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The proliferative response of podocytes to injury de-
termines the histological phenotype. Moreover, an
apparent lack of podocyte proliferation may underlie
the development of glomerulosclerosis. Podocyte
proliferation is closely linked with its state of differ-
entiation. However, the mechanisms regulating these
processes are not fully elucidated. Because D-type cy-
clins have been shown to be important in the regula-
tion of proliferation and differentiation, we exam-
ined their expression in podocytes in vitro and in
vivo. The glomerular expression of cyclins D1 and D3
was examined in vitro in cultured immortalized podo-
cytes by immunostaining and Western blot analysis,
and in embryonic mice and rats, the passive Hey-
mann nephritis model of experimental membranous
nephropathy in rats, and human immunodeficiency
virus (HIV)-transgenic mice. Kidneys from cyclin D1
knockout mice were also examined. Cyclin D1 was
abundant in cultured proliferating podocytes, but not
in quiescent differentiated podocytes. In contrast, cy-
clin D3 was abundant in differentiated, but not pro-
liferating podocytes. Cyclin D1 was expressed in em-
bryonic mouse and rat glomeruli during the S- and
comma-shaped stages, and was absent in podocytes at
the capillary loop stage and in mature rodent glomer-
uli. Cyclin D1 protein increased after injury in passive
Heymann nephritis rats and in HIV-transgenic mice.
Cyclin D3 was constitutively and specifically ex-
pressed in podocytes in normal rodent glomeruli ,
and decreases during dedifferentiation and prolifera-
tion in HIV-transgenic mice. Kidneys from cyclin
D1�/� mice were normal with the podocytes ex-
pressing specific differentiation markers. Cyclin D1 is
not necessary for the terminal differentiation of
podocytes, and expression coincides with cell-cycle
entry. In contrast, cyclin D3 expression coincides
with podocyte differentiation and quiescence. (Am J
Pathol 2004, 164:1417–1424)

Podocytes are highly specialized, terminally differentiated
cells that line the glomerular basement membrane. Critical
functions include preventing proteinuria, and also to coun-
teract the changes in pressure within the glomerular capil-
lary tuft.1 Podocytes proliferate during glomerulogenesis
until they develop their characteristic morphology during
the capillary loop stage, when they exit the cell cycle and
become quiescent.2 Recent studies have shown that podo-
cytes do enter the cell cycle after injury, but their capacity to
progress through the cell cycle and proliferate depends on
the form of glomerular disease.3 For example, podocytes
proliferate in collapsing focal segmental glomerulosclerosis
(FSGS) and human immunodeficiency virus (HIV)-associ-
ated nephropathy, but do not proliferate in membranous
nephropathy and classic FSGS.4–6

Proliferation is governed at the level of the cell cycle by
specific cell-cycle regulatory proteins. This requires that
cyclin-dependent kinases (Cdks) are activated by part-
ner cyclins.7 In contrast, proliferation is inhibited by Cdk
inhibitors that bind to and inactivate cyclin-Cdk complex-
es.8 D-type cyclins (D1, D2, and D3) complex with Cdk4
or Cdk6, which are essential for early G1 entry. Active
cyclin D-Cdk4 and -Cdk6 complexes phosphorylate the
retinoblastoma protein, which is required for progression
past the restriction point that obligates the cell to finish
the cell cycle.9

To examine the role of D-type cyclins in podocyte
proliferation and differentiation, we studied the expres-
sion of cyclin D1 and cyclin D3 during glomerulogenesis,
experimental podocyte injury, and in vitro. Our results
showed that cyclin D1 staining coincided with prolifera-
tion, and cyclin D3 with differentiation.

Materials and Methods

Experimental Design

The expression of cyclin D1 and cyclin D3 was examined
in podocytes in vitro and in vivo.
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In Vivo Studies

Glomerulogenesis: Podocytes proliferate during glo-
merulogenesis, and cease to proliferate on maturation.10

To examine the expression of cyclins D1 and D3 during
glomerulogenesis, mouse embryonal kidneys were dis-
sected at days E15, E18, and E21, and at birth (n � 6 per
time point) and fixed in paraffin for immunostaining (see
below).

