Cellular/Molecular

The Journal of Neuroscience, April 14, 2010 - 30(15):5219-5228 - 5219

Cdk5 Suppresses the Neuronal Cell Cycle by Disrupting

the E2F1-DP1 Complex

Jie Zhang, Huifang Li, Odessa Yabut, Haley Fitzpatrick, Gabriella D’Arcangelo, and Karl Herrup
Department of Cell Biology and Neuroscience, Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854

Neurons that reenter a cell cycle after maturation are at increased risk for death, yet the mechanisms by which a normal neuron
suppresses the cycle remain mostly unknown. Our laboratory has shown that cyclin-dependent kinase 5 (Cdk5) is a potent cell cycle
suppressor, and we report here on the molecular basis of this activity. Cell cycle suppression by Cdk5 requires its binding to the p35
activator protein. The related p39 and p25 proteins cannot serve as substitutes. Unexpectedly, Cdk5 enzymatic activity is not required to
perform this function. Rather, thelink to cell cycle regulation is made through the formation of a previously unknown complex consisting
of the p35-Cdk5 dimer and E2F1. Formation of this complex excludes the E2F1 cofactor, DP1, thus inhibiting E2F1 binding to the
promoters of various cell cycle genes. This anti-cell cycle activity is most likely a neuroprotective function of Cdk5.

Introduction

Neuronal populations at risk for death in a variety of neurode-
generative diseases show evidence of an unscheduled attempt at
cell division. The correlation between neuronal cell cycle and cell
death is robust; it has been observed in a variety of human dis-
eases including ataxia—telangiectasia, Parkinson’s disease, and
Alzheimer’s disease (AD). In AD, cell cycle events have been de-
scribed early in the disease process, not merely during end-stage
illness (Yang et al., 2003, 2006). Thus, we have argued that sup-
pressing the cell cycle is a constant challenge for a differentiated
nerve cell (Herrup and Yang, 2007) and that insights into the
mechanism by which neuronal cell cycle regulation is achieved
carry significant clinical relevance.

In most dividing cells, the cycle begins when an activating
member of the E2F family of transcription factors (E2F1-3) dis-
sociates from the tumor suppressor protein retinoblastoma, RB
(Trimarchi and Lees, 2002). Once freed, E2F1 binds to E2F re-
sponse elements in the promoters of a variety of cell cycle protein
genes and activates them, driving the cycle. This activation re-
quires the association of E2F1 with its cofactor, DP1. We have
sought to understand the factors that maintain a mammalian
neuron in its “postmitotic” state. Recently, we have discovered
the participation of Cdk5 in this process (Cicero and Herrup,
2005; Zhang et al., 2008).

Unlike traditional Cdks, ectopic expression of Cdk5 in either
mammalian or yeast cells does not promote cell cycle progression
(Meyerson et al., 1992; van den Heuvel and Harlow, 1993). Cdk5
activity relies on two unique activator proteins—p35 and p39—
that are structurally similar to traditional cyclins yet share no
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homology at the amino acid level. Cdk5 phosphorylation of nu-
merous substrates plays a pivotal role in many processes of the
CNS, including neuronal migration and differentiation during
development, as well as synaptic function in the adult (for review,
see Cruz and Tsai, 2004; Cheung and Ip, 2007; Hawasli and Bibb,
2007). Cdk5 also plays a crucial role in neuronal cell cycle
control. In knock-out animals, the loss of Cdk5 leads to a
failure of cell cycle suppression both in vivo and in vitro. Cell
cycle activity detected in Cdk5 '~ neurons includes the ab-
normal expression of cell cycle proteins such as cyclin D, cy-
clin A, and PCNA (proliferating cell nuclear antigen) as well as
5-bromo-2-deoxyuridine (BrdU) incorporation (Cicero and
Herrup, 2005). Additional studies suggest that nuclear local-
ization of Cdk5 is an important feature of this activity (Zhang
et al., 2008); however, the molecular mechanism behind the
cell cycle suppression remains unknown.

We report here that Cdk5 uses an unorthodox noncatalytic
method to block the cycle and that this mechanism is effective in
primary neurons as well as in neuronal cell lines. Cell cycle sup-
pression is achieved by the assembly of a three-protein complex
that includes Cdk5, p35, and the cell cycle activator, E2F1. When
sequestered in this complex, E2F1 cannot bind its normal DNA
binding partner, DP1. In this way, the formation of the E2F1-
Cdk5—p35 complex in the nucleus prevents the advance of the cell
cycle.

Materials and Methods
Antibodies and chemical reagents. Antibodies against (phospho-Ser10)p27,
p27, B-actin, p21, Cdk5(C8), Cdk5(J3), GFP(B2), GFP(FL), p35(C19),
Lamin B1, cyclin A, E2F1(KH95), and anti-HA were from Santa Cruz
Biotechnology. Anti-Myc was from Sigma-Aldrich. Rat-anti-BrdU was
bought from Abcam. Secondary antibodies used for immunocytochem-
istry were as follows: goat anti-mouse Alexa 488 and 594, goat anti-rat
Alexa 488 and 594, and goat anti-rabbit Alexa 488 and 594 (Invitrogen).
Phospho-histone H3 antibody was purchased from Millipore.

Cell culture and synchronization. N2a cells were bought from American
Type Culture Collection. Mouse embryonic fibroblasts were isolated and
cultured as described previously (Kotake et al., 2005). Cells were syn-
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for 48-76 h in medium supplemented with
0.1% fetal bovine serum or 0.1% calf serum. To WT
induce reentry into the cell cycle, cells were
transferred to medium containing 10% fetal
bovine serum or 10% calf serum.

