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Abstract

Cyclin-dependent kinases (CDKs) mediate proliferation and neuronal development, while aberrant CDK activity is associated with
cancer and neurodegeneration. Consequently, pharmacologic inhibitors, such as 2,6,9-trisubstituted purines, which potently inhibit CDKs
1,2, and 5, were developed to combat these pathologies. One agent, R-roscovitine (CYC202), has advanced to clinical trials as a potential
cancer therapy. In primary neuronal cultures, these agents have been used to delineate the physiologic and pathologic functions of CDKs,
and associated signaling pathways. Herein we demonstrate that three 2,6,9-trisubstituted purines: olomoucine, roscovitine, and
purvalanol, used at concentrations ascribed by others to potently inhibit CDKs 1, 2, and 5, are powerful triggers of death in maturing
cerebellar granule neurons, assessed by loss of mitochondrial reductive capacity and differential staining with fluorescent indicators of
living/dead neurons. Based on several criteria, including delayed time course and establishment of an irreversible commitment point of
death, pyknotic cell and nuclear morphology, and caspase-3 cleavage, the death process is apoptotic. However, pharmacological and
biochemical data indicate that apoptosis is independent of CDK 1, 2, or 5 inhibition. This is based on the pattern of changes in c-jun
mRNA, c-Jun protein, and Ca®>"/cAMP response element binding protein (CREB) phosphorylation, and also, the ineffectiveness of
structurally distinct CDK 1, 2, and 5 inhibitors butyrolactone-1 and PNU112445A to induce apoptosis. Collectively, our results, and those
of others, indicate that the CDK regulation of transcription (CDKs 7 and 9) should be examined as a target of these agents, and as an
indirect mediator of neuronal fate.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

During maturation of the mammalian central nervous
system (CNS), neuronal numbers are substantially reduced
by apoptosis as a result of competition for trophic factors
and electrical activity, thus optimizing inter-neuronal con-
nectivity [1]. However, apoptosis is also a mode of death

Abbreviations: AraC, cytosine arabinoside; CAK, CDK-activating
kinase; CaMKIV, Ca2+/calmodulin—dependent protein kinase 1V; CDK,
cyclin-dependent kinase; CNS, central nervous system; CREB, Ca®*/
cAMP response element binding protein; CTD, carboxy-terminal domain;
DIV, days in vitro; DYRK, dual-specificity protein kinase; ERK,
extracellular regulated kinase; FDA, fluorescein diacetate; JNK, c-Jun
N-terminal kinase; MAPK, mitogen activated protein kinase; MTT, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; NFDM, non-fat
dry milk; PBA, 1% BSA in PBS; PI, propidium iodide; Taq, Thermus
aquaticus; TBS, Tris buffered saline; TTBS, 0.1% Tween-20 in TBS
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contributing to neuronal loss in some of our most crippling
neurodegenerative diseases, such as Alzheimer’s [2-4],
Parkinson’s [5-7], and amyotrophic lateral sclerosis
[8,9]. Over the last decade, an emerging literature indicates
that cell cycle proteins, in particular, cyclins and cyclin-
dependent kinases (CDKs), are induced by apoptotic sti-
muli in post-mitotic neurons, and this aberrant cell cycle
activity underlies neuronal death [10-12]. To combat
pathological apoptosis, a number of approaches have been
tested in the laboratory, with varying success. One
approach utilizes cell-permeable pharmacologic agents
that inhibit CDKs.

CDKs are serine/threonine kinases, inactive until their
preferred binding partners become available. Best under-
stood for their role in regulating cell cycle progression
[13,14], they now are implicated in diverse cellular func-
tions, including regulation of transcription and neuronal
migration (for review see [15]). Accumulating evidence
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supports a number of hypotheses linking CDKs to neuronal
degeneration; two are particularly relevant to the study of
human neurodegeneration: (1) in post-mitotic neurons,
inappropriate activation of cell cycle CDKs triggers apop-
tosis, and (2) dysregulation of CDK 5 follows calpain-
dependent cleavage of its activating protein p35 to p25.

Over 50 CDK inhibitors have been identified to date, all
demonstrating a competitive inhibitory interaction at the
ATP-binding pocket (for review see [15]). Inhibitors fall
into several chemical classes, including: staurosporines,
flavonoids, paullones, polysulfates, indigoids, and purine
analogues. They exhibit three primary selectivity profiles
against CDKs: those that selectively inhibit CDKs 1, 2, 5,
7, and 9; those that selectively inhibit CDKs 4, 6, and §; and
those that are non-selective. Due to the highly conserved
nature of the amino acid residues lining the ATP-binding
pocket, inhibitors that target individual CDKs have
remained elusive [16].

First identified for their ability to halt cellular prolifera-
tion, CDK inhibitors were developed as potential cancer
chemotherapeutics. For example, R-roscovitine (CYC202)
has advanced as far as phase 1 clinical trials [17]. Recent
attention has focused on their potential to rescue neurons
from apoptosis. Among the classes of inhibitors available,
the 2,6,9-trisubstituted purine analogues are protective in
post-mitotic neurons subjected to various apoptotic sti-
muli: trophic factor withdrawal [18-20], DNA damage
[21,22], ischemic insult [23,24], nerve growth factor
induced death [25], and axotomy [26]. Olomoucine and
roscovitine, the two most frequently examined compounds,
have several advantages, including: well characterized in
vitro selectivity against CDKs (CDK 1, 2, 5, 7, and 9);
existence of stereoisomers with different activities; high
potency against CDKs; and commercial availability. In
vitro kinase assays against a subset of cellular proteins
originally indicated that olomoucine and roscovitine are
selective for CDKs 1, 2, and 5 (ICs¢p = 7, 7, and 3 uM, and
0.65, 0.7, and 0.16 uM, respectively) [27,28]. Subse-
quently, two independent in vitro analyses demonstrated
selectivity of olomoucine and roscovitine for CDK 7
(ICsp = 10 and 0.5 uM, respectively) [29-31]. In addition,
CDK 9 is a potential target of roscovitine (in vitro
ICsp ~ 0.6 uM) [31], but a formal analysis of olomoucine
has not been conducted. The extracellular regulated
kinases (ERKs) 1 and 2 are non-CDK targets with
ICs5y values under 70 uM (olomoucine = 50, 40 puM;
roscovitine = 34, 14 pM, respectively) [27,28].

To study the effects of trisubstituted purine CDK inhi-
bitors on neuronal physiology, cerebellar granule neurons,
prepared from P8 rat cerebellar cortex, were chosen as a
model system. Granule neurons are extensively used to
study survival and apoptotic signaling in the context of the
nervous system [32]. Paradoxically, trisubstituted purine
CDK inhibitors are reported to rescue from [19,20] as well
as induce [33] apoptosis in granule neurons. In these
studies, drug effects on survival or apoptosis have been

attributed to inhibition of CDKs 1, 2, and 5. Although these
agents potently inhibit CDKs 1, 2, and 5, depending on the
context they may also inhibit other kinases, such as CDKs
7, 9, and the ERKSs, yielding complex results. As such,
garnering a more complete understanding of their func-
tional effects in different contexts is critical to their
appropriate use in the laboratory or the clinic. In the
present study, we provide evidence that 2,6,9-trisubstituted
purines induce apoptosis in maturing cerebellar granule
neurons, rather than preventing it, in a complex manner
that we propose is likely due to inhibition of CDK 7, and
appears to be independent of effects on CDKs 1, 2, 5, or 9.

2. Materials and methods
2.1. Materials

Sprague-Dawley neonatal rats were purchased from
Taconic Farms. The institutional review committee, in
accordance with governmental guidelines, approved all
procedures involving animal experimentation. RNeasy®™
Mini Kit for RNA isolation was purchased from Qiagen.
Thermus aquaticus polymerase (Tag polymerase) and 10 x
Taq buffer were purchased from Fermentas. dNTPs were
purchased from Amersham Biosciences. Basal Eagle’s
medium with Earle’s salts, Dulbecco’s modified Eagle
medium, and 1:1 Dulbecco’s modified Eagle medium/
Ham’s F-12 were purchased from Invitrogen. DNA stan-
dards (100-bp) were obtained from New England Biolabs.
Cleaved caspase-3 rabbit polyclonal antibody, phospho-c-
Jun (Ser63) rabbit polyclonal antibody, c-Jun rabbit poly-
clonal antibody, Ca*"/cAmp response element binding
protein (CREB) rabbit polyclonal antibody, and phos-
pho-CREB (Ser133) rabbit polyclonal antibody were pur-
chased from Cell Signaling Technology. CDK 5 mouse
monoclonal and p35 rabbit polyclonal antibodies were
purchased from Santa Cruz Biotechnology. Calcium/cal-
modulin-dependent protein kinase IV (CaMKIV) mouse
monoclonal antibody was purchased from Transduction
Laboratories. 2-(2-Hydroxyethylamino)-6-benzylamino-
9-methylpurine (olomoucine), 6-benzylamino-2-(2-hydro-
xyethylamino)-7-methylpurine (iso-olomoucine), 2-(R)-
(1-ethyl-2-hydroxyethylamino)-6-benzylamino-9-isopro-
pylpurine (R-roscovitine), 2-(S)-(1-ethyl-2-hydroxyethyla-
mino)-6-benzylamino-9-isopropylpurine (S-roscovitine),
2-(1R-isopropyl-2-hydroxyethylamino)-6-(3-cholroani-
lino)-9-isopropylpurine (purvalanol), and N*-(6-aminopyr-
imidin-4-yl)-sulfanilamide, HCl (PNU112455A) were
purchased from Calbiochem. Butyrolactone-1 was pur-
chased from Biomol. Texas Red and FITC labeled sec-
ondary antibodies of multiple-labeling grade were from
Jackson ImmunoResearch Laboratories. Supersignal®™
West Pico and Micro BCA™ reagents were purchased
from Pierce. Vectashield®™ fluorescence mounting medium
was purchased from Vector Laboratories. Other reagents
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for RT-PCR and cell culture were molecular biology grade
and tissue culture grade, respectively, and were obtained
from commercial sources. MCF-7 breast carcinoma cells
were the generous gift of Dr. M.S. Sheikh at SUNY Upstate
Medical University.

2.2. Cell culture

Primary cultures enriched in cerebellar granule neurons
were prepared and grown in an atmosphere of 5% CO, as
described [34]. Briefly, cerebella from postnatal day 8
Sprague-Dawley rats were minced, trypsinized, and tritu-
rated to dissociate the cells. Cells were plated at a density
of 1.25 x 10% cells/ml on poly-L-lysine coated (10 pg/ml)
tissue culture dishes. Twenty-four hours after plating,
serum-containing media was replaced with chemically
defined media [35] and, as indicated, was supplemented
with KCI to a final concentration of 25 mM KCI. Also at
this time, unless otherwise stated, cultures were supple-
mented with the anti-mitotic agent cytosine arabinoside
(AraC, 10 uM) to prevent proliferation of non-neuronal
cells and was continually present during drug treatments.
In a limited number of comparative experiments, granule
neurons were grown, in and examined in, serum-containing
medium. In our laboratory, this method consistently gen-
erates cultures with >95% cerebellar granule neurons
[36,37]. Culture purity was repeatedly verified by mor-
phologic examination and immunostaining [38]. Unless
otherwise stated, cultures were treated with CDK inhibitors
at 1 day in vitro (DIV) after the change to chemically
defined medium, and were subsequently processed for cell
viability analysis, Western immunoblotting, immunocyto-
chemistry, and RT-PCR at the times indicated. For roscov-
itine washout experiments, cultures were washed twice
with drug-free 1:1 Dulbecco’s modified Eagle medium/
Ham’s F-12. To protect against possible untoward effects
of adding fresh medium to cultures, media from untreated
cultures, prepared in parallel, were collected, centrifuged,
and supernatants were added back to experimental cultures
as ‘conditioned’ media. Cultures were subsequently
returned to the incubator. In some experiments, the effects
of S-roscovitine on granule neurons were also examined.
S- and R-roscovitine yielded qualitatively similar results.
For brevity, only data obtained with R-roscovitine is pre-
sented and it is denoted ‘roscovitine’. MCF-7 cells were
cultured as recommended by the American Type Culture
Collection.

