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ABSTRACT Nuclear fragmentation is a common feature in many neurodegenerative diseas-
es, including Alzheimer’s disease (AD). In this study, we show that nuclear lamina dispersion
is an early and irreversible trigger for cell death initiated by deregulated Cdk5, rather than a
consequence of apoptosis. Cyclin-dependent kinase 5 (Cdk5) activity is significantly increased
in AD and contributes to all three hallmarks: neurotoxic amyloid-f (AB), neurofibrillary tangles
(NFT), and extensive cell death. Using AB and glutamate as the neurotoxic stimuli, we show
that deregulated Cdk5 induces nuclear lamina dispersion by direct phosphorylation of lamin
A and lamin B1 in neuronal cells and primary cortical neurons. Phosphorylation-resistant mu-
tants of lamins confer resistance to nuclear dispersion and cell death on neurotoxic stimula-
tion, highlighting this as a major mechanism for neuronal death. Rapid alteration of lamin lo-
calization pattern and nuclear membrane change are further supported by in vivo data using
an AD mouse model. After p25 induction, the pattern of lamin localization was significantly
altered, preceding neuronal death, suggesting that it is an early pathological event in p25-
inducible transgenic mice. Importantly, lamin dispersion is coupled with Cdk5 nuclear localiza-
tion, which is highly neurotoxic. Inhibition of nuclear dispersion rescues neuronal cells from
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cell death, underscoring the significance of this event to Cdk5-mediated neurotoxicity.

INTRODUCTION

Alzheimer's disease (AD) is a debilitating neurological disorder. AD
brains consistently show a number of biochemical and molecular
abnormalities, including selective cell loss, fragmented nuclei, im-
paired mitochondria, and various biomarkers of oxidative stress.
Nuclear fragmentation in AD is usually viewed as a consequence
of apoptotic cell death due to the activation of caspases (Su et al.,
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1994), p53, and other proapoptotic proteins (Friedlander, 2003).
The fact that nuclear fragmentation in AD is irreversible further
supports this hypothesis. In contrast, nuclear membrane disassem-
bly during mitosis is a highly orchestrated reversible process,
where mitotic nuclear fragments reassemble after cytokinesis. In
this study, we show that nuclear disassembly, rather than being a
consequence of apoptosis, may be an early and irreversible trigger
for apoptosis, which is elicited by cyclin-dependent kinase 5 (Cdk5)
deregulation.

Cdk5, a proline-directed kinase, shows significantly higher activ-
ity in AD brains compared with nondemented controls (Lee et al.,
1999). Cdk5's kinase activity is tightly regulated by spatial and tem-
poral expression of its activators p35 and p39. These proteins are
cleaved into p25 and p29 under a variety of pathological conditions.
The formation of p25 and p29 constitutively activates Cdk5 and al-
lows it to access a variety of pathological substrates triggering a
cascade of neurotoxic pathways, culminating in neuronal death. De-
regulated Cdk5/p25 activity contributes to all three hallmarks of AD:
neurotoxic oligomeric amyloid-B (AB) and neurofibrillary tangles
(NFT) formation, and extensive cell death (Patrick et al., 1998; Wen
et al., 2008). Cdk5 promotes neurotoxicity by phosphorylating Cdh'
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FIGURE 1: Lamin A and lamin B1 are direct substrates of Cdk5. (A) Specific labeling of Cdk5
substrates in fractionated brain lysates (1-5 fractions). (B) 2D gel showing Coomassie staining
and autoradiography of fraction 5. (C) Lamin A is directly phosphorylated by Cdk5. é-His-lamin A

ucts were identified by tandem mass spec-
trometry. This study revealed lamin A and
lamin B1 as putative substrates of Cdk5.

was phosphorylated by the Cdk5/p25 complex using [-32P]ATP as described in Materials and

Methods. (D) Recombinant 6-His-lamin B1 was phosphorylated by the Cdk5/p25 complex using

[¥-2PIATP.

