The Role of Cell Cycle Proteins in Glomerular Disease
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Although initially identified and characterized as regulators of the cell cycle and hence proliferation, an extended
role for cell cycle proteins has been appreciated more recently in a number of physiologic and pathologic
processes, including development, differentiation, hypertrophy, and apoptosis. Their precise contribution to the
cellular response to injury appears to be dependent on both the cell type and the nature of the initiating injury. The
glomerulus offers a remarkable situation in which to study the cell cycle proteins, as each of the 3 major resident
cell types (the mesangial cell, podocyte, and glomerular endothelial cell) has a specific pattern of cell cycle protein
expression when quiescent and responds uniquely after injury. Defining their roles may lead to potential thera-

peutic strategies in glomerular disease.
© 2003 Elsevier Inc. All rights reserved.

HE TYPICAL clinical classification of glo-

merular diseases is division into those associ-
ated with either the nephritic or nephrotic syn-
dromes. However, it may be more relevant to the
underlying pathophysiology to consider the princi-
pa resident cell type injured. Thus, glomerular
diseases may be classified as a consequence of
injury primarily to the mesangial cells, podocytes,
or glomerular endothelial cells. Depending on the
cell type and form of injury, glomerular cells may
respond by undergoing proliferation, hypertrophy,
apoptosis, or necrosis. Each response to injury is
central to the development of the histologic and
clinical hallmarks of different glomerular diseases.
A common denominator of these cellular eventsis
that they are all ultimately regulated at the level of
the cell cycle by specific cell cycle regulatory
proteins. Although originally described and named
for their role as coordinators of cell cycle progres-
sion and proliferation,® recent research has de-
scribed broader involvement for cell cycle regulatory
proteins in numerous other fundamental biologic pro-
cesses, including development, differentiation, hyper-
trophy, and apoptosis.

The control of the cell cycle in the glomerulus is
particularly intriguing given the contrasting responses
of the 3 major resdent cdl types to injury. We
provide a brief background on specific cdl cycle
regulatory proteins and discuss their role in glomer-
ular diseases, considering the responses of the mes-
angia cell, podocyte, and glomerular endothelium.

CELL CYCLE AND CELL CYCLE REGULATORY
PROTEINS

Cyclins and Cyclin-Dependent Kinases: Positive
Regulators of the Cell Cycle

The cell cycle is divided into distinct phases,
each representing a different function (Fig 1), and

each being regulated by specific proteins (Fig 2).t
After mitogenic stimuli, quiescent cells (Gp) enter
the cell cycle (early G,). Cells pass through a
restriction point in late G,, beyond which they are
typically unresponsive to extracellular cues, and
then are committed to complete the cell cycle
despite the withdrawal of the initiating stimulus.
DNA synthesis occurs in S phase. Cells then
progress through a second phase of growth (G,), in
preparation for mitosis (M phase). Ultimately, cell
division follows during cytokinesis. Our current
understanding suggests there are at least 2 check-
points, a G,/S and G,/M, where cell cycle pro-
gression may be arrested.

The progress of a somatic cell through the cell
cycle is dependent on the activity of the cyclin-
dependent kinases (CDKs), a family of serine/
threonine kinases that phosphorylate downstream
targets, to ultimately induce DNA synthesis.2 Al-
though the protein levels of the CDK catalytic
subunits typically remain constant throughout the
cell cycle, they are only functional after the bind-
ing of their specific partners, termed cyclins. Cyc-
lins are unstable proteins that are expressed se-
quentially and degraded throughout the cell cycle,
and activate their partner CDK by inducing con-
formational changes. Originally described for their
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fluctuation during the cell cycle,® members of the
cyclin family are now defined by the presence of a
conserved 100 amino acid cyclin box, which binds
their complementary CDK. Cyclins are ubiquiti-
nated by the ubiquitin protein ligases anaphase
promoting complex (APC) and Skp1p-Cdc53p/cul-
lin-F-box protein and degraded by the 26S protea-
some.# In addition, the binding of inhibitors and
accessory proteins, subcellular localization, and
both inhibitory and activating phosphorylations in-
fluence the functiona activity of the CDK-cyclin
complex.s

The cell cycle is initiated during G; by the
mitogen-driven induction of cyclin D.68 The re-
quirement for mitogen signaling prevents the cell
from autonomous cycling. Depending on the cell
type, 3 isoforms of cyclin D have been described
(D1, D2, and D3). Receptor-activated Ras signal-
ing pathways lead to accumulation of cyclin D by
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Fig 1. The cell cycle and
potential outcomes of cell
cycle exit.