2.3. Neuronal viability/death

Cellular reductive capacity of 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) was used as an
indirect measure of neuronal viability as previously des-
cribed [39,40]. Briefly, MTT (5 mg/ml) was added directly
to culture medium at a final concentration of 0.5 mg/ml, and
cultures were incubated at 37 °C for 10 min. Following

incubation, culture medium was removed and replaced with
an equal volume of dimethyl sulfoxide (DMSO). Absor-
bance measurements were then quantified using a Hitachi U-
2000 spectrophotometer at a wavelength of 540 nm. Con-
firmation of MTT data was performed by comparison with
fluorescein diacetate and propidium iodide (FDA and PI)
double-labeling for live and dead cells, respectively, as
described previously [35]. Additionally, morphologic ana-
lysis of the mechanism of cell death was made via phase-
contrast and fluorescence microscopy. Finally, nuclear mor-
phology was examined by staining CGNs with the DNA dye
bisbenzimide (Hoescht 33298; 1 mg/ml).

2.4. Immunocytochemistry/western immunoblotting

For immunocytochemistry, cells grown on glass cover-
slips were fixed with 4% paraformaldehyde, permeabilized
with 0.3% Triton X-100 in PBA (1% BSA in PBS). Cells
were incubated overnight with the following diluted pri-
mary antibodies: cleaved caspase-3 (1:100 in PBA), CaM-
KIV (1:50 in PBA/2% donkey serum), or CDK 5 (1:100 in
1.5% serum/PBS). Texas Red or FITC conjugated donkey
anti-rabbit or anti-mouse secondary antibody was diluted
(1:400) in 2% donkey serum/PBA and incubated for 1-3 h
at room temperature in the dark. Coverslips were mounted
on slides using Vectashield®, with or without PI to label
nuclei as an indicator of total cell number, and digitally
photographed under confocal fluorescence microscopy
(20-60x objectives, Nikon Eclipse E600).

For Western immunoblotting, cultures were harvested in
SDS buffer (1 mM NaVO,, 0.3 mM PMSF, 2% SDS,
62.5 mM Tris, 10% glycerol), sonicated, and equalized
for protein content based on the Micro BCA™ assay.
Proteins were resolved on 8% SDS-PAGE, transferred
to nitrocellulose and blocked in 3-5% non-fat dry milk
(NFDM)/0.1% Tween-20 in Tris buffered saline (TTBS).
Blots were incubated at 4 °C overnight in diluted primary
antibody as follows: c-Jun (1:1000 in 5% BSA/TTBS),
cleaved caspase-3 (1:1000 in 5% NFDM/TTBS), p35
(1:400 in 5% NFDM/TTBS), total CREB (1:500 in 3%
NFDM/PBS), or serine 133 phosphorylated CREB (1:500
in 3% NFDM/PBS). Blots were incubated for 1 h at room
temperature with horseradish peroxidase conjugated sec-
ondary antibodies (anti-rabbit, 1:1000), diluted in 5%
NFDM/TTBS. Supersignal® West Pico and X-ray films
were used to visualize immunoreactivity. Multiple protein
concentrations were routinely analyzed to ensure linearity
of the assays.

2.5. RNA isolation and RT

Whole-cell RNA was isolated from granule neurons
(024 h post-treatment) using a RNeasy Mini Kit according
to the manufacturer’s protocol. Concentration and purity of
RNA were assessed with a spectrophotometer using nucleo-
tide absorption at 260 nm and a ratio at 260/280 nm
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(nucleotide/protein), respectively. RNA was used in a RT
reaction to produce cDNA for use as template in PCR as
previously described [34]. As controls, a RT reaction was
performed at least once for each set of samples in the
absence of either reverse transcriptase or RNA.

2.6. PCR

PCR of c-jun mRNA was performed in a final volume of
100 pl containing 5 ng of input RNA (following RT) and the
following components (final concentrations): Taq buffer
(1X); Tag polymerase (0.025 U/ul); BSA (0.17 pg/ul);
MgCl, (1.5 mM); the four dNTPs (0.05 mM); and c-jun
oligonucleotide primers (0.25 pmole/pl each) upstream (5'-
GCT TCT CTA GTG CTC CGT AA-3’; sense) and down-
stream (5'-TCT AGG AGT CGT CAG AAT CC-3'; anti-
sense) [41]. The PCR protocol was as follows: 95 °C for
5 min, then 40 cycles of 95°C for 1.5 min, 50 °C for
1.5 min, 72 °C for 1.5 min, followed by 72 °C for 5 min.
Samples were resolved on 1.5% ethidium bromide-stained
agarose gels to separate and visualize amplicons (expected
size 774 bp) and photographed while illuminated with UV
light.

PCR of B-actin mRNA was performed in a final volume
of 100 pl containing 5 ng of input RNA (following RT) and
the following components (final concentrations): Taq buf-
fer (1x); Tag polymerase (0.025 U/ul); BSA (0.17 pg/ul);
MgCl, (2 mM); the four dNTPs (0.05 mM); and B-actin
oligonucleotide primers (0.25 pmole/pl each) upstream
(5-TCA TGA AGT GTG ACG TTG AC-3’; sense) and
downstream (5'-CCT AGA AGC ATT TGC GGT GC-3';
antisense) [42]. The PCR protocol was as follows: 95 °C
for 5 min, then 30 cycles of 94 °C for 1 min, 60 °C for
1 min, 72 °C for 2 min, followed by 72 °C for 10 min.
Samples were resolved on 8% ethidium bromide-stained
polyacrylamide gels to separate and visualize amplicons
(expected size 285 bp) and photographed while illumi-
nated with UV light.

2.7. Statistical analysis

Values stated in the text are means + S.E.M. and have
been analyzed for their statistical significance using an
ANOVA, followed by Fischer’s test. Values of P < 0.05
are considered statistically significant.

3. Results

3.1. Purine analogue CDK inhibitors trigger apoptosis
in maturing cerebellar granule neurons

To examine the effects of purine analogue CDK inhibitors
on cerebellar granule neurons physiology, cultures were
treated with the cell permeable agents: roscovitine, olomou-
cine, and its inactive isomer, iso-olomoucine. Neurons were

grown to 1 DIV, then a purine analogue or vehicle (DMSO)
was added. After 24-h, cell viability was assessed by: (1)
MTT assay; (2) FDA/PI staining; (3) morphological exam-
ination; and (4) activation state of caspase-3. Fig. 1a demon-
strates that olomoucine and roscovitine significantly
decrease cell viability (MTT reduction as percent vehicle-
treated control (set at 100%) = 60.4 + 8.9% and 53.3 +
0.5%, N = 3-5, P < 0.05, respectively). In contrast, iso-
olomoucine treatment does not significantly alter viability
(93.3 £ 4.0% of control, N = 5). The presence or absence
of AraC (10 uM) in the culture medium during purine
analogue treatment has no demonstrable affect on granule
neuron viability (50 uM roscovitine: MTT reduction with
AraC = 53.3 4 0.5% versus without AraC = 52.6 + 0.3%,
N =3, P <0.05).

Investigators typically supplement the culture medium
with KCl (final concentration 25 mM KCI) to promote
long-term survival [43,44]. To determine whether maturing
granule neurons grown in elevated KCI (25 mM) are
protected from the detrimental effects of CDK inhibitors,
compared to neurons grown in standard medium (5 mM
KCl), granule neurons (1 DIV) were challenged with
olomoucine or iso-olomoucine (100 uM), and MTT assays
performed 24 h later. In both culture conditions olomou-
cine causes significant and comparable decreases in cell
viability, whereas iso-olomoucine and vehicle are without
significant effect (5 mM KCl, olomoucine: 50.4 £+ 3.4%
versus iso-olomoucine: 91.7 & 3.8%, N = 5; 25 mM KCl,
olomoucine: 49.9 £ 4.7% versus iso-olomoucine: 94.8 +
1.8%, N = 6) (Fig. 1b). (Note that the inhibitory potency of
olomoucine was not significantly different in granule
neurons grown in defined versus serum-containing culture
media (not shown).) Olomoucine also triggers a significant
decrease in cell viability versus iso-olomoucine in cultures
grown to 7 DIV and treated for 48 h (5 mM KClI, Olo versus
Iso-olo: 61.7 +5.5% versus 101.7 &= 6.8%; 25 mM KCl,
Olo versus Iso-olo: 71.0 &= 7.1% versus 99.3 £ 3.5, N = 3;
Fig. 1¢). These data indicate that granule neurons, grown in
trophic medium containing elevated KCl, are not protected
from the detrimental effects of purine analogue CDK
inhibitors, even after extended maturation in culture.

Roscovitine, reportedly more potent and selective for
CDKs than olomoucine [28], was used to test the con-
centration dependence of the effect. Following 24-h treat-
ment of granule neurons (1 DIV), a concentration-
dependent decrease in cell viability is observed (1 pM =
87.4+ 4.8%, 10 uyM = 74.94+ 7.9%, 25 uM =50.3+ 4.9%,
N = 3; Fig. 1d). As with 50 uM roscovitine (Fig. 1a), these
decreases are statistically significant at 10 and 25 pM,
compared to vehicle-treated cultures. As both 25 and
50 uM roscovitine produce similar decreases in MTT
reduction after treatment for 24-h, the lower concentration
was used for subsequent experiments.

To confirm that the MTT assay is a valid index of granule
neuron death, and not merely indicative of a metabolic
disturbance, FDA and PI were used to stain living (FDA)
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Fig. 1. Effects of purine analogue CDK inhibitors on neuronal viability. Cerebellar granule neurons were grown in media containing 5 or 25 mM KCl. (a)
Histogram showing MTT reduction following 24-h exposure at 1 DIV to iso-olomoucine or olomoucine (Iso-olo or Olo, 100 pM, N = 5), roscovitine (Ros,
50 uM, N = 3), roscovitine in the absence of AraC (Ros — AraC, 50 uM, N = 3), or vehicle (DMSO, N = 5). (b) Histogram showing MTT reduction
following 24-h exposure at 1 DIV ([early]) to iso-olomoucine and olomoucine (100 uM each, N = 5-6) or vehicle (control, N = 5-6). *Significantly different
than vehicle-treated control. (c¢) Histogram showing MTT reduction following 48-h exposure at 7 DIV ([late]) to iso-olomoucine and olomoucine (100 pM
each, N = 3). (d) Histogram showing MTT reduction following 24-h exposure at 1 DIV to increasing concentrations of roscovitine (1, 10, and 25 mM,
N = 3). (e) Fluorescence micrographs showing FDA/PI stained (FDA, living; PI, dead) CGNs following 24-h exposure at 1 DIV to roscovitine (25 uM) or
vehicle control. Corresponding phase contrast micrographs are also shown. Arrows depict some of the pyknotic CGNs in both images. Scale bar indicates

~10 pm.

and dead (PI) neurons in the presence or absence of 25 uM
roscovitine, added to cultures at 1 DIV, and examined 24 h
later. Roscovitine treatment yields an impressive increase
in the proportion of Pl-stained, dead, neurons (arrows), in

conjunction with a proportionate decrease in FDA-stained,
living, neurons (Fig. 1d). In contrast, the majority of
vehicle-treated neurons remain viable (i.e. stained with
FDA and not PI).
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Apoptosis and necrosis lie on two ends of a death
continuum. Apoptosis is a highly ordered and tightly
regulated physiological process, typically requiring tran-
scription and translation, and yielding cell death without
inflammation. It is morphologically and biochemically
distinct from necrosis, and is characterized by cellular
shrinkage and fragmentation, nuclear condensation, pro-
teolysis, and internucleosomal DNA cleavage, among
other things [45]. Conversely, necrosis is a pathological
response to extreme stress. Ultimately, cells cannot main-
tain osmotic balance, they swell and lyse, releasing their
intracellular contents, which induces an inflammatory
response. Thus, if the CDK inhibitors interfere with a
physiologically relevant survival pathway in granule neu-
rons, then they should trigger a form of apoptotic neuronal
death.