Animals. A colony of Cdk5 ~/* mice was main-
tained on a mixed (C57BL/6] X 129/S1) back- ;
ground (Gilmore et al., 1998). Homozygous NES
Cdk5 ~'~ mice are not viable, so mutant embryos )
were produced by intercrossing heterozygous
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0.5 (E0.5). Embryos were taken at E16.5 for either
cortical cultures or histology. A colony of E2f1 ~/*
mice was maintained on a mixed (C57BL/6] X 129/
$4) background (Field et al., 1996).

Primary neuronal cultures. Embryonic cortical
neurons were isolated by standard procedures.
For Cdk5-deficient cultures, all embryos from a
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Cdk5™"'~ X Cdk5™'~ mating were harvested and GFP
treated separately. Isolated E15.5 embryonic ce-
rebral cortices from Cdk5 '~ or E2f1 '~ were
treated with 0.25% trypsin-EDTA and dissoci-
ated into single cells by gentle trituration. Cells
were suspended in Neurobasal medium supple-
mented with B27 and 2 mm glutamine, and then
plated on coverslips coated with poly-L-lysine
(0.05 mg/ml) and laminin (5 pg/ml). All cultures
were grown for a minimum of 5 d in vitro (DIV)
before any treatment.

Constructs and plasmids. The generosity of
many laboratories allowed us to assemble a
majority of the vectors used in this study.
pCMV-p35, pCMV-P39, and pCMV-Cdk5 were from Dr. Li-Huei Tsai
(Massachusetts Institute of Technology, Cambridge, MA) (Lee et al,
1996). Myc-CyclinAl was from Dr. Jonathon Pines (University of Cam-
bridge, Cambridge, UK) (den Elzen and Pines, 2001). HA-cyclinD1 and
HA-cyclin D1(T286A) were from Dr. Sarah J. Freemantle (Dartmouth Med-
ical School, Hanover, NH) (Spinella et al., 1999). Myc-CyclinD2 and Myc-
CyclinD2 (T280A) were from Dr. Keiichi I. Nakayama (Kyushu University,
Fukuoka, Japan) (Susaki et al., 2007). pBIFC-YN-173; pBIFC-YC-155;
pBiFC-YN-Jun and pBiFC-YC-Fos were from Dr. Chang-Deng Hu (Purdue
University, West Lafayette, IN) (Hu and Kerppola, 2003; Hu et al., 2002).

We constructed additional vectors as follows. pEGFP-C1 was bought
from Clontech. The NLS (from simian virus large T-antigen) and NES
[from the dominant nuclear export signal of MAP (mitogen-activated
protein) kinase kinase] signal sequences were added into PEGFP-C1 or
PECFP-CI vector after opening the vector with an Nhel/Agel double
digest. All inserts were amplified by PCR and inserted into pEGFP-C1-
NLS. Site-direct mutation of Cdk5 on S159T and D144N (kinase dead)
was performed by QuikChange Site-Directed Mutagenesis kit (Strat-
agene). E2F1 and DP1 were inserted into PECFP-NES.

Bimolecular fluorescence complementation. pBiFC-YN177 and pBIFC-
YC155 were used in the bimolecular fluorescence complementation systems
(Hu et al., 2002). Cdk5 and Cdk5(S159T) were inserted into pBiFC-YN177
to generate pBIFC-YN-177-Cdk5 or pBIFC-YN-177-Cdk5(S159T) vector.
Sequences encoding p35 were inserted into pBIFC-YC155 to generate
pBIFC-YC155-P35. For analysis of fluorescence complementation, specific
YN and YC plasmids were transfected into Cdk5 '~ primary cultured neurons
(DIV 5). Forty-eight hours after transfection, cells were fixed and then examined
with a Zeiss LSM510 Meta confocal laser-scanning microscope. pBiFC-YN-Jun
and pBiFC-YC-Fos plasmids were used as positive controls (Hu et al., 2002).

In utero electroporation. For in utero electroporation (IUE), expression
plasmids under the control of the CAG promoter were used. IUE was
conducted as previously described (Saito and Nakatsuji, 2001). Briefly, 3
wl of plasmid mix containing Fast Green dye (Sigma-Aldrich) was in-
jected and electroporated into the lateral ventricle of E14.5 embryos

Figure 1.

are mean = SEM.
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Nuclear Cdk5 acts as a cell cycle suppressor independent of its kinase activity. N2a cells were transfected with
GFP-NLS, GFP-NES, GFP-CdK5-NLS, GFP-Cdk5-NES, GFP-KDCdk5-NLS, GFP-KDCdk5-NES, GFP-Cdk5(S159T)-NLS, and GFP-
Cdk5(S159T)-NES. BrdU and phospho-histone H3 immunostaining was performed after overnight growth in BrdU-containing
medium after serum add back. 4, Representative immunostaining of BrdU-labeled cells. The columns represent the three different
GFP-labeled Cdk5 constructs used plus GFP alone. For each construct, proteins were directed to the cytoplasm (bottom row),
nucleus (middle row), or expressed with no exogenous trafficking signal (WT) (top row). B, The percentage of GFP-positive cells
that were labeled with BrdU was quantified for each construct shown in A. C, The M-phase marker, phospho-histone H3 (P-hisH3)
was used in place of BrdU as a mitotic marker for a subset of the constructs examined in 4. D, The quantification of the findings in
€, expressed as the percentage of GFP-positive cells that were labeled with phospho-histone H3. ***p < 0.05 by ANOVA. Values

using the ElectroSquarePorator ECM 830 (BTX) set at five 50 ms pulses
of 40 V with 950 ms intervals. For BrdU (Sigma-Aldrich) labeling, elec-
troporated pregnant dams were treated with 100 ug/g BrdU by intraperi-
toneal injection 20 h after IUE. Four hours later, electroporated
embryonic brains were dissected and fixed overnight in 4% PFA at 4°C,
and then placed in 30% sucrose/1X PBS mix for cryoprotection. Brains
were frozen in OCT (Tissue-Tek) and sectioned coronally at 12-20 mm.

