
Cyclin Dependent Kinase Inhibitors and Dominant Negative Cyclin
Dependent Kinase 4 and 6 Promote Survival of NGF-Deprived
Sympathetic Neurons

David S. Park,1 Beth Levine,2 Giovanna Ferrari,3 and Lloyd A. Greene1

1Department of Pathology and Center for Neurobiology and Behavior and 2Department of Medicine, Columbia University
College of Physicians and Surgeons, New York, New York 10032, and 3Fidia SPA in AS 35031 Abano
Terme-Via Ponte Della, Italy

Neuronal apoptosis plays a critical role in both normal devel-
opment and disease. However, the precise molecular events
controlling neuronal apoptosis are not well understood. Previ-
ously, we hypothesized that cell cycle regulatory molecules
function in controlling the apoptotic pathways of trophic factor-
deprived neurons. To test this hypothesis, we used the RNA
alphavirus Sindbis to express three known cyclin dependent
kinase inhibitors (CKIs), p16 ink4, p21waf/cip, and p27kip1, and
dominant negative mutant forms of four known G1 cyclin de-
pendent kinases (CDKs), Cdk2, Cdk3, Cdk4, and Cdk6, in
primary cultured rat superior cervical ganglion sympathetic

neurons. We demonstrate that expression of each of the CKIs
protects the postmitotic cultured neurons from apoptotic death
evoked by withdrawal of NGF. In addition, we show that ex-
pression of dominant negative forms of Cdk4 or Cdk6, but not
Cdk2 or Cdk3, protects NGF-deprived sympathetic neurons
from death. Such findings suggest the participation of several
CDKs and their cognate cyclins in a neuronal apoptotic
pathway.
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Neuronal apoptosis plays critical roles in development and dis-
ease of the nervous system (for review, see Oppenheim, 1991;
Stefanis et al., 1997). One model of developmental neuronal
death involves the requirement for support by neurotrophic fac-
tors. In support of this, in vivo (Levi-Montalcini and Booker,
1960; Gorin and Johnson, 1979, 1980) and in vitro (Levi-
Montalcini and Angeletti, 1963; Martin et al., 1988) evidence
demonstrates that survival of sympathetic neurons requires the
prototypical neurotrophin nerve growth factor (NGF). In addi-
tion, these neurons undergo apoptotic death after withdrawal of
NGF (Edwards et al., 1991; Batistatou and Green, 1993). The
underlying biochemical mechanisms by which neurotrophins pre-
vent cell death, however, are not well understood.

Studies on the mechanism by which neurons die when deprived
of neurotrophic support reveal the involvement of several regu-
latory components. These include caspases (Gagliardini et al.,
1994; Troy et al., 1997), pro- and antiapoptotic members of the
bcl-2 family (Batistatou et al., 1993; Frankowski et al., 1995;
Greenlund et al., 1995; Deckworth et al., 1996), and a require-
ment for transcription of specific genes including c-jun (Estus et
al., 1994; Ham et al., 1995). Additional evidence suggests the
participation of cell cycle proteins in the death of trophic factor-

deprived neurons. Previously, we demonstrated that multiple
agents that promote the survival of primary cultured sympathetic
neurons and neuronal PC12 cells deprived of trophic support also
block cell cycle progression (Rydel and Greene, 1988; Ferrari and
Greene, 1994; Farinelli and Greene, 1996). In addition, changes
in cyclin dependent kinase (CDK) activity and cyclin expression
occur in trophic factor-deprived neuronal cells (Brooks et al.,
1993; Gao and Zalenka, 1995), and cyclin D1 transcript levels
increase in NGF-deprived sympathetic neurons (Freeman et al.,
1994). Consistent with the involvement of CDKs, the CDK in-
hibitory drugs flavopiridol and olomoucine promote survival of
NGF-deprived neuronal PC12 cells and sympathetic neurons
(Park et al., 1996a) and inhibit caspase activation (Stefanis et al.,
1996). Accordingly, we and others hypothesized that neurons
deprived of trophic support use cell cycle regulatory components
to activate death pathways (Rubin et al., 1993; Ferrari and
Greene, 1994; Freeman et al., 1994; Farinelli and Greene, 1996;
Park et al., 1996a) and that cell cycle components act upstream of
caspase activation (Stefanis et al., 1996).