Passive Heymann Nephritis (PHN) Model: The PHN
model of experimental membranous nephropathy was
induced in male Sprague-Dawley rats (Simson, Gilroy,
CA) weighing 180 to 200 g by intraperitoneal injection of
sheep antibody to Fx1A (5 ml/kg body wt) prepared as
previously described.11 Control animals were injected
with normal sheep serum. PHN and control animals were
sacrificed at days 3, 5, 10, and 30 (n � 6 per group at
each time point). Previous studies have shown that giving
basic fibroblast growth factor (bFGF) to PHN rats aug-
ments podocyte injury.12 To determine the effects of
bFGF on the expression of D-type cyclins in rats with
PHN, an additional six PHN rats were injected intrave-
nously with human recombinant bFGF (5 �g/200 g ani-
mal; gift of M Reidy, Ph.D., University of Washington,
Seattle, WA) on days 3 and 4 and sacrificed on day 5. A
24-hour urine collection was performed on control and
PHN rats before sacrifice, and urine protein excretion
was determined in control and PHN animals by the sul-
fasalicylic acid method as previously reported.13 At sac-
rifice, renal biopsies were taken from control and PHN
rats, and glomeruli were isolated by the sieving method
as we have previously reported.11

HIV Transgenic Mice: We also studied HIV transgenic
mice that are characterized by podocyte proliferation as
previously reported.14 In brief, transgenic mice bearing a
GAG-Pol deleted genome and control wild-type mice
were studied at weeks 6, 10, and 35 (n � 4 per time
point). Renal biopsies were paraffin-embedded for immu-
nostaining.

Thy1 Nephritis: As an additional control for cyclin D1
expression, we used the Thy1 model of experimental
mesangial proliferative glomerulonephritis that was in-
duced in 180 to 220 g male Wistar rats (Simson) by an
intravenous injection of goat anti-thymocyte plasma (0.35
ml/100 g body wt).15 Rats were sacrificed on day 5 (n �
6), when renal biopsies were taken from each animal for
immunostaining.

Cyclin D1�/� Mice: Finally, to determine whether cy-
clin D1 is essential for podocyte differentiation, kidney
tissue from newborn and 4-month-old adult cyclin D1�/�
mice (gift of Dr. V. Fantl, Cancer Research UK, London
Research Institute, London, UK) was analyzed for the
expression of cyclin D1, cyclin D3, and podocyte-spe-
cific markers.16

In Vitro Studies

To determine the expression of cyclins D1 and D3
during proliferation and differentiation in cultured podo-
cytes, we used conditionally immortalized mouse podo-
cytes in vitro as reported previously.17 Podocytes were

grown in uncoated culture plates at 33°C in the presence
of 20 U/ml mouse recombinant interferon-� (Sigma
Chemical Co., St. Louis, MO) to enhance expression of a
thermosensitive T antigen. Under these conditions, cells
proliferate and are undifferentiated. To induce differenti-
ation and reduce proliferation, podocytes were grown at
37°C in the absence of interferon-� for 14 days.

For Western blot analysis, protein was isolated both
from undifferentiated (and proliferating) podocytes, and
from podocytes 3 and 5 days after the induction of dif-
ferentiation and quiescence.

