The EMBO Journal Vol.21 No. 3 pp. 324-333, 2002

Cyclin-dependent kinase 5 prevents neuronal
apoptosis by negative regulation of c-Jun N-terminal

kinase 3

Bing-Sheng Li, Lei Zhang',

Satoru Takahashi?, Wu Ma®, Howard Jaffe,
Ashok B.Kulkarni? and

Harish C.Pant*

Laboratory of Neurochemistry, NINDS, NIH, Bethesda,

MD 20892-4130, 'Behavioral and Endocrinology Branch, NIMH, NIH,
Bethesda, MD 20892, 2Functional Genomics Unit, Gene Targeting
Facility, NIDCR, NIH, Bethesda, MD 20892-4370 and 3Center for
Bio/Molecular Science and Engineering, Naval Research Laboratory,
Washington, DC 20375, USA

“Corresponding author
e-mail: panth@ninds.nih.gov

Cyclin-dependent kinase 5 (cdkS5) is a serine/threonine
kinase activated by associating with its neuron-specific
activators p35 and p39. Analysis of cdk5~- and p35~-
mice has demonstrated that both cdk5 and p35 are
essential for neuronal migration, axon pathfinding
and the laminar configuration of the cerebral cortex,
suggesting that the cdk5-p35 complex may play a role
in neuron survival. However, the targets of cdk5 that
regulate neuron survival are unknown. Here, we show
that cdkS directly phosphorylates c-Jun N-terminal
kinase 3 (JNK3) on Thr131 and inhibits its kinase
activity, leading to reduced c-Jun phosphorylation.
Expression of cdk5 and p35 in HEK293T cells inhibits
c-Jun phosphorylation induced by UV irradiation.
These effects can be restored by expression of a cata-
Iytically inactive mutant form of cdk5. Moreover,
cdkS-deficient cultured cortical neurons exhibit
increased sensitivity to apoptotic stimuli, as well as
elevated JNK3 activity and c-Jun phosphorylation.
Taken together, these findings show that cdkS may
exert its role as a key element by negatively regulating
the c-Jun N-terminal kinase/stress-activated protein
kinase signaling pathway during neuronal apoptosis.
Keywords: apoptosis/cdk5/c-Jun/JNK/phosphorylation

Introduction

Cdk5 and p35, which are highly expressed in post-mitotic
neurons, are essential for neuronal migration, neurite
outgrowth and laminar configuration of the cerebral cortex
(Lew et al., 1994; Tsai et al., 1994; Humbert et al., 2000).
Cdk5 and p35 have recently been shown to phosphorylate
Munc-18 and amphiphysin, which in turn affect neuronal
exocytosis and neurite outgrowth (Shuang et al., 1998;
Fletcher et al., 1999; Rosales et al., 2000; Floyd et al.,
2001), and DARPP-32, which regulates dopamine signal-
ing (Bibb et al., 1999). Elevated cdk5 expression levels
and kinase activity during apoptotic cell death have been
reported (Kwon er al., 1999; Ahlijanian er al., 2000).
Recently, cdkS in association with p25, a truncated form of
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p35, is thought to disrupt the neuronal cytoskeleton and
may be involved in neurodegenerative diseases such
Alzheimer’s disease (AD) (Patrick et al., 1999; Lee et al.,
2000; Kusakawa et al., 2000). In vivo data from cdk5
knockout mice exhibit a unique phenotype with perinatal
mortality associated with extensive disrupted cerebral
cortical layering due to abnormal neuronal migration, the
lack of cerebellar foliation and degeneration of neurons in
the brain stem and spinal cord (Ohshima et al., 1996,
1999). The p35~- mice are viable and fertile (Chae et al.,
1997; Kwon et al., 1999), with abnormalities of laminar
structures in cerebral cortex, but less severe than those in
cdk5 null mice (Ohshima et al., 2001). In addition, our
recent studies on transgenic mice (TgKO) expressing cdk5
only in the p35-expressing brain regions in endogenous
cdkS null mice reverted the phenotypes observed in cdk5
null mice. These cdkS5 transgenic animals were viable and
fertile. These studies indicate that neuronal cdk$ activity is
critical for embryonic development and neuron survival
(Tanaka et al., 2001).

The c-Jun NH,-terminal kinase (JNK) family of protein
kinases, also known as stress-activated protein kinases
(SAPK), phosphorylate serine residues 63 and 73 of the
transcription factor c-Jun in the activation domain, leading
to increased AP-1 transcription activity and apoptosis
(Derijard et al., 1994; Kyriakis et al., 1994). In addition to
c-Jun, JNK also phosphorylates ATF2 and other Jun
family proteins that function as components of the AP-1
transcription factor complex (Gupta et al., 1995, 1996).
Although JNK1 and JNK2 are widely expressed in murine
tissues, including the nervous system, JNK3 is selectively
expressed in the brain (Martin et al., 1996). INK3 has also
been shown to phosphorylate neurofilament heavy chain
side-arms (NF-H) (Brownlees et al., 2000). Such phos-
phorylation on the NF-H tail domain affects neurofilament
assembly, dynamics and axonal transport rate (Heins et al.,
1994; Sahlgren et al., 2001; Yabe et al., 2001). Mice
lacking JNK3 exhibit increased resistance to kainic acid-
induced apoptosis in the hippocampus (Yang et al., 1997),
indicating a preferential role of JNK3 in stress-induced
neuronal apoptosis. Analysis of JNK1 and JNK2 knockout
mice has shown that JNK1 and JNK2 regulate region-
specific apoptosis during early brain development (Kuan
et al., 1999). Transfection studies using constitutively
active and dominant-negative components of the JNK
signaling pathway established that JNK activity and c-Jun
phosphorylation were involved in apoptosis of nerve
growth factor (NGF)-deprived sympathetic neurons
(Eilers et al., 1998). These observations, together with
the data from cdk5~~ mice, suggest that there may be a link
between JNK3 and cdkS5 in regulating neuronal apoptosis.
This allowed us to assess the role played by cdk5 in
neuronal apoptosis.
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Here, we show that apoptotic cell death is prevalent in
brains of cdk5-deficient mice and that cdk5~~ neurons
display higher sensitivity to UV irradiation. We found that
cdkS5 can phosphorylate JNK3 on Thr131 and inhibit its
activity. Furthermore, active cdk5 inhibits the JNK3-
mediated c-Jun phosphorylation and c-Jun-mediated
transactivation of a reporter construct. These effects can
be inhibited by expression of a catalytically inactive
mutant form of cdk5. Finally, we show an increase in c-Jun
phosphorylation and JNK3 kinase activity in cdk57
neurons. Based on these observations, we propose that
cdk5 plays a role in neuron survival by negatively
regulating JNK3, thus furthering the current understanding
of JNK-dependent apoptotic signaling pathways and the
interplay between kinase cascades implicated in develop-
ment and degeneration of the nervous system.