Electrophoretic mobility shift assays. N2a cells were cultured in DMEM
and transfected with various Cdk5 constructs. Nuclear extracts were col-
lected for electrophoretic mobility shift assay (EMSA). Double-stranded
oligonucleotides used as a labeled DNA probe included the E2F-binding
site ATTTAAGTTTCGCGCCCTTTCTCAA. The mutant E2F binding-
deficient oligonucleotide was ATTTAAGTTTCGATCCCTTTCTCAA (Cao
etal., 1992). For competition experiments, a 100-fold molar excess of unlabeled
oligonucleotides was added before the addition of labeled probe. The electro-
phoretic mobility shift assays were performed with the LightShift Chemilumi-
nescent EMSA kit (Pierce) according the manufacturer’s instructions.

Immunocytochemistry and BrdU incorporation. At the appropriate
time, cultures were rinsed once with PBS and then exposed to 4% para-
formaldehyde in 0.1 M phosphate buffer for 30 min at room temperature
followed by three rinses with PBS. Immunohistochemistry of cell cultures
was done without antigen retrieval. For BrdU labeling, the cells were cultured
normally or serum starved for 48 h followed by 12 h of serum add back. Four
hours before the end of the experiment, 10 um BrdU was added to the media.
The cells were then fixed, and DNA was hydrolyzed by exposing the cells to
2N HCI for 10 min. Specimens were then neutralizing in 0.1 M sodium
borate, pH 8.6, for 10 min and rinsed extensively in PBS (3X) for 45 min
before treatment with blocking reagent. Nonspecific antibody binding was
blocked by exposing the fixed cells to 5% normal goat serum in 0.1% Triton
X-100 for 1 h before application of the primary antibody.

Western blotting, coimmunoprecipitation. Dissected tissues or har-
vested cells were homogenized in 1:5 (w/v) ice-cold lysis buffer [1%
Triton X-100, 20 mm Tris-HCI, pH 7.5, 150 mm NaCl, with protease
inhibitor mix (Roche)]. The samples were centrifuged at 12,000 X g for
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Results

Cdk5 blocks cycle reentry: localization

dependence and activity independence

Our previous studies showed that the pres-
ence of Cdk5 in the nucleus is important for
it to stop the cell cycle in cultured neurons
and celllines (Zhangetal., 2008). To explore
this novel role of Cdk5 more thoroughly, we
conducted a series of experiments in the
N2a neuroblastoma cell line. N2a cells in
log-phase growth were transfected with a
variety of expression constructs, growth ar-
rested in low serum for 48 h, and then re-
stored to normal growth medium to mimic
the conditions of cell cycle reactivation in
postmitotic neurons. To study the effect of
Cdk5 in different cellular compartments, we
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Figure 2.  Nuclear CdK5 is an effective cell cycle suppressor in vivo as well as in vitro. GFP, GFP-Cdk5-NLS, kinase-dead GFP-

KDCdk5-NLS, and p35 binding-deficient GFP-CDk5(S159T)-NLS were introduced into the ventricular zone of the E14.5 embryo by
IUE and subjected to short-term BrdU labeling at E15.5. 4, B, Representative images of 10 sm sections obtained from IUE-treated
embryos immunostained for either BrdU (4) or phospho-histone H3 (P-hisH3) (B). €, D, Quantification of BrdU/GFP (C) and
phospho-histone H3/GFP (D) double-labeled neurons. *p << 0.05 by ANOVA. Values are mean = SEM.
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Figure 3.

20 min at4°C. The supernatant was collected and total protein levels were
measured by a micro BCA protein assay kit (Pierce). Fractionation of
cells into cytoplasmic and nuclear components was accomplished with
an NER-mammalian kit according to the manufacturer’s instructions
(Pierce/Thermo Fisher Scientific).

For Western blots, lysates were separated with SDS-PAGE and electro-
phoretically transferred onto nitrocellulose membranes. Membranes
were blocked with 5% nonfat milk in TBST and probed with primary
antibodies in blocking buffer, followed by treatment with HRP-linked
secondary antibodies and ECL Western blotting detection reagents
(Pierce/Thermo Fisher Scientific). The intensity of immunoreactive
bands was quantified using NIH Image.

For immunoprecipitation (IP), cell lysates were incubated with anti-
body shown in the IP blot at 4°C for 90 min, followed by additional
incubation with protein G-Sepharose (GE Healthcare) for 90 min. The
beads were washed five times with ice-cold PBS, and bound proteins were
analyzed by SDS-PAGE and immunoblot analysis.