Phase contrast micrographs of maturing granule neurons,
treated at 1 DIV, and assayed after 24-h roscovitine treat-
ment (25 pM) show morphologic hallmarks of apoptosis.
These include cellular shrinkage and fragmentation (Fig. le,
phase panels), as well as neurite fragmentation and mem-
brane blebbing (Fig. 2a). Granule neurons also demonstrate
stereotypical apoptotic changes in nuclear morphology,
including chromatin condensation and nuclear pyknosis
(Fig. 2b, arrows) assessed by Hoescht 33298 staining. In
contrast to the rapid cellular swelling and lysis associated
with necrosis, these morphologic alterations develop after a
delay of 12-24 h. Note also that roscovitine triggers a
comparable degree of nuclear pyknosis in neurons grown
in medium containing 25 mM KCI.

Activation of caspases, cysteine-containing aspartases,
is a common biochemical feature of apoptosis. Numerous
signal transduction pathways, including those governed by
plasma membrane death receptors (i.e. Fas) and mitochon-
drial elements (i.e. cytochrome c), yield cleavage and
activation of members of this protease family. Caspase-3
is a terminal effector of apoptosis, upon which upstream
caspases converge (for reviews see [46,47]). To examine
whether caspase-3 activity is associated with neuron death
following CDK inhibitor treatment, a monoclonal antibody
that recognizes only the cleaved/active form of caspase-3
was used. Granule neurons (1 DIV) were treated with
roscovitine (25 pM), olomoucine (100 uM), or vehicle.
After 24-h, cultures were fixed and processed for immu-
nocytochemistry. PI was used to counter-stain granule cell
nuclei. As shown in Fig. 2c, the majority of granule
neurons treated with roscovitine and olomoucine, but
not vehicle, express the cleaved form of caspase-3. To
verify the functional activity of caspase-3 in response to
roscovitine and olomoucine, cultures were treated over-
night with roscovitine and olomoucine, fixed, and then
double labeled with antibodies specific for cleaved cas-
pase-3 and one of its targets, CaMKIV. CaMKIV is
enriched in the nuclei of maturing cerebellar granule
neurons [48] and is a substrate for caspase-3 [49]. In
vehicle-treated controls, the granule neurons express CaM-

KIV with little or no active caspase-3. Treatment with
roscovitine or olomoucine activates caspase-3 in many
neurons, and the majority of these no longer contain
detectable CaMKIV. However, occasionally, neurons were
observed that expressed both cleaved caspase-3 and a
lower, but still detectable level of CaMKIV (Fig. 2d,
arrow). To ascertain the time course of caspase-3 activation
following roscovitine treatment, Western immunoblotting
was performed. As shown, cleaved caspase-3 becomes
detectable only after a delay of ~8 h following treatment
(25 pM), and it continues to increase to 24 h (Fig. 2e).
Taken together, the data indicate that these members of the
purine analogue class of CDK inhibitors activate caspase-3
and trigger apoptosis in maturing granule neurons after a
delay of several hours.

3.2. Following roscovitine treatment, granule neurons
become irreversibly committed to an apoptotic death
program

A temporal feature of apoptosis is the development of a
commitment point, due to initiation of transcriptional
events. Thus, the death process becomes irreversible and
gradually proceeds over time, irrespective of the continued
presence of the triggering agent, in this case, roscovitine.
The presence of cleaved caspase-3 in the majority of
granule neurons exposed to roscovitine and olomoucine
for 24 h is consistent with this notion (Fig. 2c). We,
therefore, examined if a majority of granule neurons are
irreversibly committed to apoptosis after 24-h exposure to
roscovitine, followed by roscovitine washout. Granule
neurons (1 DIV; 5 and 25 mM KCI containing media)
were treated for 24 h with roscovitine (10 or 25 pM), then
half of the cultures were immediately processed for MTT
assay (2 DIV) and the other half were washed with, and
switched to, drug-free media, and returned to the incubator.
At 7 DIV, these cultures were analyzed for the extent of
neuronal death compared to their vehicle-treated controls,
also grown for 7 DIV. Consistent with the data in Fig. 1d,
granule neuron viability (5 mM KCI condition, 4), when
assayed at 2 DIV following 24-h exposure to 10 and 25 uM
roscovitine, is 79.1+1.9% and 50.3 +£4.2% (N =3,
P < 0.05), respectively. On the other hand, a significantly
greater proportion of granule neurons ultimately undergo
apoptosis following 24-h exposure to roscovitine, drug
washout, and subsequent assay at 7 DIV (5 mM KCl,
@®: 46.4+4.4% and 12.2 £ 5.9%, respectively, for 10
and 25 uM roscovitine, versus vehicle control (set at
100%), N = 3, P < 0.05) (Fig. 3a). (Note that in experi-
ments conducted in 5 mM KCl at 7 DIV, some neurons died
through naturally occurring apoptosis. However, all drug-
treated samples are directly compared to their vehicle-
treated controls of the same age.) Also, as shown pre-
viously (Fig. 2b), supplementing the media with 25 mM
KCI does not protect granule neurons from roscovitine-
induced death, and a greater degree of death is observed
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Fig. 2. Purine analogue CDK inhibitors trigger morphological and biochemical changes indicative of apoptosis. (a) Phase contrast micrographs showing
granule neurons (5 mM KCl) after 24-h exposure at 1 DIV to roscovitine (25 pM) or vehicle control. (b) Fluorescence micrograph showing Hoescht 33258
stained CGN nuclei (5 and 25 mM KClI) following 24-h exposure at 1 DIV to roscovitine (+-Ros, 25 pM). Arrows depict some of the fragmented apoptotic
nuclei. (c) Fluorescence micrograph showing cleaved caspase-3 staining in granule neurons (5 mM KCI) following 24-h exposure at 1 DIV to roscovitine
(Ros, 25 uM), olomoucine (Olo, 100 pM), or vehicle (Con). PI staining is used to show all cell nuclei. (d) Fluorescence micrograph showing CaMKIV and
cleaved caspase-3 staining in granule neurons (5 mM KCI) following 24-h exposure at 1 DIV to roscovitine (Ros, 25 uM), olomoucine (Olo, 100 uM), or
vehicle (Con). (e) Western immunoblot comparing cleaved caspase-3 in granule neurons (5 mM KCI) following 2, 4, 8, 12, and 24-h exposure at 1 DIV to
roscovitine (25 uM). Forty micrograms protein were loaded per well. Scale bars indicate ~10 um.

after drug washout and assay at 7 DIV (Q), compared to until ~8 h post-treatment. Since caspase-3 is a terminal
assay at 2 DIV (). executioner of apoptotic cell death (for reviews see
As shown (Fig. 2e), roscovitine does not induce a [46,47]), its activation in granule neurons may indicate

detectable amount of active immunoreactive caspase-3 the arrival of an irreversible commitment point. The next
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Fig. 3. Presence of an irreversible commitment point following roscovitine
treatment. (a) Line graph showing MTT reduction immediately after 24-h
roscovitine exposure at 1 DIV (10 and 25 uM; @ and <) and after 24-h
exposure at 1 DIV, followed by drug washout, continued culture, and assay at
7 DIV (@ and Q). *Significantly different than respective vehicle-treated
control. "Significantly different than respective treatment condition assayed
at 2 DIV. (b) Line graph showing MTT reduction following drug washout
after 2, 3, 6, 10, 16, and 24-h exposure to roscovitine at 1 DIV (10 and
25 uM; [J and A) compared to continuous roscovitine exposure for 7 DIV
(M and A). *Significantly different than respective vehicle-treated control.

series of experiments was designed to determine if granule
neurons can be rescued from apoptosis if roscovitine is
“washed out” prior to detectable activation of caspase-3
(i.e. ~8h). To test this, granule neurons (1 DIV) were
treated with roscovitine (10 or 25 uM) for periods ranging
from 2 to 24 h, followed by drug washout. All cultures
were then returned to the incubator and assayed by MTT at
7 DIV. When granule neurons are exposed to roscovitine
(10 or 25 pM) for 3 h or less, then washed free of drug and
assayed at 7 DIV, there are no significant alterations in
MTT reductive capacity, compared to vehicle-treated con-
trol (Fig. 3b). Moreover, exposure for 6 h, followed by
washout and analysis at 7 DIV, produces only a marginal
decrease in MTT reductive capacity in granule neurons
receiving the higher roscovitine concentration (25 uM). In
contrast, after 10-h treatment or longer, followed by wash-

out of roscovitine, a significant proportion of neurons are
committed to apoptosis (10 uM, [J; 25 uM, A), and the
extent of cell death approaches values obtained at 7 DIV
with constant exposure to roscovitine (Jll and A). These
data indicate that signaling events associated with roscov-
itine-mediated apoptosis are reversible prior to 6 h of drug
exposure. However, after 10 or more hours, the majority of
granule neurons reach an irreversible commitment point.

3.3. Roscovitine induced apoptosis is not due to
disinhibition of a CDK 5/JNK3/c-Jun signaling cascade

Unlike other members of the AP-1 family of transcrip-
tion factors, c-Jun initiates transcriptional death programs
within hours after stress, or trophic factor withdrawal, in
several types of neurons [50,51], including cerebellar
granule neurons [52-54]. Specifically, c-Jun becomes
phosphorylated on serines 63 and 73 retarding its electro-
phoretic mobility, then c-jun mRNA and c-Jun protein
increase in abundance [52-54]. Importantly, induction of
c-Jun lies upstream of caspase activation, as caspase
inhibitors protect neurons from apoptosis after stressful
insult inducing c-Jun [55,56]. A recent report demonstrated
that CDK 5 negatively regulates c-Jun activity [57],
thereby serving directly as a pro-survival protein. In this
model, constitutive phosphorylation of c-Jun N-terminal
kinase 3 (JNK3) renders it catalytically inactive, prevent-
ing it from activating c-Jun (via phosphorylation on serines
63 and 73; Fig. 4a, left). In this context, inhibition of CDK
5 with roscovitine promotes activation of JNK3, leading to
phosphorylation of c-Jun and pro-apoptotic gene expres-
sion (Fig. 4a, right).

Based on the selectivity profiles of olomoucine and
roscovitine, one substrate for which they are highly selec-
tive is CDK 5 [28]. Although CDK 5 is expressed ubiqui-
tously, its catalytic activity is largely restricted to a few cell
types, including post-mitotic neurons, based on the co-
expression of its activator p35 (or p39) [58-60]. To verify
previous findings and show that CDK 5 and p35 are co-
expressed in the cultures used herein, granule neurons were
grown for 2 DIV (5 and 25 mM KCl-containing medium),
then fixed and processed for immunocytochemistry or
immunoblotting using CDK 5- and p35-specific antibo-
dies, respectively. As expected, CDK 5 is readily detect-
able in the majority of granule neurons and appears to be
concentrated at the base of developing neurites (Fig. 4b).
Importantly, p35 is co-expressed in granule neurons, but
not in the human breast carcinoma cell line MCF-7 where
CDK 5 is expected to be catalytically inactive (Fig. 4b;
Western immunoblot). These data confirm previous find-
ings indicating that a possible target (CDK 5/p35) for the
apoptosis-triggering effect of roscovitine and olomoucine
is present in maturing cerebellar granule neurons.