Although suggestive, such studies have inherent weaknesses in
that many rely on pharmacological agents and/or tumor-derived
cell lines that do not necessarily reflect the postmitotic nature of
neurons. To avoid these issues, we desired to express specific cell
cycle regulatory genes in NGF-dependent, cultured rat sympa-
thetic neurons. To do this, we used Sindbis virus, a positive-sense
RNA virus in the alphavirus genus. Sindbis virus is neuronotropic
and replication competent and, by construction of a double sub-
genomic Sindbis promoter, permits high-level expression of het-
erologous genes (Xiong et al., 1989; Levine et al., 1991, 1993,
1996; Hahn et al., 1992; Piper et al., 1992; Schlesinger, 1993;
Cheng et al., 1996; Joe et al., 1996). Sindbis targets neurons in
mouse brain (Jackson et al., 1987, 1988) and is an effective tool
for the study of antiapoptotic genes in neurons in vivo (Levine et
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al., 1996). In addition, in contrast with the usual lytic replication
observed in dividing cells (Levine et al., 1993), Sindbis infects
sensory neurons in vitro in a persistent nonlytic manner (Levine
et al., 1991).

Because previous evidence suggested that CDK activity is
required for neuronal death (Park et al., 1996a), we focused our
examination on this family. The CDK family, which includes
Cdk2, Cdk3, Cdk4, Cdk6, and Cdc2 among others, is an impor-
tant group of molecules that regulate the proliferation of dividing
cells (Pines, 1993). Cdk2, Cdk3, Cdk4, and Cdk6 control G1 and
S phases of the cell cycle, whereas Cdc2 is an M-phase regulator
(van den Heuvel and Harlow, 1993). In addition, two classes of
mammalian cyclin dependent kinase inhibitors (CKIs) have been
described (for review, see Sherr and Roberts, 1995). Cip/kip
members, which include p21, p27, and p57, inhibit the activities of
a wide range of CDK–cyclin complexes. In comparison, ink4
family members, including p15, p16, p18, and p19, seem to inhibit
primarily the activities of Cdk4/6–cyclin D complexes. Although
it is unclear which CKI members are present in sympathetic
neurons, Freeman et al. (1994) have reported the presence
of Cdk4 transcripts but were unable to detect those of Cdk2
or Cdc2.

In the present studies, we examined whether Sindbis virus-
mediated expression of inhibitors from these two major classes of
CKIs and of dominant negative forms of several individual G1

CDKs (Cdk2, 3, 4, and 6) would prevent the death of NGF-
deprived sympathetic neurons.

MATERIALS AND METHODS
Generation of recombinant Sindbis. The coding regions of p16, p21, and
p27 were subcloned into the BSTE11 site of the DSTEQ12 Sindbis virus
vector (Joe et al., 1996) downstream of a double subgenomic Sindbis
viral promoter. The coding regions of Cdk2, Cdk3, Cdk4, and Cdk6 and
the single-chain ScFv control (R6) (X. H. Liang and B. Levine, unpub-
lished data) cDNA were inserted into the XbaI site of the DSTEQ12
vector. The chloramphenicol acetyl transferase (CAT), Bcl-xL, and Bcl-2
recombinant viruses were generated previously (Cheng et al., 1996;
Levine et al., 1996). FLAG tags (ATGGACTACAAGGACGATG–
ATGACAAA) were introduced at the 39 end of the coding region of p27,
p16, Cdk2, Cdk3, Cdk4, and Cdk6. Control nonexpressing vectors of the
CDK inhibitors were generated by eliminating the initiating codon of
each inhibitor and, in p16, p21, Cdk3, Cdk4, and Cdk6, by introducing a
premature stop codon. All mutations, deletions, and FLAG tags were
introduced by PCR as described previously (Joe et al., 1996) and con-
firmed by sequencing. Viral particles were generated by in vitro transla-
tion and transfection into baby hamster kidney (BHK) cells and titered by
plaque assay as described previously (Joe et al., 1996).