3 mechanisms. gene transcription, assembly, and
stabilization of the cyclin D—-CDK complex.® Sig-
naling through extracellular signal-related protein
kinases both induces cyclin D transcription and
promotes assembly of cyclin D CDK.1211 Glyco-
gen synthase kinase 33 phosphorylates cyclin D1
specifically on threonine-286 (Thr-286), allowing
proteasomal degradation. The activity of glycogen
synthase kinase 38 is inhibited by a separate Ras
signaling pathway involving phosphatidylinositol
3-kinase and protein kinase B, hence the rate of
turnover of cyclin D1 also is mitogen dependent.12
Although ectopic expression of cyclin D is insuf-
ficient to drive cell cycle progression, constitutive
activation of the cyclin D pathway can reduce the
reliance of the cell on mitogenic stimulation and
lower the threshold for oncogenic transforma
tion.23 Cyclin D interacts with CDK4 and CDKG6.
The cyclin D-CDK4/6 complex enters the cell
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CELL CYCLE PROTEINS IN GLOMERULAR DISEASE

nucleus and is phosphorylated by CDK-activating
kinase.14 CDKs 2, 4, and 6, and cdc2 are phosphor-
ylated by CDK-activating kinase on a conserved
activating threonine residue, resulting in a struc-
tural reorganization of the activation center or T
loop and allowing the phosphate group to interact
with several other residues within the catalytic
cleft.

Active cyclin D—dependent kinases phosphory-
|ate the retinoblastoma protein (Rb), which in qui-
escent cells has a growth-inhibitory effect.1516 |n
its hypophosphorylated state, Rb suppresses the
transcription of several genes whose proteins are
required for DNA synthesis, including the E2F
transcription factors. On phosphorylation of Rb,
the E2Fs are released from inhibition, leading to
the transcription of cyclinsE and A. Cyclin E binds
CDK2 and further phosphorylates Rb.1718 This
releases the cell from the mitogen dependency of
cyclin D-CDK4/6 complexes. Cyclin E-CDK2 ac-
tivity is maximal at the G,/S transition, beyond
which cyclin E is replaced by cyclin A.

The entry to mitosis is controlled by cyclin B
Cdc2.19.20 Cell cycle regulated transcription of cy-
clin B begins at the end of the S phase. Phosphor-
ylation on Thr-161 by CDK-activating kinase par-
alels cyclin B binding to Cdc2.2t During G,,
cyclin B-Cdc2 complexes are maintained in an
inactive state by phosphorylation on 2 inhibitory
sites, Thr-14 and tyrosine 15 (Tyr-15). Phosphor-
ylation on Tyr-15 is mediated by the nuclear Weel
kinases,22 that on Thr-14 is mediated by the mem-
brane-bound Myt1.23 In late G, phase, both Thr14
and Tyrl5 are dephosphorylated by Cdc25, thus
activating cyclin B Cdc2 and initiating mitosis.24
Inappropriate triggering of mitosis is aso pre-
vented by the translocation of cyclin B to the
cytoplasm by the nuclear export factor CRM1 (ex-
portin 1) during S and G, phases.2> Phosphoryla-
tion of cyclin B is thought to promote nuclear
import at the G,/M transition.26 Cyclin B Cdc2
phosphorylates numerous downstream targets re-
sponsible for the structural reorganization of the
cell to enable mitosis. Exit from mitosis is regu-
lated by the APC ubiquitination of cyclin A and B
at the end of metaphase.

CDK Inhibitors: Negative Regulators of
the Cell Cycle

Two classes of CDK inhibitors have been de-
scribed—the INK4 proteins, originally named for
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their ability to inhibit CDK4, and the Cip/Kip
family.27.28 The INK4 family comprises 4 proteins,
namely plGINK4a’ p15INK4b' p18INK4c’ and plglNK4d_
Structurally these proteins are made up of multiple
ankyrin repeats and bind only to the catalytic sub-
units CDK4 and CDK6, causing their dissociation
from cyclin D.

The second class of CDK inhibitors is the Cip/
Kip family and includes p21°P*, p27<! and
p57KiP2 which share a conserved N-terminal
CDK-binding domain.28 They are capable of bind-
ing awider range of targets and can variably effect
the activities of cyclin D—, E-, A—, and B—depen-
dent kinases.27.29.30 | n contrast to the INK4 family,
the Cip/Kip proteins do not dissociate cyclin-CDK
complexes. Although potent inhibitors of cyclin E—
and A—dependent CDK?2, and to a lesser extent
Cdc2, the Cip/Kip proteins a so have recently been
characterized, paradoxically, as positive regulators
of the cyclin D—dependent kinases.3!

p21°"P! was the first member of the family to be
identified,3234 and is usually present at alow level
in quiescent cells. Asthe cell enters the replicative
cycle, p21°'* levels increase, displace INK4 pro-
teins from binding to CDK 4/6, and promote the
assembly of cyclin D-CDK complexes.3536 This
stabilizes the active complex and additionally pro-
vides a nuclear locaization signal, enhancing nu-
clear import of cyclin D.3! Furthermore, p21°F*
blocks the interaction between cyclin D1 and the
exportin CRM 1, leading to increased nuclear levels
of active cyclin D.37 The transcription of p21°'P* is
increased by both p53-dependent and -independent
pathways.3832 The inhibitory role of p21©F* be-
comes dominant later in the cell cycle, probably
owing to the higher concentration of p21°**, and
levels also are increased in senescent cells.#°