To examine potential effects on the CDK 5/JNK3/c-Jun
signaling cascade, we determined the time course
of roscovitine-mediated alterations in c-jun mRNA and
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Fig. 4. A CDK 5/JNK3/c-Jun signaling cascade does not mediate granule neuron death following roscovitine treatment. (a) A model depicting regulation of
JNK3/c-Jun by CDK 5 and the putative effects of roscovitine on this pathway. CDK 5 constitutively phosphorylates JNK3 on threonine-131, thereby
suppressing its activity and preventing it from phosphorylating (serines 63 and 73) c-Jun and activating a c-Jun-mediated apoptotic transcriptional program
(left). Following roscovitine treatment, CDK 5 is inhibited, resulting in JNK3 phosphorylation/activation of c-Jun and apoptosis (right). Gray text depicts
inactive segments of pathway. (b) Fluorescence micrographs showing immunoreactive CDK 5 in maturing granule neurons. PI staining was used to show all
cell nuclei. Scale bar indicates ~10 um. Western immunoblot showing p35 protein expression in granule neurons and MCF7 breast carcinoma cells (40 pg
protein loaded). (c) Ethidium bromide stained gel showing amplicons corresponding to c-jun and f-actin mRNA following exposure to roscovitine (25 uM)
for 1,2, 4, 8, and 24 h at 1 DIV. (d) Western immunoblot showing changes in c-Jun protein following roscovitine (25 pM) exposure for 2, 4, 8, 12, and 24 h at
1 DIV (40 ng protein loaded). (e) Graphical representation of alterations in the levels of c-Jun mRNA and total immunoreactive protein following roscovitine
treatment. Analyses were performed on three separate cell preparations. (f) Histogram showing MTT reduction in granule neurons after 24-h exposure to
roscovitine (Ros, 25 M) alone, SB203580 alone (SB, 10 uM), and roscovitine plus SB203580 (SB + Ros, 1 and 10 uM; added 1 h prior to roscovitine) at 1
DIV. "Significantly different than vehicle-treated control (N = 3-6).
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c-Jun protein. Granule neurons were treated with roscovitine
(25 uM) for 0-24 h, then protein or RNA was extracted and
analyzed. Fig. 4c and e show that roscovitine induces a
detectable increase in c-jun mRNA expression by 1h,
peaking at 2 h, and gradually diminishing by 24 h. In the
same samples, no changes in amounts of 3-actin mRNA are
observed (Fig. 4c). Later, roscovitine induces an increase in
immunoreactive c-Jun protein, first detectable at 2 h, peak-
ing at 8 h, and decreasing to control levels by 24 h (Fig. 4d
and e). However, a retardation in the electrophoretic mobi-
lity of immunoreactive c-Jun, indicative of phosphorylation,
was not observed in three of three cell preparations treated
with roscovitine. Moreover, using an antibody that recog-
nizes only serine 63 phosphorylated c-Jun, we were unable
to detect appreciable changes in immunoreactive phos-
phorylated c-Jun (data not shown). These data suggest that
the roscovitine-mediated increases in c-jun mRNA and
c-Jun protein are not a consequence of c-Jun phosphoryla-
tion. Thus, although roscovitine induces an early increase in
c-jun mRNA (peak at 2 h), which precedes an increase in
immunoreactive protein (peak at 8 h) and an increase
in immunoreactive cleaved caspase-3 (peaks to 24 h), the
lack of phosphorylated c-Jun is inconsistent with involve-
ment of a c-Jun-mediated death program.

To further test this, SB203580 was used. At lower con-
centrations (1 pM), SB203580 blocks the activity of the
p38a/p isoforms, while higher concentrations (10 tM) inhi-
bit JNK 2/3 isoforms [54,61,62]. Accordingly, pretreatment
of mature granule neurons with 10 uM, but not 1 pM,
SB203580 followed by withdrawal of 25 mM KCI (an
apoptotic stimulus requiring activation of JNK2/3 and
c-Jun [52-54]), is protective [54]. In the cultures used herein,
we verified the protective effect of 10 pM SB203580 against
apoptosis due to KCI withdrawal, after growth for 7 DIV in
medium containing 25 mM KCI (data not shown). To deter-
mine whether SB203580 protects immature granule neurons
from roscovitine-mediated apoptosis, cultures (1 DIV, 5 mM
KCI) were pretreated with SB203580 (1 or 10 pM) prior to
challenge with roscovitine (25 uM). Twenty-four hours
later, neuronal viability was assayed by MTT. Fig. 4f demon-
strates that SB203580 does not protect granule neurons from
roscovitine-mediated apoptosis (MTT reduction = 42.3 +
3.9%, 43.1 £ 7.2%, and 41.5 +3.5% for 25 uM roscov-
itine, roscovitine + 1 pM SB203580, and roscovitine +
10 uM SB203580, respectively, N = 3). Taken together,
these data indicate that purine analogue-mediated apoptosis
in developing granule neurons is not attributable to a CDK 5/
JNK3/c-Jun-mediated death program.

3.4. Butyrolactone-1 and PNU112455A do not trigger
apoptosis in granule neurons

An additional pharmacologic strategy was undertaken to
assess the likelihood that roscovitine and olomoucine
trigger granule neuron apoptosis by inhibiting CDKs 1,
2, or 5. The effects of butyrolactone-1, a structurally

distinct CDK 5 inhibitor, on granule neuron physiology
were examined. Butyrolactone-1 was chosen because it
displays a selectivity profile similar to the purine analogues
(e.g. inhibits CDKs 1, 2, and 5), and potently inhibits CDK
5 with an in vitro ICsq of 0.49 uM [63]. It has been used
with success in elucidating CDK 5-mediated processes in
other neuronal types [63-65]. Granule neurons (5 and
25 mM KCI) were grown to 1 DIV, and then treated with
butyrolactone-1 (10, 25, and 50 uM) or vehicle. Note
that these concentrations accord with, or are greater than
those described by others to elicit CDK 5-specific effects
[63—65]. Following 24-h exposure, viability was assayed
by MTT reduction. Distinct from roscovitine and olomou-
cine, butyrolactone-1 fails to trigger death in granule
neurons (S mM KCl =99.9 +4.6%, 98.0 =3.3%, and
101.2 +2.0% for 10, 25, and 50 pM, respectively;
25 mM KCI =102.0 £ 0.2% and 104.1 +2.0%, for 25
and 50 mM, respectively, N = 6, compared to control;
Fig. 5a). Recently, the aminopyrimidine compound
PNU112455A was identified as a potent CDK 2/5 inhibitor
(Ki = 2.0 uM for CDKs 2 and 5) [66]. PNU112455A is
selective and does not inhibit c-Met, the insulin-like
growth factor-1 receptor tyrosine kinases, c-AMP-depen-
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Fig. 5. Butyrolactone-1 or PNU112455A do not reduce granule neuron
viability. (a) Histogram showing MTT reduction in granule neurons (5 and
25 mM KCI) following 24-h exposure to butyrolactone (25 and 50 uM) at
1 DIV. (b) Histogram showing MTT reduction in granule neurons (5 and
25 pM KCl) following 24-h exposure to PNU112455A (50 and 100 pM) at
1 DIV.
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dent kinase, or ERK2 even at 100 uM [66]. Again, granule
neurons (5 and 25 mM KCl) were grown to 1 DIV, then
treated with PNU112455A (50 and 100 uM) for 24-h. Like
butyrolactone-1, PNU112455A fails to significantly reduce
neuronal viability, determined by MTT assay (5 mM
KC1=94.14+58% and 933+£22% for 50 and
100 uM, respectively; 25 mM KCl = 103.9 £ 0.9% and
102.5 +2.8% for 50 and 100 mM, respectively, N = 3;
Fig. 5b). Consistent with these findings, neurons treated
with butyrolactone-1 or PNU112455A do not demonstrate
any morphologic hallmarks of apoptosis when analyzed by
phase contrast microscopy (data not shown). These data
argue against a role for CDKs 1, 2, or 5 in apoptosis,
triggered by the purine analogue inhibitors.

3.5. Purvalanol induces apoptosis in maturing granule
neurons and inhibits CREB phosphorylation

The purine analogue CDK inhibitor purvalanol, like
olomoucine and roscovitine, demonstrates selectivity for
CDKs 1,2, 5,7, and 9, and is the most potent member of
this class to date. However, its ability to rescue or induce
apoptosis in neurons has yet to be explored. Examination
of ~25 cellular proteins indicates that purvalanol inhibits
CDKs 1, 2, and 5 in the low nanomolar range (in vitro
ICso = 4-6, 6-70, and 6-75 nM, respectively) [67], but
similar data regarding inhibition of CDKs 7 and 9 are
unavailable. Purvalanol also inhibits ERKs 1 and 2 in the
low micromolar range (in vitro ICsy = 9 and 3.3, respec-
tively) [67]. To test its effects on granule neuron viability,
cultures (5 and 25 mM KCI) were grown to 1 DIV, treated
with purvalanol (1, 10, 25, and 50 pM) or vehicle for 24 h,
and analyzed by MTT assay. As shown in Fig. 6a, purva-
lanol induced a concentration-dependent decrease in cell
viability (SmM KCl=98.94+49%, 50.5+8.1%,
36.8 £ 6.9%, and 34.7 + 12.1%, respectively, for 1, 10,
25, and 50 uM; 25 mM KC1 = 95.1 &+ 7.9%, 52.3 + 9.6%,
34.2 +7.6%, and 30.4 £ 8.6%, respectively, for 1, 10, 25,
and 50 pM, N = 6). Consistent with this, purvalanol treat-
ment (25 uM) induced the morphological hallmarks of
apoptosis (Fig. 6b), as well as immunoreactive c-Jun
protein (data not shown). Collectively, these data indicate
that purvalanol potently induces apoptosis in granule
neurons via a mechanism similar to rosocovitine and
olomoucine.

CREB, a nuclear transcription factor, is a common
convergence point for several intracellular kinase cascades,
including the ERKs and CaMKIV [68]. Loss-of-function
mutations in mice show that CREB family members are
critical for promoting neuronal survival and development
in the mammalian brain [69]. In cerebellar granule neu-
rons, nuclear kinase CaMKIV phosphorylates CREB on
serine 133, inducing changes in gene expression that favor
neuronal survival and maturation [70]. Consistent with
this, our laboratory has shown that inhibition of CaMKIV
activity by the selective pharmacologic inhibitor KN-62

120
= W5mMKCl 0O25mM KCl
= 100
=
S
= 80
- O
S 60+
<
=
T 40
"1
E 20-
=

pCREIfMTr - - ——
CREBH% - e em—

Ros = + -

Purv = - - + ” i
@ PNU = = = = - 4+

Fig. 6. Purvalanol and roscovitine exert similar effects on granule neuron
viability and serine 133 CREB phosphorylation. (a) Histogram showing
MTT reduction in granule neurons (5 and 25 mM KCI) following 24-h
exposure to purvalanol (1, 10, 25, and 50 uM) at 1 DIV. *Significantly
different than respective vehicle-treated control (N = 6). (b) Phase contrast
micrographs showing granule neurons (5 mM KCl) after 24-h exposure at
1 DIV to purvalanol (25 uM) or vehicle control. Scale bar indicates
~10 pm. (c) Western immunoblots showing serine 133 phosphorylated
CREB and total CREB, after 24-h exposure to roscovitine (25 uM),
purvalanol (25 uM), or PNU112455A (PNU, 100 uM) compared to
vehicle-treated controls (40 ug protein were loaded). Blots shown are
representative of at least three separate cell preparations.

inhibits serine 133 CREB phosphorylation and induces
granule neuron apoptosis [38]. To test whether the purine
analogue CDK inhibitors interfere with serine 133 CREB
phosphorylation, cultures (1 DIV) were treated for 2 h with
roscovitine (25 pM), purvalanol (25 pM), or vehicle, then
whole cell lysates were harvested and compared by Wes-
tern immunoblotting using antibodies selective for phos-
phorylated CREB and total CREB protein. PNU112455A
(100 uM) was also tested for comparison. As shown in
Fig. 6¢c, exposure to roscovitine or purvalanol, but not
PNU112455A, substantially diminishes the amount of
phospho-CREB, compared to the control samples. Total
CREB protein is comparable in all cases. Note that the
observed reductions in CREB phosphorylation are not due
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to caspase-3-mediated proteolysis of CaMKIV because
cultures were treated with the purine analogues for only
2-h, when caspase activation is not yet detectable (Fig. 2d
and e). Taken together, these data indicate that the purine
analogue CDK inhibitors, roscovitine and purvalanol,
affect signaling upstream of CREB activation, and this
occurs prior to attainment of an apoptotic commitment
point.