leading to cyclin B1 neuronal accumulation in excitotoxicity (Mae-
stre et al., 2008). Oxidative stress—induced Cdk5 activation increases
neurofilaments’ phosphorylation, leading to inhibition of axonal
transport in neurons (Shea et al., 2004a, 2004b). Oxidative stress—
induced down-regulation of nestin increases Cdk5 activity and sen-
sitizes neuronal progenitor cells to apoptotic death (Sahlgren et al.,
2006). Cdk5 and p25 promote cell death in endoplasmic reticulum
(ER)-stressed neurons (Saito et al., 2007). ER stress has been linked
to AD pathogenesis. Transgenic mice expressing tetracycline-induc-
ible p25 show significant brain atrophy and NFT formation on p25
induction (Cruz et al., 2003).

Our previous studies have shown that Cdk5 deregulation
causes Golgi fragmentation by GM130 phosphorylation (Sun
et al., 2008a) and oxidative stress and mitochondrial dysfunction
by inactivation of peroxiredoxin-1 and peroxiredoxin-2 (Sun
et al., 2008b). We further showed that Cdk5 deregulation trig-
gers direct activation of the c-jun-N-terminal kinase (JNK) path-
way by phosphorylation of c-Jun and indirect activation of JNK
and p38 cascades by increasing oxidative stress (Sun et al., 2009;
Chang et al., 2010). In this study, another mechanism was identi-
fied by which Cdk5 deregulation can directly cause neuronal cell
death.

RESULTS

A chemical genetic screen identified lamin A and lamin B1
as direct Cdk5 substrates

We recently reported a chemical genetic approach for the identifi-
cation of direct substrates of Cdk5 (Sun et al., 2008b). This ap-
proach consists of engineering a kinase (analogue-sensitive kinase),
which in the presence of a radioactive orthogonal ATP analogue
(e.g., N®-phenethyl ATP) specifically transfers the radioactive tag
to its substrates (Shah et al., 1997; Shah and Shokat, 2002, 2003;
Shah and Vincent, 2005; Kim and Shah, 2007; Sun et al., 2008a,
2008b). This unnatural pocket is created by replacing a conserved
bulky residue (named gatekeeper) with glycine or alanine in the
active site of the kinase. The mutant kinase does not differ from
the wild type (WT) in its substrate specificity. Because the ATP
analogue is not accepted by WT kinases, it permits unbiased iden-
tification of direct substrates of the analogue-sensitive kinase in a
global environment.
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Lamin A and lamin B1 are directly
phosphorylated by CdkS5 in vitro
Because proteomics screening can often
lead to false positives, Cdk5-mediated phosphorylation of lamin A
and lamin B1 were examined using an in vitro kinase assay. Lamin A
and lamin B1 were generated as 6-His fusion proteins and subjected
to in vitro kinase assays with Cdk5/p25. Cdk5 efficiently phosphory-
lated both lamin A and lamin B1 (Figure 1, C and D), revealing them
as direct Cdk5 targets.

Cdk5 deregulation induced by glutamate or AB?5-35
contributes to the lamin A and lamin B1 dispersion in HT22
cells and primary cortical neurons

Lamin A and lamin B are key components of nuclear lamina that lo-
calize close to the inner nuclear membrane. Cdc2-mediated phos-
phorylation of lamin A causes reversible nuclear disorganization dur-
ing mitosis (Heald & McKeon, 1990), leading us to hypothesize that
deregulated Cdk5 may trigger a similar series of events under neu-
rotoxic conditions albeit irreversibly. We tested this hypothesis ini-
tially using HT22 (immortalized mouse hippocampal) cells and later
using mature primary cortical neurons using A% and glutamate
as the neurotoxic stimuli.