In contrast to p21°P, the level of p27KiP! is
usually high in quiescent cells, where its primary
roleisas an inhibitor of cell division.#:42 Whereas
p21°"P! s a principal mediator of the p53-depen-
dent G, arrest that occurs after DNA damage,*3
p27KiP1 appears to be responsible primarily for
mediating extracellular antiproliferative sig-
nals.#142 The levels and activity of p27<iP! are
regulated posttranscriptionally by changes in the
rates of trandation, ubiquitination, and phosphor-
ylation.#445 Ascyclin D levelsincrease in response
to mitogens, both p21°'P* and p27<'P* are seques-
tered by cyclin D-CDK complexes and therefore
are unable to inhibit CDK2.27
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p21°"Pt and p27XP gppear to perform a number
of other functions within the cell, dependent on
their subcellular localization.4é In the mgjority of
cell types studied, both proteins protect from apo-
ptosis, and for p21°P* this appears to be associated
with cytoplasmic trandlocation. A role in the reg-
ulation of cell motility aso has been described.
Synthetic peptides derived from p21©F* dissociate
the integrin receptor from focal adhesion contacts
and thus inhibit cell spreading mediated by integrin
signaling.4” Cytoplasmic p21<'** inhibits Rho ki-
nase in neurites and prevents the formation of
stress fibers.8 In the nucleus, several studies sug-
gest that the Cip/Kip proteins function as transcrip-
tional cofactors.#6

The most recently identified member of the fam-
ily, p57€IP2, was cloned in 1995.4950 Although
tissue expression of p21°P* and p27<'P! is wide-
spread, that of p57<iP? s restricted to placenta,
muscle, heart, brain, lung, and kidney. In addition
to the CDK inhibitory domain and putative C ter-
minal nuclear localization signal, p57<iP? also has
proline-rich domain containing a consensus extra-
cellular signal-related protein kinase phosphoryla-
tion site and an acidic domain, the functions of
which are not known.#25° A role for p57<iP? in the
cell cycle exit that accompanies termina differen-
tiation has been suggested.

Despite their structural similarities, knock-out
studies have shown divergent roles for the 3 Cip/
Kip CDK inhibitors. p21°'P* and p27<** are not
essential for normal embryogenesis,51-53 however,
lack of p57€'P? results in profound developmental
abnormalitiess+5 Most p57<'P? null mice die
shortly after birth and have severe cleft palates,
abdomina wall and gastrointestinal tract defects,
and abnormal skeletal ossification. Unlike adult
p21°"P1—/— mice5157 p27KIPL—/— mice are larger
than wild-type animals and have hyperplasia of
organs that usually express high levels of p27<iP?,
such as the thymus, spleen, adrenal and pituitary
glands, testes, and ovaries.5253 |n contrast, less
than 10% of p57<'P>—/— mice survive the weaning
period and are much smaller than their wild-type
littermates.>¢ The glomerular development of these
mice appears normal.

Checkpoint Regulation

Checkpoints during the cell cycle prevent pro-
gression if DNA is damaged or incorrectly repli-
cated.1958 Mammalian cells can arrest in G4, S, or
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G, phase, alowing either DNA repair or apoptosis.
The molecular events that detect damaged DNA
remain elusive but lead to the activation of PIK-
related proteinsincluding ataxia-tel angiectasia mu-
tated (ATM) and AT and Rad3-related (ATR) ki-
nases. Two checkpoint kinases, Chkl and Chk2,
link ATM and ATR to downstream targets such as
Cdc25 and p53 to cause cell cycle arrest.

THE ROLE OF CELL CYCLE PROTEINS IN
GLOMERULAR DISEASE

Diseases of the Mesangial Cell
Mesangial Cell Proliferation

Mesangia cell proliferation characterizes many
forms of glomerular disease, including immuno-
globulin A nephropathy, lupus nephritis, and dia-
betes.59.60 The significance of mesangial cell pro-
liferation and the accompanying accumulation of
extracellular matrix have been shown in a variety
of experimental models of glomerular disease.5.62
Interventions to reduce mesangia proliferation,
such as complement depletion,5364 heparin infu-
sion,%5 blocking the action of the cytokines plate-
let-derived growth factorse67 and basic fibroblast
growth factor,%2 and inhibiting their specific intra-
cellular signaling pathways with phosphodiester-
ase inhibitors,®® also reduces matrix expansion and
subsequent glomerulosclerosis. Thus, the mecha
nisms regulating mesangial cell proliferation are of
critical importance.