Immunostaining

Renal biopsies from mice during glomerulogenesis, rats
with PHN and Thy1 nephritis, HIV-transgenic mice, and
cyclin D1�/� mice were fixed in formalin, embedded in
paraffin, and cut into 4-�m-thick sections. Indirect immu-
noperoxidase immunostaining was performed as previ-
ously reported using the following primary antibodies
incubated overnight at 4°C: cyclin D1 (1:1000, mouse
monoclonal, clone DCS-6; Oncogene, Boston, MA), cy-
clin D1 (1:600, mouse monoclonal, MS-210; Neomarkers,
Fremont, CA), cyclin D1 (1:100, mouse monoclonal,
clone A-12; Santa Cruz, Santa Cruz, CA), cyclin D3 (1:
300, mouse monoclonal, clone DCS-22; Neomarkers),
WT-1 (1:1200, rabbit polyclonal, clone C-19; Santa Cruz),
Synaptopodin (1:50, gift of Dr. Peter Mundel, Depart-
ments of Medicine and Anatomy, Albert Einstein College,
Bronx, NY) and Glepp1 (1:50; gift of Dr. Roger Wiggins,
Department of Internal Medicine, University of Michigan,
Ann Arbor, MI). Controls for this step included omitting
the primary antibody and substituting the primary anti-
body with preimmune mouse serum, and tissue from
cyclin D1�/� mice to ensure antibody specificity for
cyclin D1.

Tissue sections were boiled in citric acid (10 mmol/L,
pH 6.0) for 10 minutes to unmask the antigens. Nonspe-
cific background staining was reduced with the avidin/
biotin blocking kit (SP-2001; Vector Laboratories, Inc.,
Burlingame, CA) and Background Buster (Accurate
Chemical and Scientific Corp., Westbury, NY). A biotin-
ylated horse anti-mouse secondary antibody (1:400, BA-
2001; Vector Laboratories, Inc.) was then added, and
detection was performed using the ABC-Kit (Vector Lab-
oratories, Inc.). Black nuclear staining was detected us-
ing diaminobenzidine (Sigma Chemical Co.) with nickel
as a chromogen.

In PHN rats, detection of sheep IgG and C5b-9 in
glomeruli was performed by direct (sheep IgG) and indirect
(C5b-9) immunofluorescence staining on 4-�m frozen
sections fixed in ether/alcohol as described elsewhere.11

Sections were stained with fluorescein-conjugated rabbit
anti-sheep IgG (Organon Teknika Corp., West Chester,
PA) or biotinylated 2A1, a murine monoclonal antibody
to rat C5b-9, followed by fluorescein-conjugated
streptavidin (Amersham, Arlington Heights, IL). Peri-
odic acid-Schiff staining was performed as previously
reported.11
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Quantitation of Immunostaining

The glomerular expression of each cell-cycle protein was
graded semiquantitatively in a blinded manner in PHN
and control rats at each time point. Thirty glomerular
cross sections were evaluated in individual samples by
counting the number of cells staining positive for each
antigen. Mean values per time point were calculated and
the results were expressed as the number of cells stain-
ing positive per 30 glomerular cross sections.

Western Blot Analysis and Immunoprecipitation

Glomeruli were isolated from the renal cortex of PHN and
control rats by differential sieving as previously de-
scribed.11 Glomerular cells were disrupted by a combi-
nation of freezing/thawing and sonication. To extract glo-
merular protein, glomeruli were resuspended in a buffer
containing 1% Triton, 10% glycerol, 20 mmol/L HEPES,
100 mmol/L NaCl with a mixture of protease inhibitors.
After centrifugation at 14,000 rpm for 10 minutes, protein
concentration was measured by BCA protein assay
(Pierce, Rockford, IL). Glomerular protein extracts (20 to
50 �g) were separated under reduced conditions on a
15% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gel. Protein was transferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA) by elec-
troblotting and blocked in 5% nonfat dried milk for 30
minutes before incubation with antibodies to cyclin D1
(1:200, clone DCS-6; Oncogene) or cyclin D3 (1:200,
clone DCS-22; Neomarkers). An alkaline phosphatase-
conjugated secondary antibody was used (Promega,
Madison, WI) with BCIP/NBT (Sigma) as substrate. To
determine whether cyclin D1 and/or D3 co-immunopre-
cipitated with CDK4, 200 �g of glomerular protein from
PHN day 5 and control animals were incubated with 4 �l
of antibody against cdk4 (mouse monoclonal, clone
DCS-35; Chemicon Int., Temecula, CA) at 4°C for 1 hour
and precipitated after incubation with Protein G Sepha-
rose 4 Fast Flow (Amersham Pharmacia) for another hour.
The pellet was boiled in sodium dodecyl sulfate-buffer
and the supernatant transferred to a 15% sodium dode-
cyl sulfate-gel. This experiment was repeated three
times.