In HT22 cells. Glutamate stimulation. HT22 cells display a
significant percentage of fragmented nuclei under normal
proliferative conditions due to the cell population undergoing
mitosis. To eliminate this background, HT22 cells were arrested at
the G1/S phase using thymidine block, followed by glutamate
stimulation (without releasing). Analysis of Cdk5 kinase activity
revealed almost twofold activation within 30 min (Figure 2A). These
results are similar to the previous results obtained using proliferating
HT22 cells (Sun et al., 2008a, 2008b, 2009; Chang et al., 2010).
Nuclearintegrity was next analyzed in glutamate-treated, thymidine-
blocked HT22 cells using lamin A and lamin B1 antibodies. Whereas
in untreated cells, lamin A and lamin B1 showed exclusive nuclear
localization, robust nuclear lamina dispersion was observed with
blurred nuclear rims in glutamate-treated cells (Figure 2, B, D, E,
and F). Hoechst staining did not show any condensed nuclei,
suggesting that Cdk5-mediated nuclear dispersion is an early event
and precedes apoptosis.

Cdk5's role in this process was initially examined using roscovi-
tine, a potent Cdk5 inhibitor, which prevented nuclear dispersion
(Figure 2, B, D, E, and F). Because roscovitine also inhibits Cdc2
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Glutamate stimulation triggers dispersion of lamin A and lamin B1 in a Cdk5-
dependent manner in HT22 cells. (A) Glutamate stimulates Cdk5 kinase activity. Cdk5 was
immunoprecipitated from either control (column 1) or glutamate-treated HT22 cells (for 30 min),
and the kinase assay was conducted using Cdk5 substrate peptide as described in Materials and
Methods. C, control; Glu, glutamate. (B and D) HT22 cells were treated with 5 mM glutamate for
4 h, followed by immunostaining with lamin A (B, green) or lamin B1 (D, red) and DAPI (blue) as
described in Materials and Methods. Roscovitine (10 pM) or TAT-CIP (200 nM) was added 0.5 h
before glutamate treatment. Cdk5 shRNA lentivirus was added to infect cells for 30 h, followed
by glutamate treatment. Representative pictures are shown. Scale bar, 20 pm. (C) Cdk5 levels in
HT22 cells on lentiviral infection of Cdk5 shRNA for 30 h. (E) Percentage of cells showing lamin
A dispersion was counted as described in Materials and Methods. (F) Percentage of cells
showing lamin B1 dispersion was counted. Bar graphs shown are mean + SD (*p < 0.05,

*p < 0.01, ***p < 0.001). (G) Subcellular fractionation of lamin A and lamin B1 in glutamate-
treated HT22 cells in the absence or presence of 10 pM roscovitine as described in Materials
and Methods. The percentages of nuclear and cytoplasmic lamins were calculated for each
sample as shown. Actin is the cytoplasmic marker. N, nuclear fraction; C, cytoplasmic fraction.

In addition, the level of endogenous Cdk5
was depleted using Cdk5 shRNA (Figure
2C), and lamin dispersion was analyzed.
Both TAT-CIP and Cdk5 ablation prevented
lamin dispersion, underscoring a critical
role of Cdk5 in this neurotoxic event (Fig-
ure 2, B, D, E, and F).

Subcellular fractionations were subse-
quently conducted to confirm lamin A and
lamin B1 cytoplasmic dispersion in gluta-
mate-treated, thymidine-blocked HT22
cells. Whereas in untreated cells both lamin
A and lamin B1 were present in nuclear
fraction, an ~40% increase in lamin A and
B1 levels were observed in the cytosolic
fraction on glutamate stimulation (4 h) (Fig-
ure 2G). Importantly, Cdk5 inhibition
largely prevented lamin cytoplasmic distri-
bution in glutamate-treated cells, consis-
tent with the immunocytochemistry data
(Figure 2, B, D, E, and F). These results fur-
ther support the notion that deregulated
Cdk5 is responsible for lamin subcellular
distribution in neurotoxin-treated neuronal
cells.