Role of CDK2 in mesangial cell proliferation.
The Thy1 model of experimental mesangial prolif-
erative glomerulonephritis, induced in rats by an
antibody directed against the mesangial Thyl an-
tigen, has provided an opportunity to study the
regulation and consequences of mesangial cell pro-
liferation in vivo.2.70 The initial complement-de-
pendent mesangiolysis is followed by a phase of
marked mesangia proliferation, paralleled by an
increase in extracellular matrix accumulation and a
decline in renal function. This model is useful
because not only may the fluctuations of cell cycle
proteins during proliferation be defined, but aso
the effect of their manipulation. Mesangia cell
proliferation is associated with an increase in cyc-
lins D1 and A, and their partners CDK4 and
CDK2.71

CDK2 expression is absent in the normal rat
glomerulus, in contrast to the majority of nonrenal
cells in vitro where CDK2 is expressed constitu-
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tively throughout the cell cycle.”t Experimental
mesangial proliferative glomerulonephritisis asso-
ciated with increased CDK2 activity, measured by
the histone H1 kinase assay on protein extracted
from isolated glomeruli. CDK?2 protein levels also
are also increased in the remnant kidney model, a
nonimmune glomerular disease associated with
mesangia proliferation.”2 Finally, CDK2 protein
and kinase activity increase in cultured mesangial
cells in response to growth factors.”374 Taken to-
gether, these studies show that in contrast to most
nonrenal cells, CDK?2 protein isin low abundance
in quiescent mesangia cells, and its levels and
activity increase after injury.

To determine the role of increased CDK2 activ-
ity in inflammatory disease, we inhibited CDK2
activity in Thyl rats with the purine analogue,
roscovitine.”> Our results showed that roscovitine
given either immediately after disease induction or
once mesangia proliferation was established both
significantly reduced mesangial cell proliferation,
indicating a role for CDK2 in the perpetuation of
inflammatory injury. Of interest was that inhibiting
CDK2 activity caused a marked reduction in glo-
merular extracellular matrix proteins (collagen IV,
laminin, and fibronectin) and an improvement in
renal function compared with controls. These re-
sults suggest that inhibiting CDK2 may be a po-
tential therapeutic target in glomerular diseases
characterized by proliferation.

Role of CDK inhibitors in mesangial cell prolif-
eration. The CDK-inhibitor p27</P* is expressed
constitutively in quiescent mesangial cells both in
vitro?® and in vivo,”* whereas p21©'P* and p57%iP?
are essentially absent.”%77 In cultured mesangial
cells, proliferation induced by mitogenic growth
factors reduces p27<'*! levels.”® Mesangial cells
derived from p27<P*—/— mice have augmented
proliferation in response to mitogens,”® and de-
creasing p27<'P* |evels with antisense has a similar
effect in rat mesangial cells.”®

Complement (C5b-9)-induced injury in the
Thyl model is associated with a marked decrease
in p27<'P! |evels.’t However, there is de novo
synthesis of p21°'P in the resolution phase of the
disease, coincident with adecrease in proliferation.
To explore further the role of p27<iP! in inflam-
matory disease, we induced experimental glomer-
ulonephritis in p27<iP1—/— mice.”® Our results
showed a marked increase in the onset and mag-
nitude of glomerular cell proliferation and cellu-
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larity in nephritic p27<1P*—/— mice compared with
control nephritic p27X'P*+/+ mice. Moreover, this
was associated with increased extracellular matrix
proteins and a decline in rena function. To show
that this result was not specific to glomerular cells
or immune-mediated injury, we also obstructed a
ureter by ligation to induce nonimmune injury to
tubuloepithelial cells.”® Our results showed that
tubuloepithelial proliferation was increased in ob-
structed p27%P'—/— mice compared with ob-
structed p27€"P*+/+ mice. In summary, these
studies showed that renal cell proliferation is reg-
ulated by the CDK inhibitor p27<'P*, supporting a
role for p27<""* in controlling the threshold at
which proliferation occurs.

Mesangial Cell Apoptosis

Although a characteristic response to mesangial
cell injury is proliferation, apoptosis often is in-
creased simultaneoudly.8° Studies have shown that
apoptosis is a vital mechanism required to normal-
ize cell number in the reparative phase of injury.st
However, the cellular pathways linking these op-
posing responses remain unclear. We reasoned that
many cells undergoing apoptosis have also entered
the cell cycle, before exiting by apoptosis. Thus,
we predicted that cell cycle proteins have a critical
role in both these processes.