Culture and survival assay of rat sympathetic neurons. Primary cultures
of rat sympathetic neurons were obtained from dissociated superior
cervical ganglia of postnatal day 1 rats (strain, Sprague Dawley) as
described previously (Park et al., 1996a). The cells were plated in 0.5 ml
of medium per well in collagen-coated 24-well dishes at a density of ;0.5
ganglia per well (;10,000 neurons/well). The growth medium was RPMI
1640 medium supplemented with 10% heat-inactivated horse serum and
60 ng/ml mouse NGF (Sigma, St. Louis, MO). To eliminate non-
neuronal cells, we added a mixture of uridine and 5-fluorodeoxyuridine
(10 mM each) to the cultures on the following day. On the third day after
plating, the neurons were infected with Sindbis virus (1–2 plaque-
forming units per cell) in 0.2 ml of RPMI 1640 medium containing 2%
heat-inactivated horse serum. After 1 hr of infection, 0.3 ml of RPMI
1640 medium containing 16% heat-inactivated horse serum was added,
and cultures were incubated overnight. The neurons were deprived of
NGF by washing the cultures three times with RPMI 1640 medium
containing 10% heat-inactivated horse serum. NGF or anti-mouse NGF
antibody (1:200 dilution) was added in a final volume of 0.5 ml. At
appropriate times, the numbers of viable, phase-bright neurons were
determined by strip counting as described previously (Park et al., 1996a).

Immunofluorescence. Sympathetic neurons were dissociated and cul-
tured, as described above, in six-well plates at a density of two ganglions

per well. After various times of infection, neurons were fixed with 100%
ethanol for 20 min at 220°C, blocked with PBS containing 2% horse
serum, and incubated with anti-FLAG primary antibody (1:20 dilution)
(Fisher Scientific, Houston, TX) and FITC-conjugated horse anti-mouse
secondary antibody (1:50 dilution) (Vector Laboratories, Burlingame, CA)

RESULTS
Sindbis virus as an efficient gene delivery system for
the study of neuronal apoptosis
To test the hypothesis that CDK activity is a required element for
neuronal death evoked by trophic factor deprivation, we used
Sindbis virus to express CKIs and dominant negative forms of
G1-associated CDKs in sympathetic neurons and evaluated the
effects of expression on neuronal death. The Sindbis virus vector
we used was previously engineered to contain two subgenomic
SIN promoters (Fig. 1; Joe et al., 1996). The first 59 subgenomic
promoter drives transcription of the structural genes required for
Sindbis viral particle formation. Three-prime to the first sub-
genomic promoter is a second promoter that drives transcription
of an inserted exogenous gene. To produce viral particles, we first
transcribed in vitro Sindbis virus vectors containing the exogenous
genes of interest and then transfected the vectors into BHK cells.
After 24 hr, the cell culture medium that contains active virus
particles was collected and titered by plaque assay. To confirm the
effectiveness of Sindbis virus for delivery of exogenous genes into
sympathetic neurons, we expressed bcl-xL, an antiapoptotic gene
known to promote survival of sympathetic neurons deprived of
trophic support (Frankowski et al., 1995), from a previously
described recombinant virus (see Fig. 1; Cheng et al., 1996). As
shown in Figure 2, sympathetic neurons infected with bcl-xL-
containing virus [at a multiplicity of infection (MOI) of 1 plaque-
forming unit /cell] and deprived of NGF 1 d later showed a
significantly decreased rate of death compared with neurons that
were either uninfected or infected with the same MOI of viruses
containing the bcl-xL insert but with a premature stop codon.
Thus, ;70% of the neurons infected with the recombinant bcl-xL

virus survived at 2 d after withdrawal of NGF, whereas only
;25% survived in control cultures. The antiapoptotic bcl-2 gene
(Greenlund et al., 1995) delivered by Sindbis virus infection also
suppressed the death of NGF-deprived sympathetic neurons
(data not shown).

Figure 1. Diagram of the double subgenomic promoter containing Sind-
bis virus vector. A, Wild-type Sindbis vector. B, Sindbis vector with
duplicated subgenomic promoter.
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Figure 2. Expression of CDK inhibitors and Bcl-xL using the Sindbis viral delivery system promotes survival of primary cultured sympathetic neurons
deprived of trophic support. Each data point is the mean 6 SEM of three samples and is expressed relative to the number of neurons present in each
well at the time of NGF withdrawal. Control viruses for each vector were generated by removal of the start codon and, in some cases, by introduction
of a premature stop site. Flag denotes that the wild-type (WT ) protein has a flag epitope attached to the C terminal. The values of p derived from
Student’s t tests comparing the wild-type or flagged protein with the control-stop virus at days 1 and 2 are given. A–D, Effects of overexpression of Bcl-xL
( p , 0.01) ( A), p16 ( p , 0.05) ( B), p21 ( p , 0.005) ( C), and p27 ( p , 0.05) ( D) and respective controls on the time course of survival of sympathetic
neurons after withdrawal of NGF. Similar results were obtained in at least three independent experiments.
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To assess the possibility that the observed survival effects were
simply caused by heterologous gene overexpression, we infected
neurons with control recombinant viruses expressing CAT, a
single-chain antibody (ScFv) of similar size to the CKIs, or
Beclin, a novel Bcl-2-interacting protein (Liang and Levine, un-
published data). These had no effect on the rate of death after
NGF removal (Fig. 3) (data not shown).