Immunofluorescence in Cultured Cells

For immunostaining, podocytes grown under proliferating
(undifferentiated) and quiescent (differentiated) condi-
tions, were fixed for 20 minutes in methanol:acetone (1:1)
at �20°C, air-dried for 15 minutes, rehydrated with phos-
phate-buffered saline, and permeabilized with 0.1% Non-
idet P-40. Cells were stained with monoclonal antibodies
for cyclin D1 (1:20, clone DCS-6; Oncogene) and cyclin
D3 (1:40, clone DCS-22; Neomarkers) overnight. This
was followed by a biotinylated horse anti-mouse second-
ary antibody (1:100; Vector Laboratories, Inc.) the next
day and then a fluorescein-conjugated streptavidin (1:
100; Amersham Biosciences Corp., Piscataway, NJ).
Controls for this step included omitting the primary anti-
body. Immunostaining was analyzed by fluorescence mi-
croscopy.

Results

Differential Expression of D-Type Cyclins During
Glomerulogenesis

To determine the expression of early G1-phase cell-cycle
proteins during glomerulogenesis, the expression of cy-
clin D1 and cyclin D3 were measured in embryonal mice
by immunohistochemistry. Staining for cyclin D1 was
abundant in podocyte precursor cells in renal vesicles,
and the comma- and S-shaped bodies (Figure 1, A and
B). In contrast, Figure 1 shows that cyclin D1 staining was
not detected in a typical podocyte localization during the
capillary loop stage (Figure 1B, asterisks), nor in the
normal mature rat glomerulus (Figure 1C). Similar results
were obtained with two different antibodies recognizing
cyclin D1.

Our results showed that the glomerular expression of
cyclin D3 was the mirror image of cyclin D1. Figure 2A
shows that cyclin D3 staining was absent in immature
glomeruli, and was first detected at the capillary loop
stage, and this was in a typical podocyte distribution
(Figure 2B, arrows). Cyclin D3 staining was detected in
podocytes in adult rats (Figure 2C) and mice (not shown),

Figure 1. Immunostaining for cyclin D1. A: Low-magnification view of embryonic mouse kidney at E21, showing positive cyclin D1 immunostaining in the
immature cortical glomeruli. B: Higher power view showing that cyclin D1 is detected in vesicular-, comma-, and S-shaped bodies (arrows). In capillary loop
glomeruli, positive staining in a nonpodocyte-specific distribution can be seen (asterisks). C: Cyclin D1 staining is not detected in the normal rat glomerulus.
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but was not detected in glomerular endothelial and mes-
angial cells.

Cyclin D1, but Not Cyclin D3, Is Increased in
PHN

To determine whether C5b-9-induced podocyte injury
increased cyclin D1 levels, we used the passive Hey-
mann nephritis (PHN) model of experimental membra-
nous nephropathy. Cyclin D1 immunostaining increased
specifically in podocytes at PHN day 5 (Figure 3A). The
number of podocytes staining positive for cyclin D1 was
further augmented by giving bFGF to PHN rats (Table 1).
Cyclin D1 immunostaining was also detected on day 30,
although the peak was day 5 (Table 1). The increase in
cyclin D1 protein levels was confirmed by Western blot
analysis performed on isolated glomeruli from day 5 PHN
rats (Figure 4).

Cyclin D3 is present in normal adult rat podocytes
(Figure 2C). In contrast to an increase in cyclin D1, there
were no statistical differences in the number of podo-
cytes staining positive for cyclin D3 in PHN rats (Figure
3C and Table 1). This result was confirmed by Western
blot analysis (Figure 4A).