Statistical analysis. All data were obtained from at least three different
preparations. Values are mean = SEM. Data analysis was performed by
one-way ANOVA, and p < 0.05 was considered significant.

b ‘

p35 is bound to Cdk5 in the nucleus as well as the cytoplasm. A, Coimmunoprecipitation experiments show the
interaction of p35 with Cdk5-GFP or KDCdk5-GFP, but not to Cdk5(S159T)-GFP or Cdk5(N1-60)-GFP in N2a cells. B, BiFC fluores-
cence signal generated in the neuronal nucleus from the interaction of YN173-Cdk5 with YC155-p35 (top row). When the p35
binding-deficient (S159T) mutation is used (bottom row), this signal is lost. In both situations, immunostaining with anti-GFP
antibody reveals the wide cellular distribution of the exogenous proteins. DAPI was used as a nuclear counterstain.

generated green fluorescent protein (GFP)-
tagged expression constructs directing the
kinase specifically in the nucleus (GFP-
Cdk5-NLS), cytoplasm (GFP-Cdk5-NES),
or in both compartments (GFP-Cdk5). As
controls, we used three GFP-only constructs
as follows: (1) native GFP, (2) GFP-NLS,
and (3) GFP-NES. BrdU incorporation was
used to examine the effect of these con-
structs on cell proliferation. When control
plasmids were used, the percentage of
double-labeled GFP-BrdU cells was ~50%
(Fig. 1A, B). A similar result was obtained
using GFP-Cdk5-NES. However, the ex-
pression of nondirected Cdk5 (GFP-Cdk5)
and nuclear Cdk5 (GFP-Cdk5-NLS) re-
duced the percentage of double-labeled cells
to ~10%, suggesting that the cell cycle-
arresting activity of Cdk5 is performed in
the nucleus.

To investigate whether the kinase ac-
tivity of Cdk5 is required for this activ-
ity, we conducted similar experiments
using mutagenized Cdk5 constructs that
were deficient in kinase activity. In one
of these constructs, the serine at posi-
tion 159 was substituted by a threonine
[CdKk5(S159T)]. This mutation blocks the
ability of Cdk5 to bind its activator p35 resulting in a loss of ki-
nase activity (Tarricone et al., 2001). We found that Cdk5(S159T)
was unable to block BrdU incorporation regardless of its lo-
calization (Fig. 1A,B). We also examined a Cdk5 mutant in
which the ATP binding site, well known to be essential for
kinase activity, was mutated resulting in a “kinase-dead” Cdk5
(KDCdkS5) (Tsai et al., 1994; Nikolic et al., 1996). Surprisingly,
this construct, no matter where it was targeted (GFP-KDCdk5,
GFP-KDCdk5-NLS or GFP-KDCdk5-NES), behaved similarly
to its wild-type Cdk5 counterparts in our BrdU incorporation
assay (Fig. 1 A, B).

To confirm the results of our BrdU measurements, we used
phospho-histone H3, a marker of cells in the M phase of the cell
cycle. As shown in Figure 1, C and D, expression of Cdk5-NLS
and KDCdk5-NLS decreased phospho-histone H3 labeling by
approximately one-half compared with control. Cdk5-NES and
Cdk5(S159T)-NLS overexpression had no effect on the phospho-
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histone H3 staining. These results are con-
sistent with the BrdU data described
above. Together, we interpret these results
to mean that Cdk5 does not need its cata-
lytic activity to function as a cell cycle sup-
pressor, but it does need to bind to its
activator, p35.

To determine whether these observa-
tions applied equally in vivo, we used the
technique of IUE to introduce GFP or
GFP-tagged Cdk5 into neural progenitor
cells lining the ventricular zone of the
E14.5 mouse embryo. Dividing cells were
marked by BrdU incorporation and
phospho-histone H3 labeling 1 d after
TUE. As shown in Figure 2, A and C, when
GFP alone was expressed in progenitor C
cells, the percentage of GFP/BrdU double-
positive cells represented ~17% of the to-
tal transfected population. This number
changed little when GFP was trafficked to
the nucleus or to the cytoplasm, or when
cytoplasmic Cdk5 (GFP-Cdk5-NES) was
expressed. In contrast, nuclear Cdk5
(GFP-Cdk5-NLS) significantly decreased
the double-labeled percentage to ~8%.
Similar results were obtained when the
percentage of phospho-histone H3/GFP
cells was calculated as a marker of cell di-
vision (Fig. 2B,D). These data demon-
strate that Cdk5 can act as a neuronal cell
cycle suppressor in vivo.

The role of the kinase activity of Cdk5
was also verified in vivo. We conducted
IUE experiments with both GFP-KDCdk5-
NLS and GFP-Cdk5(S159T)-NLS. Similar
to the results in N2a cells, when KDCdk5-
NLS was electroporated into the E14.5
mouse embryo the percentage of BrdU/
GFP or phospho-histone H3/GFP double-labeled cells decreased
significantly compared with control, whereas Cdk5(S159T)-NLS
showed no effect (Fig. 2). Thus, our in vivo and in vitro data are in
agreement and suggest that, to suppress the cell cycle, Cdk5 must
be present in the nucleus, it must be able to bind to p35, but it
does not need to be catalytically active.

A GFP-P35-NLS

BrdU

BrdU

BrdU

BrdU

Figure 4.

mean = SEM.

The role of p35 in cell cycle suppression

We conducted biochemical coimmunoprecipitation experi-
ments to elucidate the role of p35 in cell cycle suppression. GFP-
tagged Cdk5 constructs were coexpressed with p35 in N2a cells.
The interaction of Cdk5 with p35 was strong in this assay (Fig.
3A), but it was prevented either by the truncation of the C termi-
nus of Cdk5 (N1-60 construct, lane 3) or by the S159T mutation
of the p35 binding site (lane 2). The KD mutation of Cdk5 bound
p35 as avidly as the wild-type protein (lane 4), a result that is
consistent with its undiminished ability to suppress the cell cycle.
To determine whether Cdk5 forms a complex with p35 in the
nucleus, where the cell cycle-arresting activity was observed, we
used bimolecular fluorescence complementation (BiFC) (Kerppola,
2006). Reconstituted GFP fluorescence produced by Cdk5-p35
binding appeared to be strong in the cytoplasm, but it was also
detectable in the nucleus where it was colocalized with the 4',6'-
diamidino-2-phenylindole (DAPI) counterstain. As expected,