Although past work has shown that Sindbis virus can replicate
nonlytically in certain cultured neurons (Levine et al., 1991), we
observed, in some cases in our experiments, cytopathic effects
4–5 d after infection, despite the presence of NGF. The extent of
cytotoxicity was variable between experiments and viral con-
structs. However, we observed minimal correlation between the
toxic effects of Sindbis and the survival of sympathetic neurons.
For example, in some experiments, infection with control Sindbis
constructs caused significant toxicity of NGF-treated sympathetic
neurons after 4 d but did not affect the rate of death of NGF-
deprived sympathetic neurons. Finally, because NGF deprivation
in our experimental paradigm results in death of substantial
numbers of neurons by 24 hr and death of almost all neurons by
48 hr, there was an ample window of time in which to evaluate
whether delivered genes can suppress apoptosis.

CKI expression protects sympathetic neurons from
death evoked by NGF deprivation
We next assessed the effects of virally delivered CKI genes and
dominant negative forms of CDKs. Recombinant Sindbis viruses

were engineered to produce the CKIs p21, p16, or p27 (the latter
two with or without C-terminal FLAG tags), thereby represent-
ing both the p21 and p27 and the p16 classes of inhibitors. Control
viruses were constructed that contained the same transcripts but
with the initiation codon deleted and, where appropriate, with a
premature stop codon introduced near the 59 terminal. To con-
firm expression of the various full-length constructs, we per-
formed immunofluorescent staining with anti-FLAG on sympa-
thetic neurons infected with viruses containing FLAG-tagged
proteins. The epitope-tagged p27 protein (Fig. 4) was detected in
the nuclei of 95% (n 5 135) of the neurons 2 d after infection.
Similar infection efficiency was observed after infection of neu-
rons with p16 flag-expressing virus (data not shown). The degree
of expression of the heterologous protein in a given culture was
variable (Fig. 4) and may reflect the timing of infection in a given
neuron. To confirm expression of heterologous gene expression in
sympathetic neurons further, cultures were infected with Sindbis
virus containing CAT. CAT activity was detectable in neuronal
cultures up to at least 7 d after infection (data not shown).

Each of the CKI-encoding recombinant viruses, but not the
control “noncoding/stop” constructs, promoted the survival of
infected sympathetic neurons that were deprived of NGF (Fig. 2).
Comparable results were achieved with both untagged and
FLAG-tagged constructs. p21 and p27 provided the greatest
degree of protection. Two days after NGF deprivation, ;15% of
uninfected or control virus-infected neurons were alive, whereas
;90% survival was observed for the neurons infected with vi-

Figure 3. Sindbis virus-mediated expression of non-cell cycle-related
control proteins, CAT and an ScFv single-chain antibody control, fails to
promote survival of primary cultured sympathetic neurons deprived of
trophic support. Each data point is the mean 6 SEM of three samples and
is expressed relative to the number of neurons present in each well at the
time of NGF withdrawal.

Figure 4. Expression of FLAG-tagged p27 in sympathetic neurons
grown in the presence of NGF and infected by an engineered Sindbis
virus. A, B, Immunofluorescence staining with an antibody directed
against the FLAG epitope of neurons in culture infected with Sindbis
virus expressing p27-FLAG (A) or containing the p27 control sequence
(B). Arrows indicate the locations of individual neurons. Neurons were
stained 2 d after infection.
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ruses encoding p21 and p27. p16 also provided significant protec-
tion from NGF deprivation but was consistently less effective than
p27 or p21 (50% survival at 2 d after NGF deprivation vs 10%
survival in controls). Neurons rescued by the CDK inhibitors
displayed phase-bright somata and intact neuritic processes typ-
ical of NGF-treated neurons, whereas uninfected or control-
infected neurons displayed degenerated neurites and phase-dark
apoptotic ghosts that characterize dying neurons (Fig. 5). The cell
bodies of neurons expressing CKIs and deprived of NGF, how-
ever, were consistently smaller than those observed in control
neurons cultured in the presence of NGF. Death in the presence
of NGF was somewhat accelerated for viruses encoding the
full-length compared with the control-stop CKIs. The reason for
this is presently unclear but could be because of enhancement of
viral cytopathic effects or direct effects of the overexpressed CKIs
on neuronal survival.