Cyclin D1 is the catalytic partner for CDK4.18 We next
determined if cyclin D1 complexed with CDK4 in PHN
rats by performing immunoprecipitation studies on glo-
merular protein. Figure 4C demonstrates that cyclin D1
did not immunoprecipitate with CDK4 in control animals
(lane 1). In contrast, cyclin D1 co-immunoprecipitated
with Cdk4 in PHN rats at day 5 (lane 2). Interestingly
cyclin D3 did not complex with Cdk4 in control and PHN
animals (Figure 4).

Switch from Cyclin D3 to Cyclin D1 in HIV

Previous studies have shown that podocytes dedifferen-
tiate and proliferate in HIV-transgenic mice19 a finding
analogous to that seen during glomerulogenesis. We ex-
amined the expression of cyclin D1 and cyclin D3 in mice
transgenic for HIV. There was an increase in cyclin D1
immunostaining during the acute inflammatory phase,

which is characterized by podocyte proliferation in
6-week-old HIV mice, and the increase localized specif-
ically to podocytes (Figure 3B). In contrast, cyclin D1
staining was not detected in 12-week-old HIV-transgenic
mice when proliferation was absent in scarred glomeruli
(not shown).

In contrast to the increase in cyclin D1, there was a
marked decrease in cyclin D3 in podocytes in HIV mice
at 6 weeks, and the decrease persisted at 12 weeks
(Figure 3D). The decrease in cyclin D3 preceded podo-
cyte proliferation because otherwise unaffected appear-
ing podocytes had already lost cyclin D3 expression.

Switch from Cyclin D1 to Cyclin D3 During
Differentiation in Podocytes in Vitro

Conditionally immortalized mouse podocytes are charac-
terized by proliferation when grown in the presence of
interferon at 33°C, and quiescence when grown without
interferon at 37°C. The switch from a proliferating to a
quiescent phenotype was associated with a decrease in
cyclin D1 protein levels (Figure 5a). In contrast, the onset
of the differentiated phenotype coincided with a marked
increase in cyclin D3 (Figure 5a). The changes in cyclin
D1 and D3 protein levels measured by Western blot
analysis were confirmed by immunofluorescent staining
(Figure 5b).

Cyclin D�/� Mice Have Normal Glomerular
Architecture

Cyclin D1�/� mice have a reduced birth weight and
remain small during subsequent growth to adulthood
compared to control wild-type mice.16,20 Our results
showed that periodic acid-Schiff staining did not reveal
any abnormalities in renal architecture (not shown). More-
over, immunostaining for markers of podocyte maturity,
including WT-1 (Figure 6A), synaptopodin (Figure 6B),
and Glepp1 (not shown) were normal in cyclin D1�/�
mice, and similar to control cyclin D1�/� mice. Finally,
cyclin D3 immunostaining was normal in cyclin D1�/�

Figure 2. Cyclin D3 immunostaining. A: Low-magnification view of embryonal mouse kidney at E21, showing that cyclin D3 immunostaining was not detected
in the outer cortical immature glomeruli, but was present in the deeper cortex in more mature glomeruli. B: Higher power view showing that cyclin D3 is detected
in mature glomeruli in a typical podocyte localization (arrows). No cyclin D3 can be detected in vesicular-, comma-, and S-shaped bodies. C: Cyclin D3 is
constitutively expressed in podocytes in normal adult rat glomeruli.

1420 Petermann et al
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mice (not shown). These results show that cyclin D1
alone is not required for normal glomerular development
and podocyte differentiation.