Zhang et al. e Cdk5 as Cell Cycle Suppressor

GFP-P25-NLS B

GFP-P10-NLS

% of GFP-positive cells
incorporating BrdU
o 3 8 8 & 8
——
SIN-Ged [T
L) ——
——

® T 0T
1 ¢ 3
Z =z
o o b
GFP-P25-NES D
80
P
T
© D 6 ‘} ‘}
© ]
23 -[-
=
25
Q & 40 A
4=
A
O 8 5]
I
° 3
X c
0 T T T T
0
@ 3 3 N T
I & 8 @ o
L5 2 2 Z2 z
m m m m m
m o o o o

p35 is the only cyclin-like partner of Cdk5 with cell cycle suppression activity. 4, €, GFP-tagged p35, p25, p39, orp10
were trafficked to either the nucleus with an NLS (A) or the cytoplasm with an NES (€). BrdU immunostaining (red) was performed
after overnight growth in BrdU-containing medium after serum add back. B, The quantification of the percentage of GFP-positive
cells labeled with nuclear-targeted constructs that were also labeled with BrdU. D, The quantification of the percentage of
GFP-positive cells labeled with cytoplasm-targeted constructs that were also labeled with BrdU. *p << 0.05 by ANOVA. Values are

immunostaining with a GFP antibody that detects both halves of
the GFP molecule revealed a uniform pattern of labeling, empha-
sizing the specific nature of the BiFC fluorescence (Fig. 3B). A p35
binding-deficient Cdk5 (Cdk5S159T) was used as a negative con-
trol for BiFC (Fig. 3B, bottom row). These data demonstrate that
the Cdk5-p35 complex exists in the nucleus as well as in the
cytoplasm.

The Cdk5 kinase can be activated by either of two cyclin-like
proteins: p35 or p39. The p35 protein can also be cleaved to
generate a p25 isoform plus a smaller p10 fragment; p25 is known
to stabilize Cdk5 and to lead to its hyperactivation. The data thus
far show that cell cycle suppression by Cdk5 requires p35. To
investigate the role of these other potential binding partners,
we expressed GFP-tagged p35, p39, p10, and p25 with nuclear
or cytoplasmic trafficking signals in N2a cells (Fig. 44,C).
Consistent with our hypothesis, p35 expression in the nucleus
decreased the percentage of double-BrdU-labeled cells within
the GFP-positive population by more than fivefold. In contrast, nei-
ther p25, p39, nor p10 had any effect on BrdU incorporation even
when these proteins were trafficked to the nucleus. All four binding
proteins, when trafficked to the cytoplasm, had no effect compared
with a GFP-NES control (Fig. 4 B, D). From this result, we conclude
that neither p25, p10, nor p39 is able to replace p35 in the cell cycle-
suppressing activity of Cdk5s.
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Nuclear Cdk5 interacts physically with E2F1 and blocks its access to its normal DNA binding sites. A, EMSA reveals changes in the DNA binding ability of E2F1 after overexpression of

different Cdk5 constructs. The shifted probe caused by E2F1 binding is indicated by the band labeled E2F1. B, N2a cells were cotransfected with E2F1 plus GFP-Cdk5, GFP-Cdk5(S159T), GFP-KDCdk5,
or native GFP. After immunoprecipitation with E2F1, blots were immunostained with GFP antibody. Note that wild-type Cdk5, Cdk5(S159T), and KDCdK5 were all able to pull down E2F1 (top blot).
The bottom blot is the input lysates Western blotted before immunoprecipitation. ¢, N2a cells were cotransfected with GFP-P35-NES, GFP-P25-NES, GFP-P39-NLS, GFP-P35-NLS, GFP-P25-NLS,
GFP-P10-NLS with CFP-E2F1. After immunoprecipitation with E2F1, blots were immunostained with GFP antibody. Note that E2FTwas able to pull down only nuclear p35.

Cdk5 inhibits promoter occupancy at E2F1-responsive genes

To further investigate the mechanism by which the Cdk5-p35
complex suppresses the cell cycle, we turned our attention to the
transcription factor E2F1, a major factor regulating the G,/G,- to
S-phase transition at the beginning of each new cell cycle (Trima-
rchiand Lees, 2002). We explored the possibility that E2F1 might
physically or functionally interact with Cdk5. We first examined

the levels of E2F1 in the E16.5 Cdk5 '~ cortex (Fig. 5A) and
found that they were significantly lower than in wild type (Fig.
5B); the levels of p35 did not change dramatically (Fig. 5A,C).
Conversely, the levels of both p35 and Cdk5 were significantly
lower in E2f1 ™/~ cortex at all postnatal ages examined [postnatal
day 10 (P10), P20, and P90] (Fig. 5D-F). Note that the levels of
E2F1 decreased over this age span in wild-type animals (Fig. 5G),
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D
Protein IP: IB: Binding |Lane
expression
E2F1 DP1 DP1 E2F1 |+ 3
E2F1  p35 p35 | E2F1 |+ 2
E2F1 Cdk5 CdkS | E2F1 | + 1
DP1  p35 DP1 | p35 +* 15/20
DP1 p35(Lisin) | DP1 | p35 + 21
DP1 Cdk5 Cdk5 | DP1 + 10
Cdk5s p35 Cdks p35 + not shown
E2F1 DP1 p35 + 18
DP1 DP1 E2F1 + not shown
p35 p35 | E2F1 |+ 4
E2F1 CdkS | E2F1 |+ 9
2;"‘(5 Cdk5 | DP1 | + 1
DP1 | E2F1 |+ 14
E2F1 Cdk5 | E2F1 | + 8
p35 Cdk5 | p35 + not shown
Cdk5 p35 E2F1 + not shown
DP1 DP1 p3s _ 22
p3s
Cdk5 DP1 Cdks | — not shown
CdkS p35 + not shown
DP1 DP1 p3s + 23
P35(L151N) DP1 Cdks | + not shown
Cdk5 -
Cdk5 p35 —_ not shown
E2F1 Cdk5 | E2F1 | _ 5
DP1
Cdk5 Cdk5 | DP1 - 12
p3s DP1 | E2F1 |+ 7
p35 E2F1 | + 13
p3s |DP1 |+ 16/24
Cdk5 p35 — not shown
v/p35(Lisivy)| DP1 | p35 | - 25
v/Cdk5(s1sor)| DP1 | p35 | + 17