Results

JNK3 kinase is phosphorylated on Thr131 by cdk5

One putative cdkS phosphorylation motif (T/SPXK) is
present in JNK1, JNK2 and JNK3 (Thr93 in rat JNK1 and
JNK2, Thr131 in rat JNK3; Figure 1A; Kyriakis et al.,
1994). Analysis of the phosphorylated residues using
various peptides and proteins revealed that XS/TPXK/R
motifs (X = neutral/basic residues) are the most suitable
substrates for cdk5 (Shetty et al., 1993). In our previous
studies, we have analyzed the XS/TPXK motif and its
variant peptides, indicating that cdk5 specifically phos-
phorylates peptides with XS/TPXK motifs (Veeranna
et al., 1998). These studies suggest that FTPQK, the
conserved motif in JNK1, JNK2 and JNK3 (Figure 1A), is
an ideal substrate for cdk5—p35. The crystal structure of
JNK3 revealed that the TPQK motif is in open configur-
ation (Figure 1B; Xie et al., 1998). To test whether the
Thr131 residue in the peptide derived from JNK3 is the
site phosphorylated by cdk5, we incubated the wild-type
peptide (LLNVFTPQK) or mutant peptide (LLNVFA-
PQK) with glutathione S-transferase (GST) fusion
cdk5-p35 proteins and determined its phosphorylation
by in vitro kinase assays (Figure 1C). These data provide
direct evidence that the Thr131 residue containing the
peptide derived from JNK3 is a target of cdkS.

To establish whether JNK3 protein is a potential
substrate for cdk5 phosphorylation in vitro, we
co-transfected HEK293T cells with wild-type or the
kinase-inactive mutant cdk5 (K33T) and assessed the
status of phosphorylation of the recombinant JNK3. Cdk5
immunoprecipitate (IP) from cells transfected with active
cdk5-p35 phosphorylated histone H1 and recombinant
JNK3, whereas the IP from cells transfected with vector or
mutant cdk5 did not (Figure 2A).

To investigate the putative cdk5 phosphorylation site in
JNK3, Thr131 in JNK3 was mutated to Ala (T131A). The
ability of cdkS5 to phosphorylate wild-type and mutant HA-
JNK3 (T131A) was examined by an in vitro kinase assay
with GST—cdk5—p35 (Figure 2B). Wild-type JNK3 was
phosphorylated but not the mutant. These data were
confirmed in intact cells. HEK293T cells were co-
transfected with HA-JNK3 and wild-type cdk5—p35 or
dominant-negative cdk5-p35 and then metabolically
labeled with [3?Plortho-phosphate. The levels of phos-
phorylated HA-JNK3 were measured by immuno-
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Fig. 1. Analysis of peptides derived from the JNK3 corresponding to
the potential phosphorylation site by cdk5 by mass spectrometry.

(A) The cdkS phosphorylation motif TPQK is indicated in JNKs.

(B) TPQK motif in JNK3 crystal structure. (C) Peptide (LLNVFTPQK)
derived from JNK3 was added to an in vitro kinase reaction with
GST-cdk5 and GST-p35 (see Materials and methods). Top,
incorporation of 32P into peptide; bottom, amount of peptide substrate
by Coomassie Blue staining of the gel. The histogram (n = 3) reflects
the relative amount of labeled peptide to the amount of peptide
(Coomassie Blue) in the in vitro kinase reaction.

precipitation using anti-HA-tagged antibody and its
phosphorylation state and protein levels quantified. Co-
expression of wild-type cdk5—p35 and HA-JNK3 resulted
in a 3-fold enhancement of HA-JNK3 phosphorylation
compared with co-expression of mutant cdk5—p35 and
HA-JNK3 (Figure 2B). In addition, mutation of Thr131 to
Ala in JNK3 significantly reduced cdk5-dependent phos-
phorylation of INK3 compared with the wild-type protein
(Figure 2B). IP using pre-immune antibody showed no

325



B.-S.Li et al.

A B

32p_Histone H1

Histone H1 ' ‘ a

L 3

32p.JnKs W
we 8B
Mock - =
cdks (IP) + - -
mutant Cdk5 (IP) - + -
C 2 D

Densitometric ratio
{32p.Jnk3/nk3)

o

32p_gNK3 -

JNK3 ey sy

GST-cdks + +

GsTpas + +
JNK3 -
JNK3(T131A) - 4

e
[

Densitometric ratio
{32P-JnkalJnk3)
o
=

0

32p.HA-JNK3 (IP) == @9 == ==

HA-JNK3 + + + -

DN-edk5ip3s - - + -
HA-JNK3 (T1314) - - - +
WT-cdk5/p3s - + - *+

Anti-JNK3

Anti-Cdk5

Fig. 2. Phosphorylation of INK3 by cdkS5 in vitro and in vivo. (A) HEK293T cells were transfected with cdk—p35 mutant cdk5 (K33T) or p35, and
lysates were immunoprecipitated using anti-cdk5 antibody (C-8) and placed in an in vitro kinase reaction with histone H1 or recombinant JNK3 as
substrates. Top, incorporation of 3P into the substrates; bottom, amount of substrate by Coomassie Blue staining of the gel. (C) Recombinant wild-
type JNK3 or mutant JNK3 (T131A) was purified and equal amounts placed in an in vitro kinase reaction with GST—cdk5 and GST—p35 (see
Materials and methods). Top, incorporation of 32P into JNK3; bottom, amount of substrate by Coomassie Blue staining of the gel. The histogram