Expression of dominant negative Cdk4 or Cdk6 but not
Cdk2 or Cdk3 protects sympathetic neurons from
NGF deprivation
To confirm that the effects of CKI expression were caused, at least
in part, by their effect on CDKs and to determine which CDK
may play an important role in the death of NGF-deprived neu-
rons, we constructed Sindbis viruses containing dominant nega-
tive forms of four CDKs, Cdk2, Cdk3, Cdk4, and Cdk6, all with
or without FLAG tags (van den Heuvel and Harlow, 1993).

Dominant negative mutations were previously introduced by an
Asp to Asn mutation at the protein kinase KLADFGLAR con-
sensus site (van den Heuvel and Harlow, 1993). Each of these
CDKs is associated with G1 progression (Pines, 1993; van den
Heuvel and Harlow, 1993). Interestingly, although dominant neg-
ative Cdk2 and Cdk3 have been shown to cause G1 arrest in
proliferating U2OS cells, dominant negative Cdk4 and Cdk6 did
not (van den Heuvel and Harlow, 1993). However, constitutive
cdk4 expression reduces growth factor requirements of cells re-
leased from contact inhibition, and cyclin D1 expression leads to
premature S-phase entry (Doree and Galas, 1994). Accordingly, it
has been suggested that Cdk4–cyclin D1 activity may control cell
cycle progression of cells emerging from quiescence (Doree and
Galas, 1994). Expression of each recombinant virus was con-
firmed by immunofluorescence staining against the FLAG
epitope, and expression was detected up to at least 7 d after
infection (data not shown). Sindbis virus constructs expressing
dominant negative Cdk2 or Cdk3 had no effect on survival of
NGF-deprived sympathetic neurons (Fig. 6). In contrast, Sindbis
virus-mediated expression of dominant negative Cdk4 and to a
lesser extent Cdk6 significantly delayed death induced by NGF
deprivation (90% survival with dominant negative Cdk4 expres-
sion vs 50% in control cultures infected with control virus or
uninfected at day 1; 75% survival with dominant negative Cdk6
expression vs 45% in the control cultures at day 1; Fig. 6).
Comparable results were achieved with both untagged and
FLAG-tagged constructs. The appearance of neurons rescued by
expression of dominant negative Cdk4 and Cdk6 was similar to
those rescued by CKI expression (data not shown).

DISCUSSION
It has been hypothesized previously that postmitotic differenti-
ated neurons use cell cycle regulatory mechanisms as part of the
apoptotic pathway activated by trophic factor deprivation (Rubin
et al., 1993; Ferrari and Greene, 1994; Freeman et al., 1994;
Farinelli and Greene, 1996; Park et al., 1996a,b). To evaluate this
hypothesis more definitely, we examined the effects of Sindbis
virus-targeted expression of three distinct CKIs (p16, p21, and
p27) and of dominant negative forms of four known G1 CDKs
(Cdk2, Cdk3, Cdk4, and Cdk6) on death of primary postmitotic
sympathetic neurons evoked by NGF deprivation. We report that
Sindbis virus-mediated expression of all three CKIs inhibits
death of sympathetic neurons evoked by NGF deprivation and
that expression of dominant negative Cdk4 and Cdk6 but not
Cdk2 and Cdk3 significantly delayed death of NGF-deprived
sympathetic neurons.

Sindbis viruses are efficient neuronal-targeting vectors
The use of Sindbis virus represents an efficient method for tar-
geting heterologous genes to primary postmitotic sympathetic
neurons. Previously, the Sindbis virus vector has been used to
study the effects of antiapoptotic genes on neuronal death in vivo
(Levine et al., 1996). The advantages of Sindbis virus for the
study of apoptotic death of primary neurons are several. Stable
recombinant viruses can be readily generated within a short
period. Once the gene of interest is cloned into the Sindbis
vector, viruses can be both produced and titered within 3 d. In
addition, because Sindbis is neuronotropic (Levine et al., 1991),
essentially all sympathetic neurons in a given culture can be
targeted. In addition, we have observed relatively long-term ex-
pression (up to at least 7 d) of heterologous proteins (as detected