Evidence to support this hypothesis was the ob-
servation that the resolution phase of Thyl mesan-
gia proliferation in the rat is characterized by
mesangia cell apoptosis, a process that peaks
when the levels of p27<'P* are at their lowest.”
Considering glomerulonephritis and ureteral ob-
struction in p27<"P*—/— mice, in addition to the
increase in glomerular cell proliferation after in-
jury as described earlier, there was a marked in-
crease in glomerular cell apoptosis in p27<Pt—/—
mice compared with wild-type disease controls.”®
Moreover, apoptosis was also increased in
p27¢"P*—/— mesangial cellsin culture after growth
factor deprivation or cycloheximide, and reconsti-
tuting p27<'** levels by transfection rescued cells
from apoptosis.” In rat mesangial cells, apoptosis
was also increased after treatment with anti-
p27KiP1 antisense oligonucleotides.”® Taken to-
gether, these results confirm a role for p27<iP*
beyond the regulation of proliferation in that it also
protects both renal and nonrenal cells from apo-
ptosis.
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A clue to a possible mechanism whereby
p27K1PL protects cells from apoptosis was the in-
crease in CDK 2 activity in p27<IP1—/— mesangial
cells when deprived of growth factors.”® The in-
crease was due specifically to cyclin A-CDK?2, and
not cyclin E-CDK2. Moreover, inhibition of cyclin
A-CDK2 activity by roscovitine or a dominant-
negative mutant reduced apoptosis in mesangial
cells and fibroblasts. In apoptotic p27<Pt—/—
mesangia cells, CDK2 was bound to cyclin A,
without a preceding increase in cyclin E-CDK2
activity. We suggest that uncoupling of CDK 2 activ-
ity from the scheduled sequence of cdll cycle protein
expression may lead to an inappropriate and prema:
ture initiation of G,/S phase transition, causing the
cell to respond by undergoing apoptosis.

How might CDK2 control the growth and apo-
ptotic fate of cells? Apoptosis typicaly begins in
the cytoplasm, whereas DNA synthesis and mitosis
are nuclear events. Accordingly, we tested the hy-
pothesis that the subcellular localization of CDK2
determines if cells undergo apoptosis or prolifera-
tion.82 As expected, CDK2 protein was cytoplas-
mic in quiescent, and nuclear in proliferating, mes-
angial cells. However, in proliferating cells injured
by an apoptotic stimulus, CDK2 localized to the
cytoplasm, and was no longer nuclear. Our results
aso showed that cyclin A, and not cyclin E, colo-
calized to the cytoplasm with CDK2 in apoptotic
cells, to form an active cyclin A—-CDK2 complex.
Thetrandocation of CDK2 isnot p53 dependent, and
inhibiting the nuclear localization signal has no ef-
fect. That inhibiting CDK2 decreased apoptosis pro-
vides further support for a critica role for cytoplas-
mic CDK2 in triggering programmed cell death.
Thus, the subcellular localization of active CDK2
determines the fate of a cell: when nuclear, cels
proliferate; when cytoplasmic, cells die by apoptoss.
The mechanism by which nuclear CDK2 is trando-
cated to the cytoplasm remains to be eucidated.
These studies support the paradigm that specific cell
cycle regulatory proteins have a role in glomerular
disease beyond the regulation of proliferation.

Mesangial Hypertrophy: The Hallmark of
Diabetic Nephropathy

Diabetes mellitus is now the most frequent cause
of end-stage renal failure in Western countries.83
The hallmarks of glomerular involvement are sim-
ilar in both type | and type Il diabetes and include
mesangial cell hypertrophy and podocyte |0ss.84-86
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On entry into G, cells undergo a physiologic in-
crease in protein synthesis before the DNA synthe-
sis of S phase, and therefore one mechanism un-
derlying cellular hypertrophy is arrest of the cell
cycle at the G,/S checkpoint. The increase in cell
protein content is not matched by a concomitant
increase in DNA. Research has concentrated prin-
cipally on the ability of hyperglycemia to induce
mesangia cell hypertrophy, however, it has been
shown in aging rhesus monkeys that glomerular
enlargement and other structural changes of dia-
betic nephropathy begin in the prediabetic hyper-
insulinemic phase.8”

In vitro culture of mesangial cells in high glu-
cose media causes cell cycle entry and a biphasic
growth response.88 After initial proliferation, the
cells arrest in G; phase and there is progressive
hypertrophy. Both kidney and glomerular hyper-
trophy induced by hyperglycemia are associated
with an early and sustained increase in expression
of cyclin D1 and activation of CDK4.8% An ar-
rested cell cycle suggests a role for the CDK in-
hibitors in mediating hypertrophy, and indeed high
glucose increases the levels of both p21©P1% and
p27KiPla1 in cultured mesangia cells. This is me-
diated by a number of factors including glucose
itself, transforming growth factor B (TGF-pB),
which then acts in an autocrine fashion9293 and
connective tissue growth factor.94 High glucose
directly stimulates the transcription of p21<'P*%
and activates MAP kinases, which prolong the
half-life of p27<'P* by phosphorylation on serine
residues.? Lowering p21°'P* (unpublished obser-
vations) or p27¥P291 |evels with antisense oligo-
nucleotides reduces the hypertrophic effects of
high glucose. Moreover, hypertrophy is not in-
duced by high glucose in p21°P*—/— (unpub-
lished observations) and p27<'P1—/—97 mesangial
cells in vitro. Indeed, high glucose increases pro-
liferation in p27X'P*—/— mesangial cells, whereas
it arrests cell cycle progression in p27KP1+/+
mesangial cells.9” Recongtituting p27<'** levels in
p27KiP1—/— mesangial cells by transfection re-
stores the hypertrophic phenotype.®” These studies
show a compelling role for the CDK-inhibitors
p21°"Pt and p27K'P in mediating the hypertrophy
induced by high glucose.