4. Discussion

In the present study, we show that the 2,6,9-trisubstituted
purine CDK inhibitors roscovitine, olomoucine, and pur-
valanol potently trigger death in maturing cerebellar gran-
ule neurons. Morphological and biochemical examination
of the death process indicates these agents induce a form of
death characteristic of apoptosis. These findings are con-
sistent with some aspects of an earlier report in which
roscovitine triggered granule neuron death [33], and are in
contrast with reports that roscovitine is neuroprotective
[19,20]. However, this report preceded recent work reveal-
ing a wider diversity of CDK function and CDK inhibitor
specificities. Specifically, data interpretation focused upon
inhibition of the cell cycle functions of CDKs. In this
context, we sought to examine several of the most studied
targets of these drugs and their potential contribution to the
observed granule neuron apoptosis.

4.1. CDKs 1, 2, 4, and 6

Inappropriate reactivation of cell cycle CDKs (1, 2, 4,
and 6) in post-mitotic neurons triggers apoptosis in
response to stressful stimuli [10-12], and pharmacological
inhibitors of CDKs are protective [18,19,22,71]. For exam-
ple, when post-mitotic cerebellar granule neurons are
grown for 8§ DIV in media containing 25 mM KClI, and
KCl is subsequently withdrawn to trigger apoptosis, fla-
vopiridol (1 uM), roscovitine (50 uM), or olomoucine
(200 uM) are protective [19]. Furthermore, these agents
prevent associated changes in several components of the
cell cycle machinery (e.g. cyclin D and E induction,
increases in cyclin D- and E-associated kinase activities,
pRb phosphorylation). CDK activity has also been impli-
cated in naturally occurring neuronal apoptosis, resulting
from failed competition for synaptic contacts and/or
trophic factors. For example, in post-mitotic cerebellar
granule neuron cultures deprived of neuronal activity,
CDC2 (a.k.a. CDK 1) activates the pro-apoptotic Bcl-2
family member BAD, leading to apoptosis [20]. Roscov-
itine rescues granule neurons, and inhibits an associated
CDK 1/BAD signaling pathway. In each of these para-
digms, protection of cultured neurons from apoptosis was
attributed to the pharmacologic inhibition of CDKs 1, 2, 4,
and 6. Taken together, such findings suggest that these
CDK activities are important components of the apoptotic

process in post-mitotic neurons. In contrast, we demon-
strate that purine analogue CDK inhibitors trigger, rather
than inhibit, apoptosis in granule neurons. Several points
are noteworthy to explain this discrepancy.

The primary difference between our study and those
reporting neuro-protection is the experimental model. In
the present study, granule neurons are grown in a physio-
logic medium, and addition of CDK inhibitors is used to
determine the importance of constitutive CDK activity in
survival and development. Alternatively, a commonly used
experimental paradigm is growth of granule neurons for
several days in media supplemented with 25 mM KClI,
followed days later by abrupt withdrawal of this trophic
support (e.g. [19,20,53,54]). While this growth paradigm
has been extraordinarily useful in characterizing the exis-
tence of important components of neuronal signaling path-
ways, we [34,38,72-74] as well as others (e.g. [75,76]),
have demonstrated that granule neurons chronically
exposed to medium containing 25 mM KCI undergo sev-
eral Ca*"-dependent neuroadaptive alterations resulting in
phenotypic abnormalities not observed in vivo or in cul-
tures grown in medium containing near physiologic con-
centration of KClI (i.e. 5 mM). For example, inositol 1,4,5-
trisphosphate receptor mRNA and protein, and neurofila-
ment mRNAs and proteins are profoundly increased
[72,74], whereas these proteins are barely detectable in
vivo or in cultures grown in medium containing 5 mM KCI.
Moreover, granule neurons grown under chronically depo-
larizing conditions are electrically silent, as they do not
exhibit action potentials [75] and they down-regulate Ca*"
influx into presynaptic terminals [76], indicating that the
25 mM KCl growth paradigm does not mimic the activity-
dependent phenomena observed in vivo. These are but a
few well studied examples of the numerous phenotypic
alterations that occur, however, they underscore the funda-
mental differences between cultures grown in 5 mM versus
25 mM KCl. Acknowledging this, it becomes quite diffi-
cult to compare these completely distinct paradigms, and it
is thus not surprising that CDK inhibitor treatment yields
paradoxical results.

As mentioned, the abundance of evidence regarding cell
cycle CDK activity in post-mitotic neurons indicates a role
in promoting apoptosis. Thus, we originally reasoned: if
excessive CDK activity (i.e. from CDKs 1, 2, 4, or 6) is a
critical component of apoptosis in post-mitotic granule
neurons, then CDK inhibitors should prevent apoptosis in
5 mM KCl-containing cultures and enhance their long-
term survival. However, our data suggest that neuronal
death following purine analogue treatment is not attribu-
table to inhibition of CDKs 1, 2, 4, or 6 for the following
reasons. First, the purine analogue CDK inhibitors do not
inhibit CDKs 4 or 6 in vitro at the concentrations utilized
for these experiments [27,28,67]. Second, our cultures
consist of post-mitotic, maturing cerebellar granule neu-
rons. This is supported by the expression of several pro-
teins characteristic of non-proliferating neurons: CDK 5,
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p35, and CaMKIV [48,49,58-60]. Although not examined
herein, freshly plated granule neurons can express CDKs 1,
2, and 4, but they are rapidly down-regulated 1-32 h after
plating [33]. We demonstrated that olomoucine triggers
neuronal death when added shortly after plating (1-2
DIV), but also when added several days later at 7 DIV,
when CDKs 1 and 2 are no longer detectably expressed.
Consistent with this, the structurally distinct, but similarly
selective CDK inhibitors butyrolactone-1 and PNU11245A,
did not trigger significant neuronal death compared to the
purine analogues. Taken together, our data suggest that
CDKs 1,2, 4, and 6 are unlikely to be the targets that trigger
granule neuron death. Nevertheless, this argument could be
strengthened further by studies using non-pharmacologic
approaches.

4.2. CDK 5

The non-cell-cycle CDK 5, which is abundant in post-
mitotic neurons and important for neuronal survival and
maturation [77,78] has been implicated in the neuronal
degeneration that characterizes Alzheimers’ disease (for
review see [79]). In particular, a stressful stimulus such as
B-amyloid promotes cleavage of p35 to p25 [80]. Like p35,
p25 activates CDK 5, but has a longer half-life and lacks
the myristoylation site that targets p35 to membranes,
resulting in both sustained and mislocalized CDK 5 activ-
ity and tau hyperphosphorylation [81]. Using this f-amy-
loid toxicity model, CDK inhibitors were shown to be
protective against CDK 5-mediated neuronal death
[64,82,83]. As such, one could predict that inhibitors of
CDK 5 will protect granule neurons if CDK 5 activity
triggers death. However, in the paradigm used herein, no
stimulus is applied to induce p35 cleavage, no p35 cleavage
is detectable, and the purine analogue CDK inhibitors
trigger granule neuron death.

Alternatively, Li et al. [57], in cortical neurons and
HEK293T cells, demonstrated that a constitutive CDK 5
activity directly promotes neuronal survival by inhibiting a
pro-apoptotic signaling pathway. Specifically, CDK 5
phosphorylates and inhibits JNK3, thereby preventing its
catalytic activation of a c-Jun-mediated death program
(Fig. 4a). Until now, the relevance of this CDK 5-regulated
pathway in granule neurons has not been examined. How-
ever, JNK3/c-Jun signaling has been extensively studied in
granule neurons, and several reports support its primary
role in apoptosis triggered by trophic factor withdrawal
[52-54]. According to this model, JNKs become activated
and phosphorylate c-Jun on serines 63 and 73 to potentiate
its transcriptional activity, and c-jun mRNA and c-Jun
protein become more abundant, consistent with the theory
that c-Jun regulates its own transcription [52-54,57]. Thus,
pharmacologic inhibition of CDK 5 in this paradigm
should induce apoptosis, via dysinhibition of JNK3 activ-
ity, resulting in c-Jun phosphorylation and transcriptional
activation. Indeed, we observed apoptosis following treat-

ment with the purine analog inhibitors, all potent CDK 5
inhibitors, but there was no evidence for activation of a
JNK3/c-Jun signaling cascade. In particular, within an hour
of roscovitine treatment, c-jun mRNA and c-Jun protein
became more abundant, but phosphorylated c-Jun was not
detectable by either an electrophoretic mobility shift or a
serine 63 phospho-c-Jun specific antibody. Moreover,
SB203580, at a concentration (10 uM) that prevents both
JNK?2/3 phosphorylation of c-Jun and apoptosis in granule
neurons (7 DIV) in the aforementioned trophic factor
withdrawal paradigm (note: drug effectiveness was verified
herein), failed to rescue maturing granule neurons (1-2
DIV) following roscovitine addition. It is noteworthy that
these findings are distinct from those of Courtney and
Coffey [33], who, during AraC-mediated death, observed
no changes in c-Jun regulation (roscovitine was not exam-
ined). Thus, their conclusion that Ara-C- and roscovitine-
mediated death share a common CDK 5 signaling pathway
is unlikely. Further supporting our argument, treatment of
granule neurons with two structurally distinct, yet potent
CDK 5 inhibitors, butyrolactone-1 and PNU112455A,
were without effect on granule neuron viability. Taken
together, these findings suggest that inhibition of a con-
stitutive CDK 5 activity, at least via a direct JNK3/c-Jun
signaling cascade, does not have a dominant role in granule
neuron death in response to roscovitine, olomoucine, or
purvalanol.

4.3. ERKs and DYRK

To date, all known cellular effects of the purine analogue
CDK inhibitors can thus far be attributed to CDK inhibition
(for reviews [84-86]). Nonetheless, the early decreases in
nuclear CREB phosphorylation (on serine 133) following
purine analogue treatment warrant consideration of kinases
that mediate activation of CREB and can be inhibited by
the purine analogues as potential targets of drug action.

A common feature of olomoucine, roscovitine, and
purvalanol is their selectivity for the mitogen activated
protein kinases (MAPKSs), ERKs 1 and 2. In vitro kinase
assays indicate that olomoucine and roscovitine inhibit
ERKSs 1/2 with ICsq values of 50/40 and 34/14 pM, respec-
tively [27,28]. Note, however, that roscovitine is 10-20-
fold more potent than olomoucine against CDKs, but only
marginally more so against ERKs 1/2. Purvalanol is more
potent against CDKs than olomoucine or roscovitine
(ICs9 = 4-6, 670, and 6-75 nM, respectively, for CDKs
1, 2, and 5), and is also more potent against the ERKs
(ICso =9 and 3.3 uM, respectively, for ERKs 1 and 2)
[67]. In addition, purvalanol directly interacts with both
ERKSs 1 and 2 [30,87]. In contrast, neither butyrolactone-1
nor PNU112455A appreciably inhibit the ERKs when
tested in vitro [66,88]. Although some controversy exists
regarding the functions of ERKs 1/2 in neurons [89], they
appear to contribute to granule neuron survival by virtue
of their activity towards CREB (for review [68]).
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Thus, inhibition of MAPK activity in granule neurons with
the selective pharmacologic agent PD98059 reduces via-
bility [90], though PD98059 was not as potent as the purine
analogues in this respect (Monaco III, unpublished obser-
vation). PD98059 treatment also inhibits MAPK phosphor-
ylation of CREB in granule neurons ([91]; Monaco III,
unpublished observation). These findings are consistent
with our observation that roscovitine and purvalanol, but
not PNU112455A, reduce serine 133 phosphorylation of
CREB. Inconsistent with the notion that the ERKs as
relevant targets of the purine analogues, we observed
significant granule neuron death using as little as 10 uM
roscovitine (e.g. Fig. 1d), which is well below its in vitro
IC5( values for these kinases. Moreover, it is predictable
that concentrations several fold in excess of ICsy values
would be required to achieve physiological inhibition.