Figure 5. Phase contrast micrographs of rat sympathetic neurons cul-
tured in NGF-free medium in the presence of the following additives for
2 d: (A) no additives, (B) NGF, (C) p16 Sindbis virus, (D) p21 Sindbis
virus, (E) p27 Sindbis virus, and (F) noncoding control Sindbis virus.
Magnification, 3753.
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by CAT activity or immunofluorescence) expressed from Sindbis
virus. It must be stressed, however, that care must be taken to
diminish the possibility that the virus itself causes unwanted
experimental artifacts and possible survival effects. Because it is
conceivable that the inherent nature of the foreign insert may

alter the characteristics of Sindbis virus, we created for each gene
of interest an appropriate stop/control virus. We demonstrated
that these stop/control viruses, along with several other recombi-
nant viruses expressing nonapoptotic-related genes, had minimal
effect on the death of sympathetic neurons evoked by NGF

Figure 6. Expression of dominant negative Cdk4 and Cdk6 but not Cdk2 and Cdk3 promotes survival of primary cultured sympathetic neurons
deprived of trophic support. Each data point is the mean 6 SEM of three samples and is expressed relative to the number of neurons present in each
well at the time of NGF withdrawal. Control viruses for each vector were generated by removal of the start codon and, in some cases, by introduction
of a premature stop site. DN denotes dominant negative. The values of p derived from Student’s t tests comparing the wild-type protein with the
control-stop virus at days 1 and 2 are given. A–D, Effects of overexpression of DN Cdk2 ( p . 0.05) (A), DN Cdk3 ( p . 0.05) (B), DN Cdk4 ( p , 0.01)
(C), and DN Cdk6 ( p , 0.025) (D) and respective controls on the time course of survival of sympathetic neurons after withdrawal of NGF. Similar
results were obtained in at least three independent experiments.
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deprivation. In contrast, viruses expressing the antiapoptotic
genes bcl-2 and bcl-xL conferred protection against NGF depri-
vation. Accordingly, it is unlikely that effects of Sindbis virus
infection, itself, account for the protective effects observed with
expression of the CKIs or dominant negative CDKs.

Cell cycle components and apoptotic death
Several lines of evidence have implicated cyclins and CDKs in
apoptosis of proliferation-competent cell lines. In proliferating
cells, multiple agents that induce apoptosis also upregulate cyclin
A-associated CDK activity (Hoang et al., 1994; Meikrantz et al.,
1994), and expression of dominant negative mutants of Cdc2,
Cdk2, and Cdk3 suppresses apoptosis in HeLa cells (Meikrantz
and Schlegel, 1996). Moreover, it has been reported that NGF
deprivation leads to increased Cdc2 activity and cyclin B expres-
sion in neuronal PC12 cells (Brooks et al., 1993; Gao and
Zelenka, 1995), that expression of the CKI p21 is required for
survival of differentiated neuroblastoma cells (Poluha et al.,
1996), and that CKI p16 protects these cells from death caused by
trophic factor deprivation (Kranenburg et al., 1996).

Although the above findings are suggestive and support a role
for cell cycle molecules in the apoptotic process of transformed
and proliferation-competent cells, it should be stressed that they
are not necessarily directly applicable to postmitotic cells such as
neurons. We therefore used Sindbis virus to express CKIs and
dominant negative CDKs in sympathetic neurons and observed
protection from death evoked by NGF deprivation. These find-
ings conform to the predictions of the neuronal cell cycle model
and previous findings implicating the action of one or more CDKs
in neuronal apoptosis. They are also consistent with previous
observations that pharmacological inhibitors of CDK activity
block death of NGF-deprived sympathetic neurons and neuro-
nally differentiated PC12 cells at the same concentrations at
which they block thymidine incorporation by proliferating PC12
cells (Park et al., 1996a).

In addition to its CDK inhibitory activity, p21 has been shown
to bind PCNA and to block Jun kinase activity (Shim et al., 1996).
Activation of c-jun has been suggested to play a required role in
certain cases of cell death, including that evoked by NGF depri-
vation in PC12 cell cultures (Xia et al., 1995). However, the
abilities of p27 and p16 [a member of an entirely different CKI
family that does not inhibit Jun kinase activity (Shim et al., 1996)]
to suppress apoptosis in our experiments favor a mechanism in
which all three CKIs act via their inhibitory interactions with
CDKs and CDK–cyclin complexes. p16 preferentially blocks cy-
clin D-associated kinases Cdk4 and Cdk6 (Sherr and Rob-
erts, 1995). This is consistent with the observation that cyclin D1
levels increase after death of sympathetic neurons (Freeman et
al., 1994).