These in vitro findings have been confirmed in
experimental models of both type | and type Il
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diabetic nephropathy. Considering type | diabetes,
the glomerular protein levels of p21°P* are in-
creased in the streptozotocin-induced model in the
mouse,® and both p21°'P* and p27<'P* levels are
increased in the glomeruli of diabetic BBdp rats.®8
A similar increase was noted in glomeruli of db/db
mice® and the Zucker diabetic fatty rat,% models
of type Il diabetic nephropathy. Diabetic
p21°"P1—/— mice are protected from glomerular
hypertrophy.1% The importance of p21°'** has also
been shown in the development of glomerular hy-
pertrophy and subsequent sclerosis after partial
renal ablation. p21<'P*—/— mice develop glomer-
ular hyperplasia rather than hypertrophy, with pro-
tection from the development of progressive rena
failure.10t Diabetic p27<'P*—/— mice have only
mild mesangial expansion and no glomerular or
renal hypertrophy compared with control diabetic
p27KiP1+/+ mice, despite up-regulation of glo-
merular TGF-.192 These results support a critical
role for the CDK inhibitors p21<'P* and p27<'P* in
mediating the glomerular hypertrophy seen not
only in association with diabetes but aso with a
reduction in nephron number.

The cytokine TGF-B has been shown to mediate
progressive fibrosis in renal disease.103-105 TGF-3
also decreases proliferation in mesangial cells, an
effect that appears to be independent of p21<P*
and p275'P1, and induces cell hypertrophy.106-108
To determine the role of CDK inhibitors in medi-
ating the hypertrophic effects of TGF-83, we used
mesangial cells from single and double —/—
mice.1%8 Compared with wild type, hypertrophy
was reduced significantly in double p21°PY
p27¥1P1—/— mesangial cells. A less marked reduc-
tion in hypertrophy was seen in the single
p21°P1—/— and p27XP1—/— cells. These results
show that although p21°'P* and p27'P* each con-
tribute to the hypertrophic action of TGF-B, the
presence of both is required for maximal effect.

The expression of CDK inhibitors has also been
explored in response to connective tissue growth
factor, considered to be a principle mediator of the
downstream effects of TGF-B. Abdel Wahab et
a4 showed that connective tissue growth factor is
a hypertrophic factor for human mesangial cells,
and that this hypertrophy is associated with the
induction of p15'NK4° p21PL and p27KiPL, with
the maintenance of pRb in a hypophosphorylated
state.
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Diseases of the Podocyte

Podocytes, also called “visceral glomerular epi-
thelial cells,” are highly specialized cells overlying
the outer aspect of the glomerular basement mem-
brane.1%® Their complex cytoarchitecture is be-
lieved to allow them to counteract the high perfu-
sion pressure of the glomerular capillaries and
prevent vascular distension. Additionally, their in-
terdigitating foot processes are connected by the
dlit diaphragm, enabling the selective permeability
of glomerular filtration. Many diverse causes of
podocyte injury are associated with foot process
effacement and disruption of the dlit diaphragm,
leading to the characteristic clinical finding of pro-
teinuria 1 In marked contrast to mesangial and
glomerular endothelial cells, podocytes do not typ-
icaly proliferate in vivo. After injury, podocyte
number may become depleted, with the lack of
proliferation resulting in areas of denuded base-
ment membrane. This is thought to result in the
development of scarring, known as focal glomer-
ulosclerosis, and chronic renal impairment.111.112
Thus, the mechanisms regulating podocyte prolif-
eration are being recognized increasingly as essen-
tia to our understanding of progressive rena dis-
ease, irrespective of the initiating injury.

Podocyte Devel opment

During glomerulogenesis, immature podocytes
are capable of proliferation.””113 However, during
the critical S-shaped body stage of glomerular de-
velopment, podocytes exit the cell cycle to become
terminally differentiated and quiescent, necessary
requirements for normal function. Thus, in podo-
cytes, proliferation and differentiation are closely
linked closely, akin to neurons and cardiac myo-
cytes. In both mouse” and human13 glomerulo-
genesis, immunostaining for p27<"P* and p57¢iP? is
absent from proliferating podocytes during the S
shaped body stage. On cessation of proliferation,
there is strong expression of both CDK inhibitors,
so that p27¥P! and p57%'P? are expressed consti-
tutively in mature podocytes. Although glomerular
development and differentiation appear normal in
p27KiPl—/— and p57¥'P>—/— mice, E13.5 meta-
nephroi from double p27KIPYp57<P2—/— mice
have significantly larger glomeruli than both wild-
type and the single mutants.14 Thisincreasein size
is associated with an increase in podocyte number,
with apparently normal terminal differentiation (as
determined by electron microscopy and staining



576

for WT-1 and synaptopodin), suggesting that
p27KPt and p57X'P? are involved synergistically in
determining the final complement of podocytes.