(n = 3) reflects the relative amount of labeled INK3 to the amount of JNK3 (Coomassie Blue) in the in vitro kinase reaction. (B) 32P-labeled wild-type
or threonine mutant (T131A) JNK3 was affinity purified from transfected HEK293T cells and subjected to autoradiography (top) or western blotting
(bottom). The histogram shows the relative amount of labeled protein to the amount of immunoreactive JNK3 in the gel. (D) Co-localization of cdk5
with JNK3 in cortical neurons. Rat cortical neurons were stained with monoclonal cdk5 and polyclonal JNK3 antibodies; cdk5 and JNK3 staining was
visualized with a rhodamine-coupled and fluorescein isothiocyanate-coupled secondary antibody, respectively. (E) Rat cortical neuronal extracts were
prepared and immunoprecipitated with cdk5, JNK3 antibodies or control IgG (pre-immune). The immunoprecipitates were then immunoblotted for

cdkS5 and JNK3 antibodies.

detectable activity compared with HA antibody (data not
shown).

To examine whether cdk5 was co-localized with JNK3,
we performed double-labeled immunofluorescence stain-
ing of cultured rat cortical neurons and found that cdk5
specifically co-localizes with JNK3 in cortical neurons
(Figure 2D). We also investigated whether cdk5 is
associated with JNK3 by co-immunoprecipitation using
JNK3 or cdk5 antibodies. Cell extracts from the cultured
cortical neurons were precipitated with cdk5, JNK3 or
control IgG antibodies. We found that cdk5 was present in
JNK3 immunoprecipitate and vice versa. Control IgG
antibody showed no detectable cdk5 or INK3 (Figure 2E).
These data suggest that cdk5 and JNK3 are co-localized
and form a complex.

Cdk5 phosphorylation of JNK3 inhibits c-Jun
phosphorylation

To examine the functional significance of the cdk5
phosphorylation site in JNK3, HEK293T cells were co-
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transfected with wild-type cdk5—p35 or inactive mutant
cdk5-p35 and HA-JNK3 and exposed to UV irradiation
(780 J/m?). Twenty-four hours post-UV irradiation
produced no significant cell loss. Other investigators
(Stambolic et al., 1998) have used a similar dose of UV
irradiation. HA-JNK3 kinase activity was assessed using
IPs with HA antibody from the cell lysates and GST—c-Jun
as a substrate. The phosphorylated c-Jun was detected by
autoradiography and western blot analysis (Figure 3A and
B). Phosphorylation of GST—-c—Jun was significantly
inhibited by co-expression of wild-type cdk5—p35, but
not by inactive mutant cdk5-p35 (Figure 3A). Co-
transfection of wild-type cdk5—p35 and JNK3 significantly
inhibited UV-induced c-Jun phosphorylation at Ser63
(Figure 3B) and Ser73 (data not shown). Co-transfection
of inactive mutant cdk5—p35 also reduced the inhibition of
c-Jun phosphorylation at Ser63 (Figure 3B). These results
indicate that JNK3 is functionally important in down-
regulating c-Jun phosphorylation by cdk5. The expression
of JNK3 was unaffected by UV irradiation (data not



shown). The increase in c-Jun phosphorylation by western
blot analysis (shown in lane 3 of Figure 3B) is due to the
activation of endogenous JNKI1 and JNK2 upon UV
irradiation. Transfection of cdk5—p35 reduced this stimu-
lation by >50% (data not shown), whereas the expression
of c-Jun was unaffected under these conditions. To
exclude the possibility that cdkS5 inhibition of UV-induced
JNK3 kinase activity and c-Jun phosphorylation is due to
UV-induced changes in cdk5 activity, we determined the
kinase activity of cdk5-p35 upon UV irradiation in
transfected HEK293T cells, using a cdk5 kinase assay
with histone H1 as an in vitro substrate. Cdk5 kinase
activity was unaffected by UV irradiation and kinase
activity was similar to basal levels (Figure 3C).

Cdk5 inhibits JNK3-mediated c-Jun transcriptional
activity

Since expression of cdk5 and p35 in HEK293T cells
resulted in inhibition of JNK3 kinase activity and c-Jun
phosphorylation at Ser63 and Ser73, we further investi-
gated whether cdk5-p35 influences the transcriptional
activity of c-Jun, a downstream effector of JNK family,
using the PathDetect in vivo signal transduction pathway
trans-reporting system. The c-Jun PathDetect trans-
reporting system includes a unique fusion trans-activator
plasmid that expresses a c-Jun fusion protein of the
activation domain. The c-Jun fusion trans-activator
protein fused with the DNA-binding domain of the yeast
GAL4 (residues 1-147; Figure 4A and B). The transcrip-
tion activator c-Jun is phosphorylated and activated by the
JNK family. Such activity reflects the in vivo activation of
JNK kinase and the corresponding signal transduction
pathway (Hibi er al., 1993; Hill et al., 1993; Karin and
Hunter, 1995). The HEK293T cells, which do not exhibit
cdkS5 activity and lack JNK3 but express JNK1 and JNK2,
were co-transfected with JNK3, cdk5-p35 or the kinase-
inactive mutant cdk5—p35 and GAL4—c-Jun fusion protein
together with a reporter construct containing five tandem
repeats of the yeast GAL4 binding sites and a TATA box
that controls expression of the luciferase gene. Expression
levels of luciferase reflect the activation status of JNK
activity affected by cdk5. In addition to JNK3, c-Jun is
also phosphorylated by JNK1 and JNK2. In the absence of
JNK3 and UV, we observed activation of c-Jun (Figure 4C,
lane 2), and transfection of JNK3 appeared to elevate this
activation (Figure 4C, lane 3). However, co-transfection of
cdk5-p35 produced a 50% reduction of these responses
(data not shown). The increase in c-Jun transcription
activity treated with UV irradiation was significantly
(50%) inhibited by co-transfection of wild-type cdk5—p35
(Figure 4C, compare lanes 4 and 5). On the other hand, co-
transfection of dominant-negative cdk5-p35 (inactive
kinase) produced no reduction (Figure 4C, lane 6). The
level of c-Jun expression was unaffected under these
conditions (data not shown).