An alternative, less known, potential drug target is
DYRKI1a. DYRK family kinases are distantly related to
ERKSs, and structurally similar to CDKSs. Thus, it would not
be surprising if pharmacologic CDK inhibitors also inhib-
ited DYRKs (for review see [92]). The physiological
functions of DYRKSs are largely unknown, but evidence
regarding the Drosophila homolog “minibrain’” indicates
that it is critical for nervous system development [93]. Such
a role is also supported by the observation that the human
DYRKIla gene maps to the “Down’s Syndrome critical
region” of chromosome 21, resulting in speculation that it
may contribute to the Down’s Syndrome phenotype [94].
Consistent with our results, in a hippocampal neuron cell
line, DYRKI1 binds, phosphorylates, and activates the
nuclear transcription factor CREB on serine 133, promot-
ing CREB-mediated gene transcription [95]. Interestingly,
both roscovitine and purvalanol inhibit DYRKIa in
vitro (ICsp = 3.1 and 0.3 uM, respectively). However,
in preliminary experimentation using epigallocatechin
(1-50 uM), one of the main polyphenolic constituents in
green tea and a potent in vitro DYRKIa inhibitor (ICsy =
0.33 uM; [96]), we failed to detect significant granule
neuron death at 1-2 DIV (Monaco III, unpublished obser-
vation). Taken together, these findings suggest that inhibi-
tion of the non-CDKs ERKs 1 and 2, as well as DYRKa,
are unlikely to play a role in granule neuron apoptosis
triggered by the purine analogues.

4.4. CDKs 7 and 9

CDKs 7 and 9 are worthy of discussion considering their
known functions, while CDK 8 can be eliminated as a drug
target because it is insensitive to the purine analogues [30].
CDK 7 is unique because it has a role in both the cell cycle
and transcriptional regulation. CDK 7/cyclin H is a CDK-
activating kinase (CAK), important for phosphorylation
and activation of other CDKs (i.e. CDKs 1, 2, and 4; for
review see [97]). These complexes also comprise one of at
least nine components of the RNA polymerase Il general
transcription factor TFIIH. Phosphorylation of the

carboxy-terminal domain (CTD) of RNA polymerase II
by TFIIH is attributable to CDK 7/cyclin H and important
for initiation and elongation (for review see [98]). How-
ever, this point requires refinement as work by Tirode et al.
[99] and Makela et al. [100] indicates that the CTD
phosphorylating activity of CDK 7 may not be uniformly
required for gene transcription. Indeed, accumulating evi-
dence suggests that a transcriptional requirement for CDK
7 activity depends upon a gene’s promotor [99-102]. Like
CDK 7, CDK 9 activity is required for gene transcription.
Unlike CDK 7, it facilitates transcriptional elongation as
part of the elongation factor P-TEFb (CDK 9/cyclin T),
again via phosphorylation of the CTD of RNA polymerase
IT [103]. CDK 9 also does not possess any known CAK
activity. Although it is clear that CDK 7 and cyclin H are
expressed in post-mitotic neurons [104-106], we argue
against CAK activity as critical to granule neuron survival,
as inhibition would prevent activation of cell cycle CDKs,
a pro-apoptotic phenomenon in post-mitotic neurons sub-
jected to stressful stimuli. The roles of CDKs 7 and 9 in
regulating transcription, thereby serving as targets of CDK
inhibitors, have only recently begun to be explored.

In their study of the mechanism of granule neuron death
in response to high concentrations of AraC, Courtney and
Coffey [33] reported that roscovitine triggered apoptosis in
a manner that was inhibited by flavopiridol (and cyclohex-
imide), which they considered to be a selective CDK 4/6
inhibitor. Subsequently, Lam et al. [107], using DNA
microarray analysis, demonstrated that it potently and
globally suppresses gene transcription in a lymphoma cell
line. Further, its effects were comparable to the established
transcriptional inhibitors actinomycin D and 5,6-dichloro-
1-b-p-ribofuranosyl-benzimidazole (DRB). As a conse-
quence, the effects of flavopiridol were attributed to inhi-
bition of CDKs regulating transcription, most likely CDK
9. Unlike all other known CDK inhibitor/CDK interac-
tions, the mechanism by which flavopiridol inhibits CDK 9
is non-competitive [108]. Moreover, the flavopiridol con-
centrations that suppress transcription are too low to inhibit
CDKs 1 and 2 in the presence of physiological ATP
concentrations [107,108]. As such, one must be aware
of the possibility, when using flavopiridol as a cell cycle
research tool, that the results observed are likely the
product of transcriptional suppression rather than inhibi-
tion of cell cycle CDK activity (e.g. [19,33]).

Interestingly, both flavopiridol and roscovitine rescue
granule neurons from trophic factor withdrawal (i.e. [19]),
suggesting that their effects can overlap. Accordingly, both
flavopiridol and roscovitine inhibit the expression of some
genes [19,107,109], although the magnitude (i.e. number
of genes affected) of these effects are likely context
dependent and are still in question. Current data indicate
that inhibition of flavopiridol’s targets may globally sup-
press transcription, whereas inhibition of roscovitine’s
targets likely does not [107]. Indeed, our data demonstrate
that roscovitine treatment of maturing granule neurons
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actually induces c-jun mRNA and has no detectable effect
on f-actin mRNA (Fig. 4c—e). As the abundance of
evidence indicates that CDK 9 is the most likely physio-
logic target of flavopiridol, these findings suggest that
inhibition of CDK 9 may be the site of overlap with the
purine analogues. However, flavopiridol also rescues gran-
ule neurons from roscovitine-mediated apoptosis [33],
suggesting that the anti-apoptotic effects of flavopiridol
supercede the apoptotic effects of roscovitine, and under-
scores their differences, and the context-dependent nature
of their effects. Also, their effects, at least in part, do not
overlap. In support of this statement, while the purine
analogues inhibit CDK 9 in vitro [31], it does not appear
likely that the purine analogues bind CDK 9 in vivo [30].

From these data, we propose the following hypothesis:
the purine analogue CDK inhibitors trigger granule neuron
death, observed herein, by inhibiting the expression of
genes under the control of CDK 7 activity. Specifically, the
purine analogues inhibit the expression of pro-survival
genes that require phosphorylation of RNA polymerase
IT by CDK 7. In a different context, both roscovitine and
flavopiridol would rescue granule neurons in a trophic
factor withdrawal paradigm by inhibition of pro-apoptotic
genes (i.e. cyclins D and E [19]). Moreover, the effects of
flavopiridol are predicted to supercede those of the purine
analogues in granule neurons by inhibiting the expression
of genes required for purine-analogue-mediated death. To
test this hypothesis, one should focus on the apparent
promotor-based dependence of CDK 7-mediated gene
expression [99,100]. Support for this hypothesis could
come in the form of: (i) the identification of a subset of
genes commonly influenced by the purine analogues; (ii)
identification of common promotor characteristics critical
for CDK 7 activity dependence; and (iii) knowledge of
whether these critical promotor characteristics are present
among the subset of genes that are repressed in the pre-
sence of the purine analogues.

To date, two reports have examined the role of CDK 7 in
determining the survival/death balance in post-mitotic
neurons. Zhu et al. [106] observed that the level of
CDK 7 protein was more abundant in susceptible hippo-
campal neurons from Alzheimers disease patients versus
age-matched controls, consistent with the notion that it has
a role in aberrant cell cycle activation, a pro-apoptotic
stimulus in post-mitotic neurons. It is noteworthy, however,
that following global cerebral ischemia Jin et al. [104]
observed that expression of cyclin H, the regulatory partner
for CDK 7, is increased in surviving neurons, in contrast to
cyclins B1 and D1. They proposed that cyclin H, and by
inference CDK 7, may contribute to neuronal survival by
virtue of its transcriptional functions. Interestingly then,
CDK 7 may have a dual role in determining neuronal fate:
the CAK activity of CDK 7 could serve a pro-apoptotic
function, whereas its role in regulating transcription could
be both pro- and anti-apoptotic, depending on which genes
are affected and in what context.

Overall, our findings suggest a number of important
conclusions. First, the purine analogue CDK inhibitors
olomoucine, roscovitine, and purvalanol trigger apoptosis
in maturing cerebellar granule neurons via a shared
mechanism. In contrast to a previous report, our findings,
together with those of others, indicate that roscovitine and
AraC do not share common cell cycle CDK signaling
pathways as targets. Although repeatedly used as tools for
the study of CDKs 1, 2, and 5, caution must be observed
when attributing their effects to inhibition of these CDKs,
especially considering that their effects on CDK 7 have
yet to be fully explored. For example, the data presented
herein, together with an emerging literature on the sub-
ject, suggest that maturing cerebellar granule neurons
undergo apoptosis in response to purine analogue CDK
inhibitors, but this is not attributable to inhibition of
CDKs 1, 2, 5, or 9. As such, it must be acknowledged
that alternative targets exist in these neurons that,
when inhibited, trigger apoptosis. Though as yet unknown
targets cannot be formally excluded, the data provide
a rationale for further study of CDK 7. A combination
of non-pharmacological and molecular biological appro-
aches should help to clarify its functions. Finally, this
work serves as a caution to investigators using pharma-
cologic CDK inhibitors to target a specific pathway.
Although inhibition of multiple targets may be beneficial
in some circumstances (i.e. cancer chemotherapies), a
more complete understanding will better serve our quest
to study human physiology and develop pharmacologic
therapies.

Acknowledgments

We thank Ms. Alexandra McGann for her technical
assistance. This work was supported by PHS NS40582
from the National Institute of Neurological Disorders and
Stroke at the National Institutes of Health.

References

[1] Oppenheim RW. Cell death during development of the nervous
system. Annu Rev Neurosci 1991;14:453-501.

[2] Gervais FG, Xu D, Robertson GS, Vaillancourt JP, Zhu Y, Huang J,
et al. Involvement of caspases in proteolytic cleavage of Alzheimer’s
amyloid-beta precursor protein and amyloidogenic A beta peptide
formation. Cell 1999;97:395-406.

[3] Nakagawa T, Zhu H, Morishima N, Li E, Xu J, Yankner BA, et al.
Caspase-12 mediates endoplasmic-reticulum-specific apoptosis and
cytotoxicity by amyloid-beta. Nature 2000;403:98-103.

[4] Troy CM, Rabacchi SA, Friedman WIJ, Frappier TF, Brown K,
Shelanski ML. Caspase-2 mediates neuronal cell death induced
by beta-amyloid. J Neurosci 2000;20:1386-92.

[5] Tatton NA, Kish SJ. In situ detection of apoptotic nuclei in the
substantia nigra compacta of 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine-treated mice using terminal deoxynucleotidyl transferase
labelling and acridine orange staining. Neuroscience 1997;77: 1037—
48.



1962

(6]

[7]

(8]

[9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

(20]

[21]

[22]

(23]

(24]

[25]

E.A. Monaco III et al./Biochemical Pharmacology 67 (2004) 1947-1964

Hartmann A, Michel PP, Troadec JD, Mouatt-Prigent A, Faucheux
BA, Ruberg M, et al. Is Bax a mitochondrial mediator in apoptotic
death of dopaminergic neurons in Parkinson’s disease? J Neurochem
2001;76:1785-93.

Viswanath V, Wu Y, Boonplueang R, Chen S, Stevenson FF, Yantiri F,
et al. Caspase-9 activation results in downstream caspase-8 activation
and bid cleavage in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced Parkinson’s disease. J Neurosci 2001;21:9519-28.
Rabizadeh S, Gralla EB, Borchelt DR, Gwinn R, Valentine JS,
Sisodia S, et al. Mutations associated with amyotrophic lateral
sclerosis convert superoxide dismutase from an antiapoptotic gene
to a proapoptotic gene: studies in yeast and neural cells. Proc Natl
Acad Sci USA 1995;92:3024-8.