Specificity of Antibodies

The antibodies used to detect cyclin D1 and cyclin D3
are commercially available mouse monoclonal antibod-
ies. However, a potential problem is that D-type cyclins

may cross-react with one another, because of partial
sequence similarities between the three cyclin D iso-
forms.21 Accordingly, to ensure antibody specificity, we
performed the following experiments. First, we used tis-
sue from the Thy1 model of glomerulonephritis as a pos-
itive control for proliferating mesangial cells. Mesangial
cell proliferation in this model was associated with an
increase in cyclin D1 staining in mesangial cells at day 5
(data not shown). In contrast, cyclin D3 staining did not

Figure 3. Immunostaining for cyclins D1 and D3 in PHN rats and HIV-transgenic mice. A: Immunostaining for cyclin D1 was increased in PHN rats at day 5, and
this was in a typical podocyte localization. B: Cyclin D1 staining increased in HIV-transgenic mice at 6 weeks. C: Cyclin D3 immunostaining was detected in
podocytes of PHN rats at day 5, and was unchanged compared to normal. D: In HIV-transgenic mice, podocyte dedifferentiation and proliferation was associated
with a decrease in cyclin D3 staining.

Table 1. Quantitation of Cyclin D1 and Cyclin D3 in PHN

Control day 5
(number of positive
cells/30 glomeruli)

PHN day 5
(number of positive
cells/30 glomeruli)

PHN day 5 � bFGF
(number of positive
cells/30 glomeruli)

PHN day 30
(number of positive
cells/30 glomeruli)

Cyclin D1 6.5 � 2.1 69.8 � 17.9* 104.3 � 16.1*† 37.8 � 7.9
Cyclin D3 127.7 � 17 132.4 � 18.4 130.3 � 32.6 137.3 � 15.3

The number of glomerular cells staining positive for each D-type cyclin was quantitated in control and PHN rats. The values expressed are the
mean � SD from six animals at each time point.

*P � 0.05 compared to control animals.
†P � 0.01 compared to control animals.

Podocytes and D-Type Cyclins 1421
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change in proliferating mesangial cells (not shown). Sec-
ond, we used kidneys and spleens from cyclin D1 knock-
out (�/�) mice as negative controls for cyclin D1 stain-
ing. As expected, staining for cyclin D1 was absent in

tissue from these �/� mice (data not shown). However,
cyclin D3 staining was detected in podocytes in cyclin
D1�/� mice. Third, we stained embryonal kidneys from
cyclin D1 knockout (�/�) mice with a commercially avail-
able mouse monoclonal antibody used by other groups
to stain kidneys. Our results showed that the Santa Cruz
cyclin D1 antibody stained podocytes from cyclin D1�/�
mice (Figure 7, A and B). Thus, this antibody must cross-
react with an antigen on podocytes that is not cyclin D1.
Fourth, Western blot analysis showed a double band for
cyclin D1 at 36 kd (corresponding to the active phosphor-
ylated and inactive unphosphorylated forms), which mi-
grate slower than cyclin D3 at 34 kd (not shown). Fifth we
repeated the immunostaining and Western blot analysis
with a second and different monoclonal antibody that
also recognizes cyclin D1, and the results were identical
to those using the first antibody. Finally Cdk4 has been
reported to be the catalytic subunit of cyclin D1. We
showed that cyclin D1, and not cyclin D3, co-immuno-
precipitated with Cdk4 in glomerular protein from PHN
rats, but not from controls (Figure 4C).

Discussion

Mature podocytes are terminally differentiated and qui-
escent cells.1 However, the proliferative response deter-
mines the nature of the glomerular lesion after injury in
glomerular disease. In classic FSGS, membranous ne-
phropathy and minimal change disease, podocytes do
not proliferate.22 In contrast, podocytes proliferate in HIV
nephropathy, cellular FSGS, and collapsing FSGS.4,5

Thus, the mechanisms regulating podocyte proliferation
are of importance. The results in this study show for the
first time that cyclin D1 is not essential for podocyte
development, but levels increase in the podocyte in re-
sponse to injury. We show that in contrast, the expression
of cyclin D3 coincides with a differentiated and quiescent
podocyte phenotype.