JNK3 activity and c-Jun phosphorylation are
elevated in cdk5~- mice

To further demonstrate the specificity of cdk5-inhibited
JNK3 activity, we compared JNK3 kinase activity and
c-Jun phosphorylation in wild-type and cdkS knockout
(cdk5~-) mice. First, we examined the expression of c-Fos
and c-Jun using total RNA from the cortex of wild-type

Cdk5 prevents neuronal apoptosis

L2

A C

L

(epm x 10%)

Cdk5 kinase activity

Q

Histone Hi @ @D @

Densilometric ratio
{MP-c-]unfc-ju nj

32P.GST-e-Jun -....

GST-cJUn = - == == = CdkS - - - -

HA-JNK3Z - o 4
WTcdk5p3s + - +
DN-cdkS/p35 - :

UV (Te0 dim?) + + +

UV (780 Jim?)
HA-JNK3  +
WT-cdkSip3s  +
DMN-cdkS/pas - -+

+ + 4+
Vo
+

B

Phospho- "
c=Jun (Serb3)

== - - -
Cdun - — —
0.6
0.4

Mean density
{phespho-c-Junic-Jun)

uvTendim? - - o+ +
HA-Jnk3 - + - +

DM-cdkSipas - - - -

WT-cdkSipas -

+ 0 F F
+

Fig. 3. CdkS inhibits c-Jun phosphorylation. (A) CdkS5 inhibits UV-
irradiation-induced JNK3 activation. HEK293T cells were transfected
with plasmids for HA-JNK3 and wild-type or mutant cdk5 (K33T)—p35
with or without UV irradiation, and JNK3 was immunoprecipitated
using anti-HA antibody and subjected to an in vitro kinase reaction
with GST—c-Jun as substrate. Top, incorporation of 32P into
GST—c-Jun; bottom, amount of GST—c-Jun by Coomassie Blue staining
of the gel. The histogram (n = 3) reflects the amount of labeled
GST—c-Jun relative to the mass of GST—c-Jun (Coomassie Blue) in the
in vitro kinase reaction. (B) Cdk5 inhibits c-Jun phosphorylation.
Lysates from HEK293T cells as described above were subjected to
western blotting analysis using anti-phospho-dependent c-Jun at Ser63
antibody. Top, phospho-c-Jun at Ser63; bottom, amount of c-Jun
detected by western blotting using total c-Jun antibody. The histogram
(n = 3) reflects the relative mean density of phospho-c-Jun relative to
the amount of total c-Jun in the western blot analysis. (C) Cdk5

kinase activity is unaltered by UV irradiation in cdk—p35 transfected
cells. Lysates from HEK293T cells as described above were
immunoprecipitated and subjected to histone H1 substrate

in vitro kinase assays.

and cdk5~- mice. Northern blots were probed with murine
c-Fos and c-Jun probes. Wild-type and cdk57~ mice
exhibited a similar level of mRNA expression (Figure 5A).
Next, we compared JNK3 protein expression and c-Jun
protein phosphorylation levels by western blot analysis
with anti-JNK3 and anti-phospho-c-Jun (Ser63) antibody
in the cortex of wild-type and cdk57~ mice (Figure 5B).
Phosphorylated c-Jun was confirmed by immunocyto-
chemistry analysis with anti-phospho-c-Jun (Ser63;
Figure 5D and E). Expression levels of JNK3 and c-Jun
proteins were no different in either wild-type or cdkS
knockout mice (Figure 5B). However, there was a >3-fold
increase in JNK3 activity (Figure 5C) and a robust c-Jun
phosphorylation in cdk57~ compared with wild-type
mouse brain extracts (Figure 5B). The higher level of
c-Jun phosphorylation in cdk5 null mice is evident by its
shift in electrophoretic mobility (Figure 5B).

327



B.-S.Li et al.

A GAL4 (1-147) c-Jun (1-223)

={CMV Promoter }={ DNA Binding Domain [ A 1 D

in ]= pFA2-c-Jun

5x GAL4

={Binding Element l—" TATATA }——{ Luciferase == pFR-Luc

C 0.87

0.6

0.4

0.2

Relative luciferase activity
(light units x1000)

o—

UvV(780Jm2 - - - + * +
HA-Jnk3 - - + + + +
pFA2-c-Jun -+ 4+ + + 4
PFR-Luc  + 4+ + + + 4+
Cdks-WT/p35 . - - . 4 .
Cdk5(K33T)p3s - - - - - +

Fig. 4. Down-regulation of c-Jun transcriptional activity by cdkS5.

(A) Fusion protein construct consisting of the c-Jun activation domain
(1-223) and GAL4 DNA-binding domain (1-147). (B) A reporter
construct containing five tandem repeats of the yeast GAL4 binding
sites and a TATA box that controls expression of the luciferase gene.
(C) Luciferase activity was measured in HEK293T cells co-transfected
with pFA2-c-Jun and pFR-luc, HA-JNK3 and with wild-type or mutant
cdk—p35 expression constructs. Control experiments were performed
with mock-transfected cells and the inactive cdk5 (K33T)-p35 mutant.
Transfection efficiency was examined by co-transfection of a control
plasmid that expressed B-galactosidase activity. The data are reported
as the mean of three experiments (ratio of luciferase activity and
B-galactosidase activity). The HEK293T cells were serum starved for
18 h and then exposed to UV irradiation (780 J/m?); 24 h post-UV
irradiation, cells were assessed by expression of luciferase activity.