AB  stimulation. Multiple  studies  have
established that the toxicity and signaling
events elicited by AB?>% are comparable to
those elicited by the physiological neurotoxic
peptide AB'2 (Pike et al., 1995; Klementiev
et al., 2007). In this study, AB?>3 was used
as the neurotoxic signal. AB?>%treated,
thymidine-blocked HT22 cells showed an
in Cdk5 kinase activity as
expected (Figure 3A). Similar to glutamate,
G1/S-arrested HT22 exposed to AB?>-3% also
displayed a robust dissolution of lamin A and
lamin B1 into cytoplasm (Figure 3, B-E).
Roscovitine, TAT-CIP, and Cdk5 shRNA
effectively inhibited AB?>-3>-induced migration
of lamin A and lamin B1, further emphasizing
a key role of deregulated Cdk5 in the nuclear
lamina dispersion.

increase

In primary cortical neurons. To determine
Cdk5's role in nuclear dispersion under
more pathologically relevant conditions,
mature primary cortical neurons were used.
In contrast to HT22 cells, which respond
to glutamate toxicity by oxytosis, primary
cortical neurons cultured for DIV12-14
develop ionotropic receptors and respond
to glutamate via excitotoxicity. Glutamate
excitotoxicity directly contributes to neuronal
cell loss associated with both acute insults
and chronic neurodegenerative disorders.
Mature primary cortical neurons were
treated with 100 pM glutamate, which
caused substantial Cdk5 activation (Figure

4A). Nuclear lamina were next examined in these neurons, which
revealed that both lamin A and lamin B1 dispersed in the cyto-
plasm, which was prevented by Cdk5 inhibition (Figure 4, B, C, G,

appreciably, these results were further verified using a highly Cdk5-
selective inhibitor TAT-CIP (TAT-fused Cdk5 inhibitory peptide),
which was developed during our previous study (Sun et al., 2008a).
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AB stimulation triggers dispersion of lamin A and lamin B1 in a Cdk5-dependent

A) AB stimulates Cdk5 kinase activity. Cdk5 was immunoprecipitated from
either control (column 1) or AB-treated HT22 cells (for 30 min), and the kinase assay was
conducted as described in Materials and Methods. C, (B and C) HT22 cells were treated with

25 pM AB?-35 for 4 h, followed by immunostaining with lamin A (B, green) or lamin B1 (C, red),
and DAPI (blue). Representative pictures are shown. Scale bar, 20 pm. (D) Percentage of cells
showing lamin A dispersion was counted. (E) Percentage of cells showing lamin B1 dispersion
was counted. Bar graphs shown are mean + SD (*p < 0.05, ***p < 0.001).

manner in HT22 cells. (

and H). Similar to glutamate, AB treatment in primary cortical neu-
rons also caused Cdk5 activation (Figure 4D) and lamin A and
lamin B1 solubilization, which was prevented by Cdk5 inhibition
(Figure 4, E, F, I, and J). Together these results show that deregu-
lated Cdk5 is a critical regulator of nuclear dispersion in primary
neurons on neurotoxic insults.

Identification of lamin A and lamin B1 phosphorylation sites
During mitosis, Cdc2 phosphorylates lamin A at S22 and S392
and lamin B1 at S23 and S393. The fact that Cdk5 deregulation
caused nuclear lamina dispersion similar to Cdc2 activation dur-
ing mitosis suggested that Cdk5 may phosphorylate the same
sites. Thus, 6-His tagged (S22A) lamin A, (S392A) lamin A, (S22A,
S392A) lamin A, (S23A) lamin B1, (S393A) lamin B1, and (S23A,
S393A) lamin B1 phosphorylation-resistant mutants were gener-
ated, expressed in Escherichia coli, isolated, and subjected to
kinase assays using Cdk5/p25. Our results showed that Cdk5
phosphorylates both Ser-22 and Ser-392 in lamin A; however,
Ser-392 was the predominant phosphorylation site (Figure 5A).
Similarly, in lamin B1, Ser-393 was the major Cdk5 phosphoryla-
tion site, although Ser-23 was also phosphorylated (Figure 5B).
Importantly, double mutants of lamin A (S22A, S392A) and lamin
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B1 (S23A, S393A) showed no phosphory-

X lation, suggesting that Cdk5 only phos-
phorylates these two sites in lamin A and
lamin B1, respectively.