The D-type cyclins (D1, D2, and D3) have a molecular
weight of 34 to 36 kd, and share 57% identity throughout
the entire coding region.21 Despite this, the expression of
D-type cyclins differs from one cell type to another. Fur-
thermore, the function of D-type cyclins may not be sim-
ilar.18 Our first major finding was that podocyte differen-
tiation in vitro and in vivo coincided with a decrease in
cyclin D1 staining. The decrease in cyclin D1 expression
was first detected at the capillary loop stage during glo-
merulogenesis. Similarly, cyclin D1 expression de-
creased when cultured mouse podocytes were switched
from growth-permissive cell culture conditions (prolifera-
tive phenotype) to growth-restrictive conditions (quies-
cent phenotype). Moreover, our data showed that cyclin
D1 knockout mice had a normal differentiated podocyte
phenotype, despite being smaller than control wild-type
mice.16,20 We also examined the expression of cyclin D1
in two models of podocyte injury. Cyclin D1 levels in-
creased in PHN rats and in HIV-transgenic mice, and the
increase coincided with entry into the cell cycle.

The classic role for cyclin D1 is to initiate cell cycle
entry in early G1.23 Cyclin D1 levels increase transiently in

Figure 4. Western blot analysis for cyclin D1 and cyclin D3 on glomerular
protein from PHN rats. A: There was an increase in cyclin D1 protein
expression in glomerular protein from day 5 PHN animals (lane 2) compared
to control (lane 1), and the increase was more pronounced in PHN rats given
bFGF (lane 3). Lane 4 shows that cyclin D1 levels normalized by day 30
PHN. Cyclin D3 protein levels were not changed in PHN. B: Quantification of
the Western blots further shows that cyclin D1 levels increase in PHN,
however, cyclin D3 levels did not change significantly. C: Co-immunopre-
cipitating glomerular protein from PHN day 5 rats with an antibody to cdk4
showed a positive signal for cyclin D1 (lane 2), which was absent in
glomerular protein from control rats (lane 1).

Figure 5. A: Western blot analysis for cyclin D1 and cyclin D3 in condition-
ally immortalized podocytes in vitro. Cyclin D1 was abundant in proliferating
podocytes grown under permissive conditions. The levels of cyclin D1
decreased when podocytes were grown under restrictive conditions, and this
coincided with a decrease in proliferation, and the development of a differ-
entiated phenotype. There was a progressive increase in cyclin D3 levels
when grown under restrictive conditions, compared to permissive condi-
tions. Tubulin was used to assure equal loading. b: Immunofluorescence for
cyclin D1 and cyclin D3 in conditionally immortalized podocytes. Cyclin D1
stains positive in proliferating podocytes grown under permissive conditions
(b), and is barely detected under growth restrictive conditions (D). Hoechst
staining was used as a nuclear counterstain (A and C). Cyclin D3 staining was
not detected in proliferating podocytes (F), but was abundant in quiescent
and differentiated podocytes grown under growth restrictive conditions (H).
Hoechst staining was used as a nuclear counterstain (E, G).

1422 Petermann et al
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response to mitogenic stimuli. Cyclin D1 binds to, and
activates Cdk4 and Cdk6, and thus is critical for the
phosphorylation of the retinoblastoma protein and cell
cycle progression.18 Indeed, our results showed that af-
ter podocyte injury in PHN rats and HIV-transgenic mice,
cyclin D1 immunostaining increased significantly. This
was associated with cell cycle entry, as judged by mark-
ers of DNA synthesis. Taken together, our data suggest
that cyclin D1 is present in immature and proliferating
podocytes during glomerulogenesis, and that exit from the
cell cycle on differentiation is accompanied by reduced
expression. However, cell cycle entry after podocyte injury
coincided with an increase in cyclin D1 staining. As would
be expected cyclin D1 co-immunoprecipitated with Cdk4 in
PHN animals but not in control animals. The immunopre-
cipitation band was identical with the upper phosphorylated
and so active form of cyclin D1. Taken together, this data
shows that cyclin D1 is not required for normal podocyte
differentiation, but rather, levels increase on cell cycle entry.