Cdk5-/- mice show a higher incidence of apoptotic
neuronal cell death

The above studies show that the phosphorylation of JNK3
by cdk5 resulted in inhibition of JNK3 activity and c-Jun
phosphorylation. JNK3 and c-Jun are involved in neuronal
apoptosis (Yang et al., 1997; Behrens et al., 1999; Oo
et al., 1999; Chen et al., 2000), suggesting that cdk5 may
play an important role in neuronal apoptosis through
regulation of JNK3 activity. Therefore, we examined
whether cdk57~ mice would show a higher incidence of
apoptotic neuronal cell death. TUNEL histochemistry
staining, which detects DNA fragmentation in dying cells,
was used to assess the apoptotic cells. Haematoxylin and
eosin (HE) staining showed a decreased number of cells in
cdk5~- compared with the wild type in cortex plate (CP)
subfields (Figure 6A-D), as well as migration defects as
shown previously (Ohshima et al., 1996, 1999). Numerous
TUNEL-positive cells were observed in cdk57~ mice
(Figure 6F) compared with the wild type (Figure 6E).
Immunostaining of glial fibrillary acidic protein (GFAP)
was used independently to assess the loss of or damaged
neurons (Yang et al., 1997). Consistent with the patterns of
HE and TUNEL histochemistry staining, increased num-
bers of strongly GFAP-positive astrocytes were detected in
the cortex of the cdk57 mice (Figure 6H) compared with
the wild type (Figure 6G).

Recent studies indicated that caspase-3 was the
principal effector for developmental neuronal cell death
(Ham et al., 1995; Eilers et al., 1998; Srinivasan et al.,
1998; Xie et al., 1998). The active caspase-3 patterns

328

A 14 £ o B $
g & § 9 e B
33 33 3 3

Phospho-c-Jun o)
(Ser 63) -

e-Jun ‘i c-fos “
=~ ==
18S rRNA

Total c-Jun — —

JNK3
C $ s
+ T
= % Anti-phospho-c-Jun
3 O
- cdk5 +/+

32p.GST-c-Jun b M

GST-c-Jun — —

L)
]

B
I

-y
i

JNK3 Kinase
activity (epm x 10°%)

L=}
I

Fig. 5. Comparison of expression of c-Fos, c-Jun and JNK3 in wild-
type and cdk5 knockout mice (cdk57). (A) Total RNA was isolated
from wild-type and cdk5~~ mouse embryo brains (E16) and probed
with a murine c-Fos and c-Jun cDNA probe. Ethidium bromide staining
of 18S and 28S ribosomal RNA monitors RNA loading and transfer
efficiency. (B) Western blot analysis of total JNK3, c-Jun protein
expression and phospho-c-Jun in cdk5~- and wild-type mouse brain
extracts. (C) Comparison of JNK3 kinase activity in wild-type and
cdk57 mice. JNK3 was immunoprecipitated using anti-JNK3 antibody
from wild-type and cdk5~~ mouse (E16) brain and subjected to an

in vitro kinase assay with GST—c-Jun as a substrate. Top, incorporation
of 3P into GST—c-Jun; bottom, amount of GST—c-Jun by Coomassie
Blue staining of the gel. The histogram (n = 3) reflects the relative
amount of labeled GST—c-Jun to the mass of GST—c-Jun (Coomassie
Blue). (D and E) Immunocytochemical analysis of phospho-c-Jun in
cdk5~- compared with wild-type mice. Expression of phosphorylated
c-Jun at Ser63 (E) was greatly increased in the cortex of cdk5~~ mice
compared with the wild type (D).

were compared between cdk57 and wild-type mice by
double staining with the recently characterized cas-
pase-3 antibody, which recognizes the cleaved 17 kDa
subunit (Eilers et al., 1998) but not the 32 kDa
procaspase-3. Increased caspase-3 activity and more
loss of MAP-2 immunostaining were simultaneously
detected in the cortex of cdk5~- (Figure 6J) compared
with that of wild-type mice (Figure 6I).

Cdk5~/- neurons are more sensitive than their
wild-type counterparts to UV-induced apoptosis
To investigate further the role of cdk5 in regulating
apoptosis, we used cortical neurons derived from the
embryonic brains (E16) of cdk5” and wild-type mice.
Immunostaining showed MAP-2 expression, demonstrat-
ing that these cultured cells are neurons (Figure 7A-D).
Western blot analysis of cell lysates from the established
neuronal cultures confirmed the loss of cdk5 expression in
cdk57 and its presence in wild-type cultured neurons
(Figure 7E). The JNK3 kinase activity in these neurons was
measured in the JNK3 IPs using GST-c-Jun as the
substrate in the presence of [y-3?P]JATP (Figure 7F).
Cortical neuronal cultures derived from cdk57 mice



TUNEL

GFAP

MAP-2/
Caspase-3

Fig. 6. Comparison of cell death in the cortex of wild-type and E16-
cdk5 knockout mice. The first (bar represents 100 um) and the second
rows (A-D) were stained by the HE method, which indicates that the
cdk5 deficiency interferes with the laminar configuration; the third
row (E and F) was stained by TUNEL histochemistry staining, which
indicates increased apoptosis in the cdk5~~ mice (green). Sections were
counterstained with propidium iodide (red) after TUNEL staining
(green); the fourth row (G and H) was immunostained with GFAP
antibody for neuron loss or damage-induced GFAP as an independent
assessment of cell destruction; the fifth row (I and J) was double
stained by anti-active caspase-3 (green) and anti-MAP-2 (red)
antibodies and indicates that the loss of MAP-2 staining occurred in
parallel with the activation of caspase-3. Double labeling of MAP-2
(red) and caspase-3 (green) showed that caspase-3-positive cells were
almost exclusively found in the neurons displaying loss of MAP-2
(arrow) and some were also found in the damaged neurons
(arrowhead).