The interactions among DP1, E2F1, Cdk5, and p35 in the cytoplasm. A, N2a cells were cotransfected with two, three, or four of the GFP or CFP chimeric plasmids indicated in the table

at the top of the gel. The antibody used for IP is indicated in the top row of the table. The antibodies used to probe the resulting blots were E2F1 (lanes 1-9) and DP1 (lanes 10 —13). Probing of the
input lysates (bottom gels) reveals the comparable expression of the various constructs. B, Cotransfections of N2a cells were performed as indicated. For all lanes, lysates were immunoprecipitated
with DP1antibody, and the resulting Western blots were probed with antibody against p35. €, Both the antibody used to perform the immunoprecipitation and the one used in the Western blot are
indicated at the side of the blot. D, A table summarizing all of the interaction patterns for the four proteins in the cytoplasm. The proteins listed in the first column (protein expression) were
cotransfected into N2a cells. The resulting cell lysates were immunoprecipitated (IP) with the antibody listed in the second column. The precipitates were analyzed by Western blots, blotted (IB) with
the antibody listed in the third column. The fourth column (Binding) summarizes the IP results: a successful IP is indicated by a“+"; a failure to IP is indicated by a“ —.” The lane numbers of the gel
that document the binding results are indicated in the final column (note: some interactions were duplicated on the gels illustrated; some interactions are notated here but were observed on gels
that are not shown). The diagram in the center of the figure illustrates our model for the behavior of the four proteins when coexpressed in the cell cytoplasm.

whereas the levels of E2F3 increased dramatically in E2f1 ~/~ cor-
tex (Fig. 5H).

To determine whether Cdk5 and p35 affected the transcrip-
tion activity of E2F1, we conducted EMSAs using a well charac-
terized E2F1 response element. Wild-type Cdk5, KDCdk5, and
Cdk5(S159T) were expressed in the nucleus, and the effects on
promoter occupancy were assayed. Cdk5 and KDCdKk5 both sig-
nificantly decreased the E2F1 DNA binding activity, whereas the

inactive Cdk5(S159T) had no effect on the EMSA pattern (Fig.
6A). The E2F1 protein level was not significantly different among
these assays (data not shown). These data reveal that Cdk5 can
decrease the promoter occupancy of E2F1 and led us to ask
whether there was a direct physical interaction between Cdk5 and
E2F1. As shown in Figure 6 B, immunoprecipitation of E2F1
pulled down wtCdk5 and KDCdk5 as well as Cdk5(S159T) in N2a
cells. To explore this interaction further, we expressed E2F1 to-
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The interactions among DP1, E2F1, Cdk5, and p35 were investigated in the nucleus. A—C, N2a cells were cotransfected with two, three, or four of the GFP or CFP chimeric plasmids
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Protein IP: IB: Binding | Lane
expression
E2F1 DP1 DP1 E2F1 | + not shown
EZFI P35 EZFI p35 + not shown
E2F1 Cdk5 E2F1 | Cdk5 | + not shown
E2F1 Cdk5 | E2F1 | + 1
DP1 CdkS | DP1 | 1
Cdks DP1 | E2F1 | _ 5
E2F1 p35 | E2F1 |+ 2
DP1 p35 | DP1 | __ 2
35
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p35
Cdk5 p35 E2F1 | + 4
p35 |DP1 | __ 4
DP1 | E2F1 | 7
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indicated in the table at the top of the gel. The antibody used for IP is indicated in the top row of the table. The antibodies used to probe the resulting blots were E2F1 and DP1. Probing of the input
lysates (bottom gels) reveals the comparable expression of the various constructs. D, Immunoprecipitations of cell lysates of cultured cortical neurons from E16.5 wild-type mice. Neurons were
transfected after harvest with Cdk5, DP1, p35, and E2F1 plasmids, and then harvested after 6 d in vitro. E, Inmunoprecipitations of brain tissue lysates from adult wild-type mice. F, A table
summarizing all of the interaction patterns for the four proteins in the nucleus. Note the different partnerships in this environment compared with the cytoplasm (Fig. 8). The proteins listed in the
first column (protein expression) were cotransfected into N2a cells. The resulting cell lysates were immunoprecipitated with the antibody listed in the second column. The precipitates were analyzed
by Western blots, with the antibody listed in the third column (IB). The fourth column (Binding) summarizes the IP results: a successful IP is indicated by a“+"; a failure to IP is indicated by a “ —

The lane numbers of the gel that document the binding results are indicated in the final column (note: some interactions were observed on gels that are not shown). The diagram in the center of the

figure illustrates our model for the behavior of the four proteins when coexpressed in the nucleus.

gether with p35, p39, p25, and p10. As shown in Figure 6C, nu-
clear p35 bound E2F1, whereas p39, p25, and pl0 did not.
Interestingly, p35 was unable to bind E2F1 if it was directed to the
cytoplasm with an NES. Together with the EMSA promoter oc-
cupancy data, a model emerges in which it is the ability to seques-
ter E2F1 that serves as the basis of the cell cycle suppression
activity of the p35-Cdk5 complex.