s Cdk5 causes nuclear dispersion by
direct phosphorylation of lamin A

and lamin B1

To determine whether Cdk5-mediated di-
rect phosphorylation of lamin A and lamin
B1 contributes to lamina dispersion, myc-
tagged WT and phosphorylation-resistant
mutants of lamin A and lamin B1 were sta-
bly expressed in HT22 cells (Figure 5, C-F).
These cells were arrested in the G1/S phase
using thymidine block and stimulated with
glutamate, and nuclear dispersion was an-
alyzed using myc antibody. While cells ex-
pressing (S22A) lamin A mutant showed
less nuclear dispersion as compared with
WT (Figure 5C, bottom panel), (S392A)
lamin A mutant showed minimal lamina
dispersion, suggesting that this is the ma-
jor site responsible for nuclear lamina dis-
persion. This result is consistent with the
Cdk5 phosphorylation site, which also re-
vealed S392 as the major Cdk5 phosphory-
lation site on lamin A (Figure 5A). (S22A,
S392A) lamin A-expressing HT22 cells
showed no dispersion on glutamate stimu-
lation, further confirming that S22 and
S392 are the only sites responsible for
lamin dissolution by deregulated Cdk5
(Figure 5, C and E).

Similar to lamin A, (S393A) lamin B1-
HT22 cells showed significantly reduced
nuclear dispersion as compared with WT
lamin A-HT22 cells, although S23A mutant
also contributed to some extent (Figure 5, D
and F). (S23A, S393A) lamin B1-HT22 cells
showed no dispersion, as expected (Figure 5, D and F). These re-
sults strongly suggest that deregulated Cdk5 causes nuclear lamina
dispersion by directly phosphorylating lamin A and lamin B1.

+Ros + CIP shRNA

Lamin B1 Merged

Cdk5-mediated nuclear envelope breakdown is an early
event that precedes apoptosis

Nuclear irregularities observed in AD brains are often attributed to
apoptosis. Our observation of rapid dispersion of nuclear lamina
(within 4 h of neurotoxic stimulation) and no obvious abnormalities
with Hoechst staining (Figures 2-4) suggests that deregulated Cdk5-
mediated nuclear envelope breakdown is an early event that pre-
cedes neuronal death.

To test this hypothesis, initially nuclear membrane marker
NUP?8 was used and nuclear dispersion was analyzed in glutamate-
treated HT22 cells (4 h) (Figure 6A). Similar to lamin A and lamin B1
(Figures 2 and 3), NUP98 (green) resided in the nucleus of G1/S-
arrested HT22 cells and showed clear staining of the nuclear mem-
brane. Glutamate treatment caused significant dispersion of NUP98
in the cytoplasm, which was inhibited using either roscovitine or
TAT-CIP (Figure 6A). These findings further support the idea that
Cdk5 deregulation triggers nuclear envelope breakdown on neuro-
toxic insults.

Cdk5 triggers nuclear dispersion | 1455
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Glutamate and A cause dispersion of lamin A and lamin B1 in a Cdk5-dependent manner in primary cortical
neurons. (A) Glutamate stimulates Cdk5 kinase activity. Cdk5 immune complex was isolated from either untreated or
100 pM glutamate-treated mature primary cortical neurons (0.5 h), and the kinase assay was conducted using Cdk5
substrate peptide. (B and C) Mature primary cortical neurons were stimulated with 100 pM glutamate for 4 h in the

absence or the presence of 10 pM roscovitine, followed by immunostaining with lamin A (green, B) and DAPI (blue) or
lamin B1 (red, C) and DAPI (blue). (D) AB?>-% stimulates Cdk5 kinase activity in primary cortical neurons. Cdk5 immune
complex was isolated from either untreated or 25 pM AB?>-35—treated mature primary cortical neurons (30 min), and the
kinase assay was conducted using Cdk5 substrate peptide. (E and F) Mature primary cortical neurons were stimulated
with 25 uM AB?-% for 4 h in the absence or presence of 10 uM roscovitine, followed by immunostaining with lamin A
(E, green) and DAPI (blue) or lamin B1 (F, red) and DAPI (blue). Representative pictures are shown. Scale bar, 20 pm.