showed a 2-fold higher activity of INK3 compared with the
wild type (Figure 7F, lanes 2 and 3). To test whether cdk5-
deficient cells exhibit increased sensitivity to apoptotic
stimuli, we examined the rate of cell death upon UV
irradiation in cdk5~- and wild-type neurons. As measured
by TUNEL staining, >70% of cdk5~~ cells were apoptotic
following 24 h post-UV irradiation (780 J/m?). However,
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Fig. 7. Characterization of cortical neuronal culture from cdk5~- and
wild-type mice. (A-D) Immunocytochemical analysis of wild-type and
cdk5- cortical neurons, showing expression of neuron-specific protein
MAP-2 in all cultured cells. (E) Western blot analysis of whole-cell
lysates of wild-type, cdk5 and cdk5~* cultured cortical neurons. The
positions of molecular weight markers (kDa) are shown on the left. The
position of c¢dkS5 is indicated. (F) JNK3 was immunoprecipitated from
wild-type and cdk5~~ cortical neurons using anti-JNK3 antibody and
subjected to an in vitro kinase reaction with GST—c-Jun as substrate in
the presence of [y-3?P]JATP. (G) Cdk5-deficient cells are more sensitive
to apoptotic stimuli. Apoptotic cells are normalized. Apoptosis was
assessed by TUNEL staining. Open bars correspond to wild type; solid
bars correspond to cdk5~- cells. The data are presented from three
independent experiments. Error bars represent the standard error of the
mean expressed as a percentage. (H) Cdk5-deficient cells show
increased sensitivity to apoptotic stimuli. The cells were treated as
described in (G) and cell death was monitored for 3 days at different
times after UV irradiation. Squares correspond to wild type and circles
to cdk5. The data are from three independent experiments. Error bars
represent the standard error of the mean expressed as a percentage.

the same treatment resulted in 30% cell death in wild-type
cells (Figure 7G). Prolonged monitoring of cell death
indicated that the rate of apoptosis is faster following UV
irradiation in cdk5~ cells compared with the wild type
(Figure 7H). The increased sensitivity of cdk5/~ cells to
apoptotic stimuli suggests that cdk5 activity plays an
important role in neuronal cell survival by regulating the
INK3 activity.

Discussion

The evidence presented here identifies a crucial regulator
of cell survival, SAPK/INK, as a putative target of cdk5.
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Cdk5 negatively regulates phosphorylation and JNK3
activity in cells, as indicated by the regulation of c-Jun
phosphorylation. Activation of JNK3 induces apoptosis
(Eilers et al., 1998). Higher activity of JNK3 in the cdk5/~
cells and the HEK293T cells transfected with inactive
cdk5 mutant supports the role of active cdk5 in cell
survival. The increased sensitivity of cdk57 neuronal
cells to apoptotic stimuli was associated with increased
phosphorylation of c-Jun. These results indicated that
the observed neuronal protection in wild-type cells is,
at least in part, due to the phosphorylation of JNK3 by
cdk5, which, in turn, down-regulates JNK3 signaling
cascades.

Programmed cell death is an active process occurring
during both normal maturation of the nervous system and
pathological situations, such as neurodegenerative diseases
and stroke (Clarke, 1990; Oppenheim, 1991; Henderson,
1996; MacManus and Linnik, 1997; Pettmann and
Henderson, 1998). The role of SAPK/JNK in the induction
of and protection against apoptosis remains controversial
(Kyriakis and Avruch, 1996; Nishina et al., 1997).
However, activation of the SAPK/JNK pathway has been
observed after induction of apoptosis by NGF withdrawal
in rat PC12 cells (Xia et al., 1995), sympathetic neurons
(Ham et al., 1995; Virdee et al., 1997), rat cerebellar
granule neurons (Watson et al., 1998) and embryonic
motoneurons (Maroney et al., 1998). Moreover, phos-
phorylation of c-Jun has been found after neuronal injury
in the adult rat brain (Herdegen et al., 1998). Recently,
Eilers et al. (1998) showed that expression of a
constitutively active form of MEKKI, which strongly
activates the JNK kinase pathway, increased c-Jun protein
phosphorylation and induced apoptosis in the presence of
NGF in sympathetic neurons. This induced apoptosis could
be prevented by co-expression of the dominant-negative
mutant SEK1, an activator of Jun kinase that is a target of
MEKKI1, suggesting that INK/SAPK plays an important
role in the regulation of c-Jun phosphorylation and
apoptosis. Indeed, we have demonstrated that loss of
cdkS in cultured cortical neurons resulted in more sensi-
tivity to UV-induced apoptosis together with increasing
JNK3 activity and c-Jun phosphorylation. The evidence
presented here identifies a crucial regulator of cell
apoptosis, JNK3, as a target of cdk5 activity. Cdk5 with
its activator p35 regulate phosphorylation and activity of
JNK3 on Thr131 in neurons.

Cdk5-deficient mice (cdk57) exhibited embryonic
lethality associated with disruption of the cortical laminar
structures in the cortex, olfactory bulb, hippocampus and
cerebellar cortex (Ohshima ef al., 1996). On the other
hand, p35-deficient mice (p35~) were found to be viable
and fertile with the abnormalities of laminar structure in
cerebral cortex and subtle abnormalities in the laminar
structures of olfactory bulb, hippocampus and cerebellum
(Chae et al., 1997). These abnormalities are less severe
compared with those in cdk5 null mice. To understand the
biochemical basis of the phenotypic differences observed
between p357 and cdk57 mice, we measured cdk5-
specific kinase activity using cdk5 IPs of brain homo-
genates from cdk5~- and p35~ mice. No cdk5 activity was
found in cdk5~ brain homogenates, while a substantial
amount of residual cdk5 activity was detected in
cerebellum and cerebral cortex of p35~~ mice (Ohshima
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et al., 2001). The residual cdk5 activity and milder
phenotypes in p35~7 were proposed to be due to overlap-
ping expression of the cdk5 regulators p35 and p39. This
hypothesis has been supported by recent studies (Ko et al.,
2001). It was found that the double knockout of p35 and
p39 genes in mice resulted in phenotypes notably identical
to cdk57 mice. An identical phenotype is observed in
cdk5~ mice, and p35 and p39 double knockout mice
indicated that p35 and p39 are necessary and sufficient for
cdkS activity during development. Our recent studies on
transgenic mice using p35 promoter expressing cdkS
specifically in the regions where p35 was expressed in
mice lacking endogenous cdk5 reverted almost all the
cdk5~ phenotypes. These transgenic mice were viable and
fertile, and did not show defects in the neuronal migration
as was observed in cdk5~~ mice (Tanaka et al., 2001). This
study further supports the idea that cdk5 activity is
important for survival and proper development of the
nervous system. The present study provides the evidence
that cdk5 may exert its protective role by negatively
regulating the SAPK/JNK signal pathway during nervous
system development.

