected with control or CDK5-specific siRNA. After 48 hours, protein was harvested, and cells examined by phase
contrast microscopy and fixed for indirect immunofluorescence. A: Western blot of protein harvested from nontransfected (NT), control (Ctrl), and CDK5-specific
siRNA (siCDK5)-transfected podocytes, confirming knock down of CDK5 protein. GAPDH staining confirms equivalent protein loading. B, a–c: Phase contrast
microscopy of podocytes 48 hours after transfection with CDK5 siRNA demonstrates marked shape changes compared to non- and control-transfected cells, with
loss of cytoplasmic spreading and reduced process formation. d–f: Corresponding fluorescent microscopy confirms transfection efficiency by detection of uptake
of fluorescein isothiocyanate-labeled oligonucleotides. g–i: Actin immunostaining demonstrates the presence of stress fibers in both the non- and control-
transfected cells, which is lost in the cells transfected with CDK5 siRNA. Original magnifications: �200 (a–f); �400 (g–i).
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(Figure 8A). Cells transfected with CDK5-specific siRNA
were smaller and more elongated than controls, with a
loss of process formation (Figure 8B). Similarly to phar-
macological inhibition of CDK5 activity, there was marked
actin rearrangement with loss of the typical transverse
stress fibers (Figure 8B).

Discussion

The podocyte, or visceral glomerular epithelial cell,
shares many similarities with neurons: both are special-
ized, terminally differentiated cells, with a complex cyto-
architecture and extensive, highly organized cell pro-
cesses. Podocytes do not typically re-enter the cell cycle
after injury, although under unusual circumstances podo-
cytes will dedifferentiate and proliferate. Studies have
shown that the inability to proliferate and replace those
lost by detachment and apoptosis contributes to the de-
velopment of glomerulosclerosis.2 Conversely, the poor
outcome of conditions associated with aberrant podocyte
proliferation underscores the importance of the mainte-
nance of the mature differentiated phenotype for glomerular
function. Therefore the regulation of podocyte proliferation
and differentiation are critical in our understanding of
glomerular disease.

The first finding in the current study was that de novo
expression of CDK5 occurs in differentiating embryonal
podocytes, and this persists in mature adult glomeruli.
Similarly, in cultured podocytes, CDK5 expression in-
creased during the switch from a nondifferentiated and
proliferating phenotype, to a differentiated and quiescent
one. In the kidney, CDK5 itself does not seem to be
essential for morphological differentiation of podocytes
before birth, as we have found that CDK5�/� mice have
normal kidney development up to embryonal day 18
(data not shown). However the precise physiological role
of CDK5 in podocytes after birth and in the adult remains
undefined, because of the lethality of CDK5 deletion.21

Recently, a requirement for CDK5 has been reported in
the differentiation of myoblasts31 and lens epithelial
cells,32 the maturation of human hematopoietic cells to
the monocytic lineage,33 and in the apoptosis associated
with tissue remodeling during development.34 We
present evidence that podocytes may now be added to
the list of cells in which active CDK5 is constitutively
expressed.

The second finding in the current study was that CDK5
is complexed with p35, and that p35-CDK5 complexes
are active in both isolated glomeruli and cultured podo-
cytes. Although CDK5 is present in many cell types,
CDK5 activity was initially thought to be restricted to the
nervous system, as expression of its activator protein,
p35, is limited to neuronal cells.12 The immunohistochem-
ical and immunofluorescent results in our study indicate
the presence of CDK5 in the both the nucleus and cyto-
plasm of podocytes in vivo and in vitro. In contrast, stain-
ing for p35 was primarily restricted to the cytoplasm. The
subcellular fractionation study showed that active p35/
CDK5 localized predominantly to the plasma membrane
in podocytes, suggesting that CDK5 elsewhere in the cell

is either unbound, or complexed with other binding part-
ners. We found that in both the nuclear and cytoplasmic
fractions, CDK5 binds to cyclin D3, however this complex
has no phosphorylating activity in the histone kinase assay
(data not shown), suggesting an additional role for CDK5.

Little is known about the expression of CDK5 in inflam-
matory disease. It has previously been shown that podo-
cytes dedifferentiate, and re-engage the cell cycle, in
experimental HIV-associated nephropathy35 and in ex-
perimental anti-GBM nephritis.22 The third finding in this
study was that in these disease models, podocyte dedi-
fferentiation and proliferation is coincident with a marked
decrease in CDK5 immunostaining. In contrast, CDK5
immunostaining was unaltered in an experimental model
of mesangial cell injury (Habu nephritis). The correlation
between reduced CDK5 expression and dedifferentiation
in vivo, which is similar to the in vitro results, strongly
implicates a role for CDK5 in maintaining the mature
podocyte phenotype, and thus functional integrity. To
further explore the role of CDK5 in podocytes, we inhib-
ited CDK5 activity in cultured podocytes, both pharma-
cologically, and specifically with siRNA. Our results
showed that inhibiting CDK5 caused marked changes in
podocyte shape, with a concomitant dramatic reorgani-
zation of the actin cytoskeleton. These results indicate
that CDK5 is involved in maintaining podocyte morphol-
ogy, which is critical for its highly specialized function.

In summary, in this study we show that CDK5 is ex-
pressed in differentiated and quiescent podocytes in vitro
and in vivo, and levels decrease during dedifferentiation
and proliferation in podocytes in vitro and in experimental
glomerular disease. In podocytes, CDK5 is activated by
p35. Our results showed that a novel function for CDK5 is
maintaining podocyte cytoskeletal structure, a prerequi-
site for the differentiated phenotype. Taken together, this
study demonstrates that CDK5 is a regulator of podocyte
differentiation, proliferation, and morphology.
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