Ghadge GD, Lee JP, Bindokas VP, Jordan J, Ma L, Miller RJ, et al.
Mutant superoxide dismutase-1-linked familial amyotrophic lateral
sclerosis: molecular mechanisms of neuronal death and protection. J
Neurosci 1997;17:8756-66.

Heintz N. Cell death and the cell cycle: a relationship between
transformation and neurodegeneration? Trends Biochem Sci 1993;
18:157-9.

Freeman RS, Estus S, Johnson EMJ. Analysis of cell cycle-related
gene expression in postmitotic neurons: selective induction of Cyclin
D1 during programmed cell death. Neuron 1994;12:343-55.
Kranenburg O, van der Eb AJ, Zantema A. Cyclin D1 is an essential
mediator of apoptotic neuronal cell death. EMBO J 1996;15:46-54.
Nurse P, Bissett Y. Gene required in G1 for commitment to cell cycle
and in G2 for control of mitosis in fission yeast. Nature 1981;292:
558-60.

Evans T, Rosenthal ET, Youngblom J, Distel D, Hunt T. Cyclin: a
protein specified by maternal mRNA in sea urchin eggs that is
destroyed at each cleavage division. Cell 1983;33:389-96.
Knockaert M, Greengard P, Meijer L. Pharmacological inhibitors of
cyclin-dependent kinases. Trends Pharmacol Sci 2002;23:417-25.
Honma T, Hayashi K, Aoyama T, Hashimoto N, Machida T, Fuka-
sawa K, et al. Structure-based generation of a new class of potent
Cdk4 inhibitors: new de novo design strategy and library design. J
Med Chem 2001;44:4615-27.

Meijer L, Raymond E. Roscovitine and other purines as kinase
inhibitors. From starfish oocytes to clinical trials. Acc Chem Res
2003;36:417-25.

Park DS, Farinelli SE, Greene LA. Inhibitors of cyclin-dependent
kinases promote survival of post-mitotic neuronally differentiated
PC12 cells and sympathetic neurons. J Biol Chem 1996;271:8161-9.
Padmanabhan J, Park DS, Greene LA, Shelanski ML. Role of cell
cycle regulatory proteins in cerebellar granule neuron apoptosis. J
Neurosci 1999;19:8747-56.

Konishi Y, Lehtinen M, Donovan N, Bonni A. Cdc2 phosphorylation
of BAD links the cell cycle to the cell death machinery. Mol Cell
2002;9:1005-16.

Park DS, Morris EJ, Greene LA, Geller HM. G1/S cell cycle blockers
and inhibitors of cyclin-dependent kinases suppress camptothecin-
induced neuronal apoptosis. J Neurosci 1997;17:1256-70.
Mookherjee P, Johnson GV. Tau phosphorylation during apoptosis
of human SH-SY5Y neuroblastoma cells. Brain Res 2001;921:31—
43.

Katchanov J, Harms C, Gertz K, Hauck L, Waeber C, Hirt L, et al.
Mild cerebral ischemia induces loss of cyclin-dependent kinase
inhibitors and activation of cell cycle machinery before delayed
neuronal cell death. J Neurosci 2001;21:5045-53.
Bossenmeyer-Pourie C, Lievre V, Grojean S, Koziel V, Pillot T,
Daval JL. Sequential expression patterns of apoptosis- and cell cycle-
related proteins in neuronal response to severe or mild transient
hypoxia. Neuroscience 2002;114:869-82.

Frade JM. Unscheduled re-entry into the cell cycle induced by NGF
precedes cell death in nascent retinal neurones. J Cell Sci 2000;
113:1139-48.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Lefevre K, Clarke PG, Danthe EE, Castagne V. Involvement of
cyclin-dependent kinases in axotomy-induced retinal ganglion cell
death. J] Comp Neurol 2002;447:72-81.

Vesely J, Havlicek L, Strnad M, Blow JJ, Donella-Deana A, Pinna L,
et al. Inhibition of cyclin-dependent kinases by purine analogues. Eur
J Biochem 1994;224:771-86.

Meijer L, Borgne A, Mulner O, Chong JP, Blow JJ, Inagaki N, et al.
Biochemical and cellular effects of roscovitine, a potent and selec-
tive inhibitor of the cyclin-dependent kinases cdc2, cdk2 and cdkS.
Eur J Biochem 1997;243:527-36.

Rickert P, Corden JL, Lees E. Cyclin C/CDKS and cyclin H/CDK7/
p36 are biochemically distinct CTD kinases. Oncogene 1999;18:
1093-102.

Schang LM, Bantly A, Knockaert M, Shaheen F, Meijer L, Malim
MH, et al. Pharmacological cyclin-dependent kinase inhibitors in-
hibit replication of wild-type and drug-resistant strains of herpes
simplex virus and human immunodeficiency virus type 1 by target-
ing cellular, not viral, proteins. J Virol 2002;76:7874-82.

Wang D, de la Fuente C, Deng L, Wang L, Zilberman I, Eadie C, et al.
Inhibition of human immunodeficiency virus type 1 transcription by
chemical cyclin-dependent kinase inhibitors. J Virol 2001;75:
7266-79.

Contestabile A. Cerebellar granule cells as a model to study mechan-
isms of neuronal apoptosis or survival in vivo and in vitro. Cere-
bellum 2002;1:41-55.

Courtney MJ, Coffey ET. The mechanism of Ara-C-induced apop-
tosis of differentiating cerebellar granule neurons. Eur J Neurosci
1999;11:1073-84.

Vallano ML, Lambolez B, Audinat E, Rossier J. Neuronal activity
differentially regulates NMDA receptor subunit expression in cer-
ebellar granule cells. J Neurosci 1996;16:631-9.

Leahy JC, Chen Q, Vallano ML. Chronic mild acidosis specifically
reduces functional expression of N-methyl-p-aspartate receptors and
increases long-term survival in primary cultures of cerebellar granule
cells. Neuroscience 1994;63:457-70.

Levi G, Aloisi F, Ciotti MT, Thangnipon W, Kingsbury A, Balazs R.
Preparation of 98% pure granule cell cultures. In: Shahar A, de Vellis
J, Vernadakis A, Haber B, editors. A dissection and tissue culture
manual of the nervous system. New York: Alan R. Liss; 1989, p. 211-
4.

Beaman-Hall CM, Leahy JC, Benmansour S, Vallano ML. Glia
modulate NMDA-mediated signaling in primary cultures of cere-
bellar granule cells. J Neurochem 1998;71:1993-2005.
Tremper-Wells B, Mathur A, Beaman-Hall CM, Vallano ML.
Trophic agents that prevent neuronal apoptosis activate calpain
and down-regulate CaMKIV. J Neurochem 2002;81:314-24.
Mosmann T. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J
Immunol Methods 1983;65:55-63.

Mathur A, Vallano ML. 2,2/,3,3' 4,4'-Hexahydroxy-1,1’-biphenyl-
6,6'-dimethanol dimethyl ether (HBDDE)-induced neuronal apop-
tosis independent of classical protein kinase C alpha or gamma
inhibition. Biochem Pharmacol 2000;60:809-15.

Schafer H, Zheng J, Gundlach F, Gunther R, Schmidt WE. PACAP
stimulates transcription of c-Fos and c-Jun and activates the AP-1
transcription factor in rat pancreatic carcinoma cells. Biochem
Biophys Res Commun 1996;221:111-6.

Kudo H, Doi Y, Nishino T, Nara S, Hamasaki K, Fujimoto S. Dietary
zinc deficiency decreases glutathione S-transferase expression in the
rat olfactory epithelium. J Nutr 2000;130:38-44.

Lasher RS, Zagon IS. The effect of potassium on neuronal differ-
entiation in cultures of dissociated newborn rat cerebellum. Brain
Res 1972;41:482-8.

Gallo V, Kingsbury A, Balazs R, Jorgensen OS. The role of depo-
larization in the survival and differentiation of cerebellar granule
cells in culture. J Neurosci 1987;7:2203-13.



[45]
[46]

[47]
[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

(571

(58]

[59]

[60]

[61]

[62]

[63]

[64]

E.A. Monaco Il et al./Biochemical Pharmacology 67 (2004) 1947—1964

Bredesen DE. Neural apoptosis. Ann Neurol 1995;38:839-51.
Salvesen GS, Dixit VM. Caspases: intracellular signaling by pro-
teolysis. Cell 1997;91:443-6.

Green DR. Apoptotic pathways: the roads to ruin. Cell 1998;94:695-8.
Jensen KF, Ohmstede CA, Fisher RS, Olin JK, Sahyoun N. Acquisi-
tion and loss of a neuronal Ca2+/calmodulin-dependent protein
kinase during neuronal differentiation. Proc Natl Acad Sci USA
1991;88: 4050-3.

McGinnis KM, Whitton MM, Gnegy ME, Wang KK. Calcium/
calmodulin-dependent protein kinase IV is cleaved by caspase-3
and calpain in SH-SYS5Y human neuroblastoma cells undergoing
apoptosis. J Biol Chem 1998;273:19993-20000.

Liu YF. Expression of polyglutamine-expanded Huntingtin activates
the SEK1-JNK pathway and induces apoptosis in a hippocampal
neuronal cell line. J Biol Chem 1998;273:28873-7.

Luo Y, Umegaki H, Wang X, Abe R, Roth GS. Dopamine induces
apoptosis through an oxidation-involved SAPK/INK activation path-
way. J Biol Chem 1998;273:3756-64.

Watson A, Eilers A, Lallemand D, Kyriakis J, Rubin LL, Ham J.
Phosphorylation of c-Jun is necessary for apoptosis induced by
survival signal withdrawal in cerebellar granule neurons. J Neurosci
1998;18:751-62.

Coffey ET, Hongisto V, Dickens M, Davis RJ, Courtney MJ. Dual
roles for c-Jun N-terminal kinase in developmental and stress
responses in cerebellar granule neurons. J Neurosci 2000;20:
7602-13.

Coffey ET, Smiciene G, Hongisto V, Cao J, Brecht S, Herdegen T,
et al. c-Jun N-terminal protein kinase (JNK) 2/3 is specifically
activated by stress, mediating c-Jun activation, in the presence of
constitutive JNK1 activity in cerebellar neurons. J Neurosci 2002;
22:4335-45.

Deshmukh M, Vasilakos J, Deckwerth TL, Lampe PA, Shivers BD,
Johnson EMJ. Genetic and metabolic status of NGF-deprived sym-
pathetic neurons saved by an inhibitor of ICE family proteases. J Cell
Biol 1996;135:1341-54.

Park DS, Stefanis L, Yan CY, Farinelli SE, Greene LA. Ordering the
cell death pathway. Differential effects of BCL2, an interleukin-1-
converting enzyme family protease inhibitor, and other survival
agents on JNK activation in serum/nerve growth factor-deprived
PC12 cells. J Biol Chem 1996;271:21898-905.

Li BS, Zhang L, Takahashi S, Ma W, Jaffe H, Kulkarni AB, et al.
Cyclin-dependent kinase 5 prevents neuronal apoptosis by nega-
tive regulation of c-Jun N-terminal kinase 3. EMBO J
2002;21:324— 33.

Tsai LH, Takahashi T, Caviness VSJ, Harlow E. Activity and
expression pattern of cyclin-dependent kinase 5 in the embryonic
mouse nervous system. Development 1993;119:1029-40.

Tsai LH, Delalle I, Caviness VSJ, Chae T, Harlow E. p35 is a neural-
specific regulatory subunit of cyclin-dependent kinase 5. Nature
1994;371:419-23.

Tang D, Yeung J, Lee KY, Matsushita M, Matsui H, Tomizawa K,
et al. An isoform of the neuronal cyclin-dependent kinase 5 (Cdk5)
activator. J Biol Chem 1995;270:26897-903.