In neurons, cdkS activity requires the regulatory subunit
p35and p39 (Lew et al., 1994; Tsai et al., 1994). In arecent
study, deregulation of cdkS5 activity upon its binding with
p25 has been implicated in neurodegenerative diseases.
Patrick et al. (1999) have reported a 20- to 40-fold
accumulation of p25 in brain lysates from patients with AD
and thus concluded that p25 may contribute to the
pathogenesis of neurodegeneration. In a similar study,
Yoo and Lubec (2001) reported that the level of p25 in the
frontal cortex of patients with AD or Down’s syndrome is
actually lower than in controls. Patrick et al. (2001) have
further reported higher levels of p25 in AD brains using
higher numbers of AD brains. We have also conducted
similar experiments but failed to detect the elevated levels
of p25 in AD brains (P.Sharma, unpublished data). We do
not understand the inconsistencies in these observations.
However, in vitro as well as in vivo p25 transgenic mice
studies have found that cdk5 in association with p25
has higher activity (Amin et al., 2001) and produces
hyperphosphorylation of tau and neurofilament proteins
(Ahlijanian et al., 2000). Interestingly, unlike p35, p25 is
not readily degraded, and binding of p25 to cdk5 leads to
constitutively active cdkS5, resulting in hyperphosphoryla-
tion of neuronal cytoskeletal proteins such as tau, and may
cause apoptosis. The cdk—p25 complex, like cdk—p35,
could phosphorylate INK3 in vitro or in vivo; however, the
kinetics and extent of phosphorylation may be different.
The hyperphosphorylation of cdk5 (deregulation) by p25
resulting in hyperphosphorylation of neuronal cytoskeletal
proteins including tau may cause neurodegeneration. We
propose that higher activity of cdk5 by its deregulation
due to p25 will be destructive, as proposed by Patrick
et al. (1999), while the basal levels are required for
neuronal survival and development. The other possibility
is that the cdk-p25 complex may not be able to
phosphorylate JNK3, since the binding of p25 to cdk5
has been shown to alter its cellular localization and
substrate specificity (Mandelkow, 1999). Thus, association
of cdkS with p35 or p25 may mediate different responses to
environmental stimulation through different signaling
pathways in cell survival and cell death in the nervous



system. We propose that negative regulation of the JNK3
signaling pathway is one of the mechanisms by which
cdk—p35 exerts its cell survival function. Thus, this study
provides a possible link between two signaling kinase
cascades. It furnishes the first mechanistic evidence of how
the cdk5 kinase may regulate apoptotic events and
provides a novel regulatory mechanism for JNK3-depend-
ent apoptotic signaling.

Materials and methods

Constructs

JNK3 was generated by RT-PCR from rat cerebral cortex. Wild-type
cdkS, inactive mutant cdkS (K33T) and p35 in pcDNA3 were gifts from
Dr Li-Huei Tsai. pFR-Luc plasmid, pFA-CMV plasmid, pFA2-c-Jun
plasmid, GST—c-Jun and JNK were obtained from Stratagene. pcDNA3,
HA-tagged wild-type, mutant (T131A) and recombinant JNK3 were
generated by standard cloning methods. The putative phosphorylation site
in JNK3 was mutated using the QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. The mutation
was verified by DNA sequencing.

Cell culture

Cortical neurons from E16 cdk5 wild-type and knockout mice (cdk57)
were prepared as described by Ma et al. (2000). In brief, embryos were
dissected and minced well with scissors. The dissociated cells were
collected by centrifugation and resuspended in a serum-free neurobasal
(NB) medium supplemented with B27 and 0.5 mM L-glutamine. Cells
(25 X 10%) were plated in 35 mm plastic dishes pre-coated with laminin
(10 pg/ml; Gibco) for 5 days. HEK293T cells were cultured in
Dulbecco’s modified Eagles’ medium (DMEM) with 5% fetal calf
serum (FCS).

Transfection and luciferase assay

For measuring the transactivation activity by luciferase assay, HEK293T
cells were grown in 6-well plates and transiently transfected with 5 pg of
cdk5 or mutant cdk5 (K33T) and p35 construct, along with 2.5 ug of pFA-
CMV, pFR-Lu, pFA2-c-Jun and HA-JNK3 or pcDNA3 as the control
vector to equalize the amount of the transfected DNA using lipofectin.
pSV40-B-gal (1 ng) was co-transfected for standardization of transfection
efficiency by measurement of (-galactosidase activity (TROPLX Inc.).
After 36 h transfection, cells were irradiated with UV (780 J/m?). Cells
were assayed for luciferase (Stratagene) and 3-galactosidase activity 24 h
post-UV irradiation, in a Lumat LB 9510 luminometer according to the
manufacturer’s instructions.