Cdk5-p35 dissociates the E2F1-DP1 complex
Each E2F family member associates with a member of the DP
family to achieve full activity. E2F1 localizes almost exclusively to
the nucleus, whereas DP1 alone is found in the cytoplasm; if they
are coexpressed, DP1 relocates to the nucleus (supplemental Fig.
1, available at www.jneurosci.org as supplemental material)
(Ishida et al., 2005). Therefore, we investigated the physical in-
teractions among Cdk5, E2F1, DP1, and p35.

First, we examined the interaction among these proteins in the
cytoplasm using NES-directed Cdk5 and p35 constructs (Fig.
7A—-C). When protein pairs were coexpressed in N2A cells, E2F1

coprecipitated with Cdk5, p35, or DP1 (Fig. 7D, lanes 1-3). How-
ever, when all four proteins were coexpressed together, E2F1 was
found to bind DP1 and p35, but not Cdk5 (Fig. 7D, lanes 5, 7, 12,
13, 16, 24). Since p35, but not Cdk5, was also found to bind DP1,
these data suggest that a tertiary complex exists in the cytoplasm
that is composed of E2F1, DP1, and p35; Cdk5 is excluded.
Second, we studied how nuclear localization of Cdk5 and p35
affected the complex. As in the nucleus, we found that E2F1
bound strongly to p35 and also to Cdk5 (Fig. 8F, lanes 1-4).
However, DP1 was no longer able to bind E2F1 (lanes 5-7). This
suggests that, in the environment of the cell nucleus, Cdk5 part-
ners with p35 to disrupt the interaction of E2F1 and DP1 that is
necessary for cell cycle progression. To further explore the signif-
icance of this interaction, we conducted experiments using
Cdk5(S159T) and KDCdk5. We found that the Cdk5(S159T)
mutant, which does not bind p35, was unable to interact with
E2F1(lanes 10 and 11), whereas KDCdk5 bound this factor sim-
ilarly to wild-type Cdk5 (lanes 8 and 9). These data indicate that
p35 is required for the formation of a nuclear complex consisting
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of E2F1, p35, and Cdk5, and that this
complex formation does not require Cdk5
kinase activity. To further confirm that ki-
nase activity is not needed for Cdk5 cell
cycle suppression, N2a cells were trans-
fected with nuclear targeted Cdk5 (GFP-
Cdk5-NLS), and then labeled with BrdU
in the presence or absence of the Cdk5
kinase inhibitor, roscovitine. As predicted
from the results with the KDCdk5 mu-
tant, pharmacological inhibition of Cdk5
activity had no effect on its cell cycle sup-
pression properties.

The Cdk5-p35-E2F1 complex we have
described also exists in vivo. We per-
formed a series of immunoprecipitations
from wild-type brain lysates and found
that all of the interactions predicted from
our in vitro work were detected in this ma-
terial. First, the Cdk5—p35-E2F1 complex
was found in overexpressed primary neu-
rons as shown in Figure 8 D. Second, Cdk5
and p35 can both pull down E2F1 from
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brain lysates (Fig. 8 E). Finally, a key pre-
diction of our model is that Cdk5 should
be unable to suppress the cell cycle in the
absence of E2F1. We have previously
shown that E2fl ~/~ neurons spontane-
ously enter a cell cycle in vitro (Wanget al.,
2007). As predicted, a GFP-Cdk5-NLS
construct transfected into these E2F1-
deficient neurons was unable to arrest this
process (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). Similarly, if p35 or E2F1 were knocked
down with siRNA, Cdk5 was no longer capable of suppressing the
cell cycle, even if trafficked to the nucleus (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).

Figure 9.

mechanism.

Discussion

Cell cycle suppression by Cdk5 is achieved through its participa-
tion in a multiprotein complex that includes E2F1. The involve-
ment of E2F1 in the mechanics of Cdk5 cell cycle suppression is
significant. The E2Fs are a family of transcription factor proteins
best known for their role in regulating cell proliferation, differ-
entiation, and apoptosis through transcriptional regulation
(Ishida et al., 2001; Miiller et al., 2001; Ren et al., 2002; Trimarchi
and Lees, 2002). Our EMSA data provide evidence that Cdk5 has
the capacity to reduce the transcription of genes with E2F1 re-
sponse elements. The basis for this inhibition can be found in our
studies of the impact of Cdk5 on the association of E2F1 with its
cofactor, DP1. It has been shown that, in the absence of DP1,
E2F1-dependent transcriptional activation decreases dramati-
cally (Bandara et al., 1993). By binding E2F1 and displacing DP1,
wild-type Cdk5 and KDCdk5 both decrease the occupancy of the
E2F1 promoter element and hence can function as effective cell
cycle suppressor proteins. This is a p35-dependent process as can
be seen from the fact that the Cdk5(S159T) mutant does not
affect promoter occupancy and, as would be predicted, does not
function as a cell cycle suppressor.