Whitmarsh AJ, Yang SH, Su MS, Sharrocks AD, Davis RJ. Role of
p38 and JNK mitogen-activated protein kinases in the activation of
ternary complex factors. Mol Cell Biol 1997;17:2360-71.

Davies SP, Reddy H, Caivano M, Cohen P. Specificity and mechan-
ism of action of some commonly used protein kinase inhibitors.
Biochem J 2000;351:95-105.

Liu F, Ma XH, Ule J, Bibb JA, Nishi A, DeMaggio AJ, et al.
Regulation of cyclin-dependent kinase 5 and casein kinase 1 by
metabotropic glutamate receptors. Proc Natl Acad Sci USA 2001;
98:11062-8.

Alvarez A, Toro R, Caceres A, Maccioni RB. Inhibition of tau
phosphorylating protein kinase cdk5 prevents beta-amyloid-induced
neuronal death. FEBS Lett 1999;459:421-6.

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

(771

(78]

(791

[80]

[81]

[82]

(83]

[84]

[85]

1963

Fischer A, Sananbenesi F, Schrick C, Spiess J, Radulovic J. Regula-
tion of contextual fear conditioning by baseline and inducible septo-
hippocampal cyclin-dependent kinase 5. Neuropharmacology 2003;
44:1089-99.

Clare PM, Poorman RA, Kelley LC, Watenpaugh KD, Bannow CA,
Leach KL. The cyclin-dependent kinases cdk2 and cdk5 act by a
random, anticooperative kinetic mechanism. J Biol Chem 2001;276:
48292-9.

Gray NS, Wodicka L, Thunnissen AM, Norman TC, Kwon S,
Espinoza FH, et al. Exploiting chemical libraries, structure, and
genomics in the search for kinase inhibitors. Science 1998;281:533—
8.

West AE, Griffith EC, Greenberg ME. Regulation of transcription
factors by neuronal activity. Nat Rev Neurosci 2002;3:921-31.
Lonze BE, Ginty DD. Function and regulation of CREB family
transcription factors in the nervous system. Neuron 2002;35:
605-23.

Corcoran EE, Means AR. Defining Ca2-+/calmodulin-dependent
protein kinase cascades in transcriptional regulation. J Biol Chem
2001; 276:2975-8.

Sakai K, Suzuki K, Tanaka S, Koike T. Up-regulation of cyclin D1
occurs in apoptosis of immature but not mature cerebellar granule
neurons in culture. J Neurosci Res 1999;58:396-406.

Oberdorf J, Vallano ML, Wojcikiewicz RJ. Expression and regula-
tion of types I and II inositol 1,4,5-trisphosphate receptors in rat
cerebellar granule cell preparations. J Neurochem 1997;69:1897—
903.

Vallano ML, Beaman-Hall CM, Benmansour S. Ca2+ and pH
modulate alternative splicing of exon 5 in NMDA receptor subunit
1. Neuroreport 1999;10:3659-64.

Bui CJ, Beaman-Hall CM, Vallano ML. Ca2+ and CaM Kkinase
regulate neurofilament expression. Neuroreport 2003;14:2073-7.
Mellor JR, Merlo D, Jones A, Wisden W, Randall AD. Mouse
cerebellar granule cell differentiation: electrical activity regulates
the GABAA receptor alpha 6 subunit gene. J Neurosci 1998;18:
2822-33.

Moulder KL, Cormier RJ, Shute AA, Zorumski CF, Mennerick S.
Homeostatic effects of depolarization on Ca2+ influx, synaptic
signaling, and survival. J Neurosci 2003;23:1825-31.

Ohshima T, Ward JM, Huh CG, Longenecker G, Veeranna HC,
Brady RO, et al. Targeted disruption of the cyclin-dependent kinase 5
gene results in abnormal corticogenesis, neuronal pathology and
perinatal death. Proc Natl Acad Sci USA 1996;93:11173-8.

Chae T, Kwon YT, Bronson R, Dikkes P, Li E, Tsai LH. Mice lacking
p35, a neuronal specific activator of CdkS5, display cortical lamina-
tion defects, seizures, and adult lethality. Neuron 1997;18:29-42.
Monaco EAr, Vallano ML. Cyclin-dependent kinase inhibitors: cancer
killers to neuronal guardians. Curr Med Chem 2003;10:367-79.
Kusakawa G, Saito T, Onuki R, Ishiguro K, Kishimoto T, Hisanaga
S. Calpain-dependent proteolytic cleavage of the p35 cyclin-de-
pendent kinase 5 activator to p25. J Biol Chem 2000;275:17166—
72.

Patrick GN, Zukerberg L, Nikolic M, de la Monte S, Dikkes P, Tsai
LH. Conversion of p35 to p25 deregulates Cdk5 activity and
promotes neurodegeneration. Nature 1999;402:615-22.

Giovanni A, Wirtz-Brugger F, Keramaris E, Slack R, Park DS.
Involvement of cell cycle elements, cyclin-dependent kinases,
pRb, and E2F x DP, in B-amyloid-induced neuronal death. J Biol
Chem 1999;274:19011-6.

Wei W, Wang X, Kusiak JW. Signaling events in amyloid beta-
peptide-induced neuronal death and insulin-like growth factor I
protection. J Biol Chem 2002;277:17649-56.

Fischer PM, Lane DP. Inhibitors of cyclin-dependent kinases as anti-
cancer therapeutics. Curr Med Chem 2000;7:1213-45.

Gray N, Detivaud L, Doerig C, Meijer L. ATP-site directed inhibitors
of cyclin-dependent kinases. Curr Med Chem 1999;6:859-75.



1964

[86]

(87]

[88]

(89]

[90]

[91]

(92]

(93]

[94]

[95]

[96]

[97]

E.A. Monaco III et al./Biochemical Pharmacology 67 (2004) 1947-1964

Sielecki TM, Boylan JF, Benfield PA, Trainor GL. Cyclin-dependent
kinase inhibitors: useful targets in cell cycle regulation. ] Med Chem
2000;43:1-18.

Knockaert M, Gray N, Damiens E, Chang YT, Grellier P, Grant K,
et al. Intracellular targets of cyclin-dependent kinase inhibitors:
identification by affinity chromatography using immobilised inhi-
bitors. Chem Biol 2000;7:411-22.

Kitagawa M, Okabe T, Ogino H, Matsumoto H, Suzuki-Takahashi I,
Kokubo T, et al. Butyrolacetone I, a selective inhibitor of cdk2 and
cdc2 kinase. Oncogene 1993;8:2425-32.

Grewal SS, York RD, Stork PJ. Extracellular-signal-regulated kinase
signalling in neurons. Curr Opin Neurobiol 1999;9:544-53.

Bonni A, Brunet A, West AE, Datta SR, Takasu MA, Greenberg ME.
Cell survival promoted by the Ras-MAPK signaling pathway by
transcription-dependent and -independent mechanisms. Science
1999;286:1358-62.

Schmid RS, Graff RD, Schaller MD, Chen S, Schachner M, Hem-
perly JJ, et al. NCAM stimulates the Ras-MAPK pathway and CREB
phosphorylation in neuronal cells. J Neurobiol 1999;38:542-58.
Miyata Y, Nishida E. Distantly related cousins of MAP kinase:
biochemical properties and possible physiological functions. Bio-
chem Biophys Res Commun 1999;266:291-5.

Tejedor F, Zhu XR, Kaltenbach E, Ackermann A, Baumann A, Canal
I, et al. Minibrain: a new protein kinase family involved in post-
embryonic neurogenesis in Drosophila. Neuron 1995;14:287-301.
Shindoh N, Kudoh J, Maeda H, Yamaki A, Minoshima S, Shimizu Y,
et al. Cloning of a human homolog of the Drosophila minibrain/rat
Dyrk gene from ‘“‘the Down syndrome critical region” of chromo-
some 21. Biochem Biophys Res Commun 1996;225:92-9.

Yang EJ, Ahn YS, Chung KC. Protein kinase Dyrk1 activates cAMP
response element-binding protein during neuronal differentiation in
hippocampal progenitor cells. J Biol Chem 2001;276:39819-24.
Bain J, McLauchlan H, Elliott M, Cohen P. The specificities of
protein kinase inhibitors: an update. Biochem J 2003;371:199-
204.

Kaldis P. The cdk-activating kinase (CAK): from yeast to mammals.
Cell Mol Life Sci 1999;55:284-96.

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Riedl T, Egly JM. Phosphorylation in transcription: the CTD and
more. Gene Expr 2000;9:3-13.

Tirode F, Busso D, Coin F, Egly JM. Reconstitution of the transcrip-
tion factor TFIIH: assignment of functions for the three enzymatic
subunits, XPB, XPD, and cdk7. Mol Cell 1999;3:87-95.

Makela TP, Parvin JD, Kim J, Huber LJ, Sharp PA, Weinberg RA. A
kinase-deficient transcription factor TFIIH is functional in basal and
activated transcription. Proc Natl Acad Sci USA 1995;92:5174-8.
Akoulitchev S, Makela TP, Weinberg RA, Reinberg D. Requirement
for TFIIH kinase activity in transcription by RNA polymerase II.
Nature 1995;377:557-60.

Chen D, Zhou Q. Tat activates human immunodeficiency virus type 1
transcriptional elongation independent of TFIIH kinase. Mol Cell
Biol 1999;19:2863-71.

Price DH. P-TEFb, a cyclin-dependent kinase controlling elongation
by RNA polymerase II. Mol Cell Biol 2000;20:2629-34.

Jin K, Nagayama T, Chen J, Stetler AR, Kawaguchi K, Simon RP,
et al. Molecular cloning of a cell cycle regulation gene cyclin H from
ischemic rat brain: expression in neurons after global cerebral
ischemia. J Neurochem 1999;73:1598-608.

Schang LM, Bantly A, Schaffer PA. Explant-induced reactivation of
herpes simplex virus occurs in neurons expressing nuclear cdk2 and
cdk4. J Virol 2002;76:7724-35.

Zhu X, Rottkamp CA, Raina AK, Brewer GJ, Ghanbari HA, Boux H,
et al. Neuronal CDK7 in hippocampus is related to aging and
Alzheimer disease. Neurobiol Aging 2000;21:807-13.

Lam LT, Pickeral OK, Peng AC, Rosenwald A, Hurt EM, Giltnane
JM, et al. Genomic-scale measurement of mRNA turnover and the
mechanisms of action of the anti-cancer drug flavopiridol. Genome
Biol 2001;2:1-11.

Chao SH, Fujinaga K, Marion JE, Taube R, Sausville EA, Sender-
owicz AM, et al. Flavopiridol inhibits P-TEFb and blocks HIV-1
replication. J Biol Chem 2000;275:28345-8.

Ljungman M, Paulsen MT. The cyclin-dependent kinase inhibitor
roscovitine inhibits RNA synthesis and triggers nuclear accumula-
tion of p53 that is unmodified at Ser15 and Lys382. Mol Pharmacol
2001;60:785-9.



	Roscovitine, olomoucine, purvalanol: inducers of apoptosis in maturing cerebellar granule neurons
	Introduction
	Materials and methods
	Materials
	Cell culture
	Neuronal viability/death
	Immunocytochemistry/western immunoblotting
	RNA isolation and RT
	PCR
	Statistical analysis

	Results
	Purine analogue CDK inhibitors trigger apoptosis in maturing cerebellar granule neurons
	Following roscovitine treatment, granule neurons become irreversibly committed to an apoptotic death program
	Roscovitine induced apoptosis is not due to disinhibition of a CDK 5/JNK3/c-Jun signaling cascade
	Butyrolactone-1 and PNU112455A do not trigger apoptosis in granule neurons
	Purvalanol induces apoptosis in maturing granule neurons and inhibits CREB phosphorylation

	Discussion
	CDKs 1, 2, 4, and 6
	CDK 5
	ERKs and DYRK
	CDKs 7 and 9

	Acknowledgements
	References