Expression and purification of GST-cdk5, GST-p35 and
recombinant wild-type or mutant JNK3 from bacteria

GST fusion proteins were purified as described by Lee et al. (1997). In
brief, cdk5 and p35 were subcloned into pGEX-4T-2 vector (Pharmacia)
and transformed into Escherichia coli strain DH50.. The host cells were
cultured in Luria—Bertani medium with 100 pg/ml ampicillin. The
expression GST fusion proteins were induced with 1 mM isopropyl-B-D-
thiogalactopyranoside at 37°C for 3 h. The cells were harvested and lysed
with lysis buffer [SO mM Tris—-HCl pH 7.4, 2 mM EDTA, 1 mM
dithiothreitol (DTT), 0.25 mM phenylmethylsulfonyl fluoride (PMSF),
1 pg/ml leupeptin, 1 pg/ml aprotinin, 1 pg/ml antipain]. The lysates were
centrifuged at 18 000 g for 30 min. The supernatant was incubated with
glutathione—Sepharose 4B beads (Pharmacia). The column was washed
with the washing buffer [1 X phosphate-buffered saline (PBS) supple-
mented with 0.25 M KCl, 0.1% Tween-20, ] mM DTT, 0.25 mM PMSF,
1 ug/ml leupeptin, 1 pg/ml aprotinin, 1 pg/ml antipain]. The expressed
GST fusion proteins were eluted with 5 mM reduced glutathione in 50 mM
Tris-HCI pH 8.0 and 1 mM DTT. GST—cdk5 and GST-p35 were
confirmed by western blot analysis. Recombinant wild-type and mutant
JNK3 were expressed and purified from E.coli as described by Ilardi et al.
(1999).

Phosphorylation studies in vivo and in vitro

For in vivo phosphorylation studies, HEK293T cells were transfected
with cDNA of wild-type HA-JNK3 or mutant JNK3 (T131A) and wild-
type cdk—p35 or mutant cdk—p35 overnight. Thirty-six hours after
transfection, phosphate-free Dulbecco’s minimum essential medium
supplements with 80 pCi/ml [3*PJortho-phosphoric acid were added for
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3 h. Lysates were collected, HA-JNK3 was immunoprecipitated using
anti-HA antibody and 2P incorporation into JNK3 was visualized after
SDS-PAGE (10-20%) by autoradiography. JNK3 levels were verified by
western blotting. For in vitro phosphorylation studies, we incubated
histone H1 or recombinant JNK3 purified from E.coli with wild-type or
kinase-inactive cdk5 IP from transfected HEK293T cells as described by
Li et al. (2001). Substrates were incubated with 0.1 mM [y-3?P]JATP in a
buffer containing 50 mM Tris—HCI pH 7.4 with 1 mM EGTA, 1 mM
DTT, 5 mM MgCl,, 0.5 mM microcystin L R and immunoprecipitated
cdkS for 30 min at room temperature. In experiments examining the
in vitro phosphorylation of wild-type and mutant JNK3, GST—cdk5 and
GST-p35 were incubated with wild-type or T131A JNK3 (2 ug) using
essentially the same conditions as above. Proteins were resolved by
SDS-PAGE and P incorporation, and the amount of protein was
determined by Coomassie Blue staining as above. In order to evaluate the
efficiency of cdk5 in phosphorylating the peptide motif corresponding to
cdk5 consensus sequences (XS/TPXK) in JNK3, the conserved peptide
sequences LLNVFTPQK and LLNVFAPQK were synthesized and their
phosphorylation by cdk5 was analyzed. The standard assay mixture used
is described by Li et al. (2000). In vitro kinase assays were carried out
essentially as described above by incubating peptides (50 pg) with
GST—cdk—p35. INK3 kinase activity was measured in the same way as
the cdkS5 kinase assays, except that the substrate was GST—c-Jun (1-79;
Stratagene).

Western blot analysis

HEK293T cells were transiently co-transfected with cdk5 (5 pg), p35
(5 ng) and HA-JNK3 (5 pg). Cells were stimulated with UV irradiation
(780 J/m?) for the time indicated. Cells were lysed in a lysis buffer (5 mM
HEPES pH 7.4, 150 mM NaCl, 1% Triton X-100, 10 mM glycerol, ] mM
EDTA, 2 mM NazVOy, 5 mM PMSF, 5 pg/ml aprotinin, leupeptin and
pepstatin). Proteins were resolved by 10-20% SDS—-PAGE, blotted onto a
PVDF membrane (Boehringer Mannheim), blocked in 5% skimmed milk,
1 X PBS, 0.05% Tween-20 and probed with primary antibodies. Anti-
cdkS5 polyclonal antibody (C-8; Santa Cruz), anti-phospho-Ser63 and
Ser73 c-Jun and anti-total c-Jun were obtained from New England
Biolabs. Following incubation with horseradish peroxidase-conjugated
goat anti-rabbit antibody (Bio-Rad), bound immunoglobulins were
detected using enhanced chemiluminescence (Amersham).

Apoptosis assays

DNA fragmentation associated with apoptosis was detected by TUNEL
histochemistry staining. Tissue sections, cut frozen and mounted directly
on salinated slides, were fixed with 4% paraformaldehyde in PBS and
permeabilized with 0.2% Triton X-100 [20 min at room temperature and
then incubated for nick end-labeling for 2 h at 37°C with TdT according
to the standard procedure (Boehringer Mannheim)]. In other experiments,
wild-type and cdk5-deficient neurons were treated with UV irradiation
(780 J/m?) for the times indicated. Apoptotic cells were detected by
viability dye staining (Schmid et al., 1994) or TUNEL assays essentially
as described above.

Northern blotting and immunocytochemistry

Northern blot analysis was performed on total RNA (10 pg) from brains
of cdk57 and wild-type mice using the TRIzol Reagent (Gibco BRL).
The blots were hybridized to a radiolabeled probe (199 bp) corresponding
to nucleotides 891-1089 of the murine c-Jun cDNA. A 346 bp fragment
corresponding to nucleotides 2173-2518 of the murine c-Fos cDNA was
used to generate radiolabeled probes for northern hybridization analysis.
Standard immunofluorescence procedures were used to stain frozen tissue
sections. Antibodies used included monoclonal anti-MAP-2 antibody
(MAB 378; Chemicon), JNK3 polyclonal antibody (Upstate
Biotechnology), Ser63- and Ser73-phosphorylated c-Jun polyclonal
antibodies (New England Biolabs), GFAP monoclonal antibody
(Chemicon) and a polyclonal antibody against cleaved caspase-3 subunit
(New England Biolabs).
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