To support our observations with CKI expression further as
well as to determine which CDK(s) may play a role in neuronal
death, we examined the effects of expression of dominant nega-
tive forms of four known G1-associated CDKs. We show that
expression of dominant negative Cdk4 and Cdk6 but not Cdk2
and Cdk3 delays the death of NGF-deprived sympathetic neu-
rons. These findings are again consistent with those observed with
the CKIs in the present study and with previous reports showing
an induction of cyclin D1 transcripts in sympathetic neurons
(Freeman et al., 1994) and the presence in these cells of tran-
scripts for Cdk4 but not Cdk2 (Freeman et al., 1994). It is
presently unknown whether Cdk3 or Cdk6 are present in sym-
pathetic neurons. Although expression of dominant negative

CDK4 and Cdk6 delayed death of NGF-deprived sympathetic
neurons, complete attenuation of death was not achieved. This
may be because of the requirement for higher levels of expression
of the dominant negative CDKs or the involvement of
other signaling elements that act in conjunction with CDK acti-
vation to signal neuronal apoptosis. The latter would be consis-
tent with the lesser effectiveness of p16 in comparison with p21
and p27.

Although the potential function of Cdk4 and Cdk6 in the
context of a dying sympathetic neuron is unknown, it is interest-
ing to note that one well studied substrate of Cdk4 and Cdk6 is
the retinoblastoma gene (RB). pRB, the product of the retino-
blastoma tumor suppressor gene, is thought to play a role in
regulating the G1 phase of the cell cycle (Chellepan et al., 1991;
Weinberg, 1995). Phosphorylation is thought to control its inter-
action with at least one known binding partner, E2F. Interest-
ingly, expression of pRB in many different cellular contexts,
including neurons, is protective against apoptosis (Berry et al.,
1996; Fan et al., 1996; Macleod et al., 1996), whereas loss of pRB
interaction leads to activation of death programs (Liu and Kitsis,
1996; Shan et al., 1996). Finally, RB knock-out mice display
disrupted CNS development and neuronal cell death (Jacks et al.,
1992). Accordingly, the functional state of RB, perhaps mediated
via phosphorylation by CDKs, may play an important role in
signaling neuronal death.

The potential role of cell cycle elements in neuronal death may
not be limited to the paradigm of NGF deprivation. The CDK
inhibitor drugs flavopiridol and olomoucine also block apoptosis
of sympathetic neurons evoked by various DNA-damaging con-
ditions (Park et al., 1997) (D. S. Park and L. A. Greene, unpub-
lished data). However, CDK activity does not seem likely to be
required in all cases of neuronal cell death, because olomoucine
and flavopiridol have no effect on death of sympathetic neurons
evoked by superoxide dismutase 1 depletion (D. S. Park, C. M.
Troy, L. A. Greene, and M. L. Shelanski, unpublished data).

Apoptosis of neurons caused by trophic factor deprivation
seems to be mediated by multistep pathways. In addition to cell
cycle components, other elements of neuronal apoptotic pathways
include death regulatory molecules such as Bcl-2 (Batistatou et
al., 1993; Greenlund et al., 1995) and Bcl-xL (Frankowski et al.,
1996) as well as death effector caspases such as Nedd2/Ich-1 (Troy
et al., 1997). This raises the question as to where these molecules
lie in the apoptotic pathway relative to one another. Previous
evidence indicates that both Bcl-2 and CDK activations are up-
stream of caspase activation in neuronally differentiated PC12
cells (Stefanis et al., 1996). However, in these cells, Bcl-2 over-
expression does not seem to affect proliferative capacity and
therefore may act in parallel with or downstream of cell cycle
components. It is yet unclear how the activity of Cdk4 and Cdk6
and perhaps the phosphorylation of pRB may lead to activation of
the caspases.

In summary, we report that CKIs and dominant negative Cdk4
and Cdk6 inhibit the death of primary neurons deprived of
neurotrophic support. Our data suggest that CDK activation may
be a required element in the mechanism by which trophic factor
deprivation triggers neuronal death.
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