Our data differs from that of Barasoni and colleagues19

and Nagata and colleagues,2 who showed that cyclin D1

staining increases during the capillary loop stage, and
that cyclin D1 is present in normal rodent glomeruli in
podocytes. We asked if the difference in our studies was
because of antibody specificity, and we therefore exten-
sively characterized the antibodies used in the current
study, confirming that both cyclin D1 antibodies were
indeed specific. We wondered if the Santa Cruz anti-
cyclin D1 antibody used by other groups to identify cyclin
D1 was cross-reacting with another antigen on podo-
cytes. Indeed, our data showed that podocytes in cyclin
D1�/� mice stained positive using the Santa Cruz anti-
body. Staining was also positive in cyclin D1�/� mice
using the Santa Cruz antibody. The antigen used to de-
velop this antibody was full-length cyclin D1 of human
origin. Therefore, because of the high homology of the
different cyclin D isoforms, one interpretation of the stud-
ies by Barasoni and colleagues19 and Nagata and col-
leagues2 is that the Santa Cruz antibody cross-reacts
with cyclin D2 and/or D3. This possibility was also raised
by the manufacturer.

Figure 6. Detection of podocyte-specific proteins in cyclin D1�/� mice. Podocytes from adult cyclin D1�/� mice express WT-1 (A) and synaptopodin (B)
markers of mature podocytes.

Figure 7. Specificity of Santa Cruz cyclin D1 antibody. Cyclin D�/� mice immunostained with the cyclin D1 antibody from Santa Cruz showed positive staining
in a podocyte distribution. A: Low-power field; B: high-power field.

Podocytes and D-Type Cyclins 1423
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Barasoni and colleagues19 and Nagata and colleagues,2

suggested that cyclin D1 is required for normal podocyte
differentiation. Our data also contradict this, because cyclin
D1�/� mice do not have any abnormalities in podocyte
differentiation. Park and colleagues24 have shown a role for
cyclin D1 after induction of experimental tubular ischemia
coinciding with tubular cell proliferation.

Our second major finding in this study was that cyclin
D3 expression correlated with podocyte differentiation.
Cyclin D3 staining was first detected on acquiring a
mature phenotype during glomerulogenesis. Moreover,
cyclin D3 levels increased in cultured podocytes on dif-
ferentiation. These results are therefore the mirror image
to cyclin D1. Our data also showed that cyclin D3 levels
decreased in proliferating podocytes in HIV-transgenic
mice, but not in podocytes in PHN rats, where podocytes
maintain their differentiated phenotype.

A role for cyclin D3 has previously been shown in
nonrenal cell differentiation. Cyclin D3 increases during
myoblast transformation to quiescent myotubes,25,26,
and cyclin D3 is required for megakaryocytopoiesis.27,28

In skeletal muscle and sqamous epithelia, proliferation is
associated with increased cyclin D1 levels, whereas dif-
ferentiation is associated with cyclin D3 in these cell
types.29 Thus, our data in podocytes are similar to other
nonrenal cell types. Taken together, our results are con-
sistent with the notion that cyclin D3 may be critical in
podocyte differentiation and therefore the maintenance of
podocyte quiescence. We await the possibility to exam-
ine cyclin D3�/� mice when available.

Based on this study, we propose that cyclin D1 in-
creases during the proliferative phase of glomerulogen-
esis, in proliferating podocytes in vitro, and during cell
cycle re-entry after injury. We propose that the switch
from cyclin D1 to cyclin D3 occurs during podocyte mat-
uration, which may be necessary to maintain podocytes
in quiescence. To proliferate, cyclin D1 levels must in-
crease, and cyclin D3 levels decrease. This study there-
fore shows novel roles for D-type cyclins in podocytes.
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