The requirement for p35 binding in the formation of the com-
plex is intriguing. Although its binding to Cdk5 is well known, its
association with E2F1 (Fig. 8) is unexpected. We note that p35 is
most similar in size and structure to cyclin A and there is a known

A model of the regulation of the neuronal cell cycle by Cdk5. For a normal cell cycle to precede, E2F1 must bind its
cofactor, DP1, to fully activate a variety of cell cycle-related genes. When Cdk5 is located in the cytoplasm, Cdk5 cannot make a
complex with E2F1 and p35. In the nucleus, however, Cdk5 binds to E2F1, displacing DP1 and reducing the DNA binding ability of
E2F1. The cell cycle blocking ability of CdkS5 is kinase activity independent. But p35 is needed to fully assemble the E2F1-Cdk5
complex. If Cdk5 loses its ability to bind p35, it can no longer displace DP1 from its binding to E2F1, even if present in the nucleus.
The stress of neurodegenerative disease leads to the dissociation of the E2F1—p35—Cdk5 complex by a yet to be determined

cyclin A binding site on E2F1. Furthermore, the binding of cyclin
A blocks the ability of E2F1 to support the transcription needed
for full cell cycle progression (Mudryj et al., 1991; Krek et al.,
1994). Thus, we would predict that the interaction of p35 with
E2F1 is through this cyclin A site. Cyclin A and D also can bind
with Cdk5 (Xiong et al., 1992; Zhang et al., 1993; Lee et al., 1996;
Guidato et al., 1998), but surprisingly the S159T mutation has no
effect on this interaction (supplemental Fig. 4A, available at
www.jneurosci.org as supplemental material). Similarly, the
T286A mutation of cyclin D1, which is important for its subcel-
lular localization, binds to Cdk5 as well as its wild-type counter-
part. Finally, Cdk5 binding to cyclins D2 and A is very weak
(supplemental Fig. 4 B, C, available at www.jneurosci.org as sup-
plemental material). Together, these data argue that Cdk5 is not
“buffering” other cyclins to block their access to Cdk4 and Cdkeé.
Rather, it is p35 that is the factor most directly involved in Cdk5
cell cycle suppression.

As the main activator of Cdk5, p35 contains a myristoylation
signal motif, which allows it to be anchored to the plasma mem-
brane. Since it is the p10 fragment that contains the myristoyl-
ation anchor, cleavage of membrane-bound p35 liberates p25 to
the cytoplasm (Nikolic et al., 1998; Patrick et al., 1999). Although
this would predict that most p35 would be membrane bound, in
cultured neurons and other cells p35 has been also found in the
cell nucleus (Nikolic et al., 1996; Qu et al., 2002; Gong et al., 2003;
Fu et al., 2006). Our BiFC data strongly support this nuclear
location (Fig. 3B). In this context, it is significant that of the three
known activators of Cdk5 only nuclear p35 demonstrates cell
cycle suppression ability. The closely related p39 protein is capa-
ble of compensating for developmental p35 deficiency in vivo (Ko
etal., 2001), but this redundancy does not appear to apply to the
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cell cycle activity. The failure to observe cell cycle suppression
with p25 is also significant. Kim et al. (2008) recently have re-
ported that p25 induces neuronal cell cycle reentry through stim-
ulating Cdk5 phosphorylation of HDACI1 and the induction of
DNA damage. Many of the effects reported in this study occurred
over a period of weeks, suggesting that chronic Cdk5 activity in
the nucleus might have a very different outcome than shorter,
acute episodes such as those we have studied here.

It is noteworthy that, in certain cell types, E2F1 itself appears
to function as a cell cycle suppressor (Field et al., 1996). Indeed,
our laboratory has explicitly argued that E2F1 acts as a cell cycle
suppressor in neurons (Wang et al., 2007). This would appear to
be at odds with the model presented in Figure 9. We have begun
to resolve the apparent inconsistency by monitoring the levels of
other E2F family members. We find E2F3 levels are dramatically
upregulated in E2fl =/~ brains compared with other E2Fs (sup-
plemental Fig. 5, available at www.jneurosci.org as supplemental
material). Figure 5, D and H, shows that the nuclear E2F3 level in
E2f1 '~ were increased ~15 times compared with wild type. This
suggests that elevated levels of E2F3 are the motive force behind
the observed neuronal cell cycle events in the E2f1 /~ brain.
Thus, E2F1 acts as a cell cycle suppressor by a feedback mecha-
nism that normally keeps the levels of E2F3 low. The implication
is that the failure of cell cycle suppression is indirect and mediated
by E2F3.

It is telling that the complexes we describe differ dramatically
depending on whether the players assemble in the nucleus or the
cytoplasm. Our data show that Cdk5, p35, DP1, and E2F1 can
bind each other as heterodimers in all combinations and in all
locations. This means that each protein has a potential binding
site for each of the other three proteins. Yet, when all four are
present at the same time, Cdk5 and DP1 apparently compete to
bind a p35-E2F1 complex. In the cytoplasm, DP1 keeps Cdk5 out
of the complex, resulting in a DP1-p35-E2F1 trimer. In the nu-
cleus, the situation reverses; Cdk5 keeps DP1 out of the complex
to make a Cdk5-p35-E2F1 trimer (Fig. 9).

Our findings have implications for neurodegenerative dis-
eases in general and Alzheimer’s disease in particular. Cdk5 has
been demonstrated to be an effective tau kinase. Since hyper-
phosphorylated tau is a major constituent of the neurofibrillary
tangles found in Alzheimer’s and other dementias, inhibition of
Cdk5 activity has been proposed as a therapeutic approach to
slowing the advance of the disease (Camins et al., 2006; Gong and
Igbal, 2008; Kaminosono et al., 2008). Kinase inhibition may
prove effective in blocking the formation of tangles, but our re-
sults suggest caution in this approach. Cell cycle reentry is a com-
mon prelude to neurodegeneration in a variety of conditions. As
nuclear Cdk5 acts as a cell cycle suppressor both in vive and in
vitro, it would follow that this characteristic of Cdk5 may be
worth promoting, rather than inhibiting. Thus, any strategy
aimed at blocking Cdk5 activity as a means of combating neuro-
degenerative disease should be carefully monitored for either di-
rect or indirect effects on the levels or location of the Cdk5
protein. Treatments that lower overall protein levels or encour-
age nuclear emigration may produce unexpected and possibly
unwanted consequences for the CNS.
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