Immune-Mediated Podocyte Injury

The passive Heyman nephritis (PHN) model,
induced by the administration of an antibody reac-
tive against the FX 1A antigen on the rat podocyte,
has many similarities to human membranous ne-
phropathy.115.116 |n common with the Thy1l model
of mesangia proliferative glomerulonephritis,
PHN is complement (C5b-9) dependent. However,
in contrast to the observed proliferation of mesan-
gia cells after immune injury, podocyte number
remains constant, and decreases with time, sug-
gesting arole for the cell cycle inhibitorsin exper-
imental podocyte disease.

We began by asking if podocytes are capable of
increasing the cyclins and CDKs required for pro-
liferation. After C5b-9—induced injury in PHN
rats, protein levels for cyclin A and CDK2 in-
crease.1” However, only a limited increase in
DNA synthesis occurs, suggesting the presence of
an inhibitor to cell cycle progression rather than a
failure to engage the cell cycle per se. Indeed, the
levels of the CDK inhibitors p21°'P* and p27<iP*
increase specificaly in podocytes after the induc-
tion of PHN, and studies showed that these inhib-
itors complex with cyclin A-CDK2.117 The in-
crease in p21°'P! is attenuated by administering the
mitogen basic fibroblast growth factor to PHN rats,
and this augments the increase in podocyte DNA
synthesis.

A key role for p21°P* in limiting the prolifera-
tive response of podocytes has been shown in
studies using p21°'P* knock-out mice.118 The ad-
ministration of an antiglomerular antibody to in-
duce experimental podocyte injury caused podo-
cyte dedifferentiation and proliferation in
p21°"P1—/— mice compared with control mice re-
ceiving the same antibody. Glomerular extracellu-
lar matrix accumulation was also increased in
p21°"P1—/— mice, and was associated with a sig-
nificant decrease in renal function.

The role of p57<IP? remains enigmatic owing to
the lack of a viable knockout. Podocyte p57%iP?
protein levels are decreased in PHN rats, and in
antiglomerular antibody disease in the mouse, loss
of expression predominantly localizes to prolifer-
ating podocytes, as determined by proliferating cell
nuclear antigen (PCNA) expression.””
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We have considered that the inability of podo-
cytes to proliferate may be owing primarily to
impaired DNA synthesis. Our data show that the
lack of proliferation after complement (C5b-9) in-
duced podocyte injury also involves a defect in
mitosis. When cultured podocytes are exposed to
sublytic C5b-9 attack, the cell cycle is engaged.
However, there is a delay or inhibition in entering
mitosis. This focused our attention on the possibil-
ity of a block in the G,/M transition, and mecha-
nisms that regulate this checkpoint. Exposing cul-
tured podocytes to antibody and a complement
source caused a marked increase in the cell cycle
inhibitor p53, which was accompanied by an in-
crease in p21°P11 An increase in p53 and
p21<"PY in vivo was also shown in the PHN model
of C5b-9-induced podocyte injury.120 This raised
the possibility of DNA damage, and indeed, we
have shown that sublytic C5b-9 causes DNA dam-
age in podocytesin vitro and in vivo.120 Moreover,
C5b-9 increased the levels of checkpoint kinase-1
and -2 protein levels, which have been shown to
arrest cells at G,/M. Further studies are needed to
explore the role of DNA damage in glomerular
disease.

Podocyte Proliferation

Although the vast mgjority of human podocyte
diseases are not associated with proliferation, ex-
ceptions are idiopathic collapsing glomerulone-
phritis and human immunodeficiency virus—asso-
ciated nephropathy.121.122 | n these diseases, thereis
increased expression of cyclin A and the prolifer-
ation marker Ki-67, with a marked reduction in
p27KiPL and p57X1P2, In vitro, human immunodefi-
ciency virus 1 induces cyclin D1 expression and
pRb phosphorylation in differentiated mouse podo-
cytes, accompanied by increased proliferation and
aloss of the differentiation markers synpatopodin
and podocalyxin.123124 |n contrast, al other dis-
eases of podocytes in humans, including membra-
nous nephropathy, minimal change disease, and
focal segmental glomerulosclerosis, are not asso-
ciated with adecrease in CDK inhibitor levels, and
typica markers of proliferation are absent.12t
Taken together, these studies further support a
critical role for the CDK inhibitors p21°P?,
p27K1P1 and p575'P? in determining the podocyte
response to injury.



Table 1. Glomerular Expression of Cell Cycle Related Proteins

Cyclin CDK CDK Inhibitor
Experiment Increased Decreased No Change Increased Decreased No Change Reference
Mesangial cell
Proliferation In vitro exposure to mitogens (platelet-derived D1, E A p21 p27 p57 73,74,76
growth factor, basic fibroblast growth factor) CDK4, 2
Animal models
Thy 1 D1, E p15, p21 p27 71
CDK4, 2
Remnant kidney E 72
CDK2 CDK4
Suppression of  In vitro exposure to anti-mitogens (TGF-p, D1,E A p15, p21, p27 73, 92, 133
proliferation SPARC, heparin) CDK4, 2
Hypertrophy In vitro exposure
Glucose CDK2 p21, p27 90, 91
TGF-B p16, p21, p27 98,134
Connective tissue growth factor p15, p21, p27 94
Animal models
Type | diabetes (Streptozotocin mouse, E, A p21, p27 90, 98
BBdp rat)
Type Il diabetes (db/db mouse, Zucker rat) CDK2 p27 95, 99
Podocyte
Apoptosis Cytoplasmic location of CDK2 82
Immune injury In vitro exposure to C5b-9 p21 119
Animal models
PHN A, CDK2 p21 p57 117,120
Antiglomerular antibody A, CDK2 p21, p27 p57 133
Proliferation In vitro exposure to human immunodeficiency D, 124
virus 1
Human disease
Collapsing GN A D, p27, p57 121, 122
Response to In vitro D,A B p21,p27,p57 128

stretch

Abbreviations: SPARC, secreted protein acidic and rich in cysteine; GN, glomerulonephritis.
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Table 2. Data From Knock-Out Mice

Experiment

Outcome Reference

p21—/— Mesangial cells exposed to high glucose Resistant to hypertrophy

in vitro
Animal models

Unpublished data

Streptozotocin diabetes Reduced glomerular hypertrophy 100
Antiglomerular antibody Increased podocyte proliferation 118
Remnant kidney Glomerular hyperplasia, not hypertrophy 101
p27—/— Mesangial cells exposed to high glucose Resistant to hypertrophy 97

in vitro
Mesangial cells deprived of growth Increased apoptosis 78

factors

Animal models
Streptozotocin diabetes Reduced glomerular hypertrophy 102
Antiglomerular antibody Increased mesangial cell proliferation and 79
apoptosis

p57—/—  Unmanipulated animal Normal glomerulogenesis in embryonic mice 54-56

Role of CDK Inhibitors in Podocytes Injured by
Mechanical Stress

Independent of the site of initia injury, a com-
mon pathway to progressive glomerulosclerosis is
an increase in intraglomerular pressure, aso
known as glomerular hypertension.111.112.125 | ow-
ering intraglomerular pressure reduces progression
in a number of glomerular diseases, including di-
abetic nephropathy.126 Glomerular hypertension is
associated with glomerular hypertrophy, and the
resultant mechanical stretch causes injury to al 3
glomerular cell types. Studies by others have
shown that applying mechanical stretch to cultured
mesangial cells increased proliferation.’2? In con-
trast, we have shown that mechanical stretch de-
creases podocyte proliferation.128

Our recent studies showed that stretch decreased
the levels of cyclins D1, A, and B1, and Cdc2 in
cultured mouse podocytes.128 |n contrast, there was
an increase in the CDK inhibitors. Stretch caused
an early increase in p21°**, followed by an in-
crease in p27¢'P* at 24 hours and p57<iP? at 72
hours. In contrast to the growth arrest seen in
wild-type cells exposed to stretch, p21°Pt—/—
podocytes exposed to stretch continued to prolif-
erate. These results suggest a role for CDK inhib-
itorsin limiting the podocyte' s proliferative capac-
ity after stretch.

In vitro and in vivo data describing the expres-
sion of cell cycle—related proteins in mesangial
cells and podocytes are summarized in Table 1 and
the results of experiments with knock-out mice in
Table 2.

Diseases of Glomerular Endothelial Cells

The endothelia cells of mature glomeruli are
quiescent but retain the capacity to proliferate and
form new capillaries after injury.12° The degree of
proliferation appears to be dependent on the local
balance of pro-angiogenic factors, such as vascular
endothelial growth factor and anti-angiogenic fac-
tors, such as thrombospondin-1. An inadequate
proliferative response may lead to loss of the glo-
merular microvasculature and contribute to glo-
merulosclerosis and progressive renal impairment.
The beneficial effects of administration of vascular
endothelial growth factor have been shown in an-
imal models of acute glomerulonephritis,130-132
suggesting that amelioration of human diseases
may be achieved by augmenting the reparative
potential of the glomerular endothelial cells. How-
ever, the underlying role of individua cyclins,
CDK, and CDK inhibitors in these cells remains
unknown.

CONCLUSIONS

Our understanding of the function of specific
cell cycle regulatory proteins in both the normal
glomerulus and disease states is increasing, and a
large body of literature points toward novel actions
of specific cell cycle regulatory proteins beyond
their classic role in the control of proliferation. The
expression and function of particular cell cycle
proteins may be specific to each type of glomerular
cell, and may likely also depend on the form of cell
injury. The apparently diverse effects of cell cycle
regulatory proteinsin glomerular cell proliferation,
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apoptosis, hypertrophy, and differentiation makes
them a particularly appealing target for future ther-
apeutic interventions because their manipulation
offers an opportunity to influence severa poten-
tially deleterious outcomes. The challenges that lie
ahead include the development of strategies that
will permit targeted intervention.
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