(G) Percentage of glutamate-treated cells showing lamin A dispersion. These were counted as described in Materials
and Methods. (H) Percentage of glutamate-treated cells showing lamin B1 dispersion. (I) Percentage of Ap?>-3°-treated
cells showing lamin A dispersion was counted. (J) Percentage of Ap?--treated cells showing lamin B1 dispersion. Bar

graphs shown are mean = SD (*p < 0.05, *p < 0.01, ***p < 0.001).

The integrity of nuclei in glutamate- or AB%-*-treated, thymidine-
blocked HT22 cells was next examined using propidium iodide (PI)
staining. Neither glutamate nor AB?>3> treatment for 4 h showed
condensed or fragmented nuclei (Figure 6, B and C), which is consis-
tent with the results obtained using Hoechst staining (Figures 2-4).
To further confirm these results, cleaved poly (ADP-ribose) poly-
merase 1 (PARP1) levels were analyzed both at 4 and 24 h, which
revealed cleaved PARP1 at 24 h, but not at 4 h, suggesting that nu-
clear lamina dispersion precedes caspase activation (Figure 6D).
PARP1 cleavage was effectively inhibited using pan-caspase inhibitor
Acetyl-Val-Ala-Asp-Chloromethyl ketone (Ac-VAD-CMK) (Figure 6E).
Similar results were obtained using PI staining, which revealed con-
densed nuclei on longer exposure of glutamate (24 h), which was

1456 | K.-H.Chang etal.

efficiently inhibited by pan-caspase inhibitor (Figure 6F). Together
these results show that Cdk5-mediated solubilization of nuclear lam-
ina occurs early and is not a consequence of caspase activation.

Alteration of lamin localization by induction of Cdk5 in p25
transgenic mice

To test whether the alteration of lamin could also be induced by
Cdk5 in vivo, we examined the effect of Cdk5 activation on lamin in
forebrain neuron-specific, p25-inducible transgenic mice (Cruz et al.,
2003). In immunocytochemistry analysis using a lamin A/C specific
antibody, we found accumulation and dislocalization of lamin after
a 2-wk induction of p25 in hippocampal neurons (Figure 7, B and E),
and nuclear irregularity was more evident after a 4-wk induction of

Molecular Biology of the Cell
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Phosphorylation-resistant mutants of lamin A and lamin B
show significantly reduced lamina dispersion. (A) Lamin A is directly
phosphorylated by Cdk5 at S22 and S392. Recombinant 6-His-tagged
WT lamin A, (522A) lamin A, (5392A) lamin A, and (S22A, S392A) lamin
A were phosphorylated by the Cdk5/p25 complex using [y-32P]ATP as
described in Materials and Methods. (B) Lamin B1 is directly
phosphorylated by Cdk5 at $23 and S393. Recombinant é-His-tagged
WT lamin B1, (522A) lamin B1, (§5392A) lamin B1, and (S22A, S392A)
lamin B1 were phosphorylated by the Cdk5/p25 complex using [y-32P]
ATP. (C) Myc-tagged WT lamin A, (S22A) lamin A, (S392A) lamin A, and
(S22, S392A) lamin A-overexpressing HT22 cells were generated as
described in Materials and Methods. These cells were exposed to
5 mM glutamate for 4 h, followed by immunostaining with myc
antibody (green) and DAPI (blue). Representative pictures are shown.
(D) Myc-tagged WT lamin B1, (S23A) lamin B1, (S393A) lamin B1, and
(523, S393A) lamin B1-overexpressing HT22 cells were exposed to
5 mM glutamate for 4 h, followed by immunostaining with myc
antibody (green) and DAPI (blue). Representative pictures are shown.
(E) Percentage of cells showing lamin A dispersion. (F) Percentage
of cells showing lamin B dispersion was counted.

p25 (Figure 7, C and F). These data strongly confirm the results of
our in vitro studies and suggest that the activation of Cdk5 in p25-
inducible mice affect the nuclear membrane structure and function
which has been reported in AD (Lee et al., 2006a, 2006b; Sheffield
et al., 2006). Because neuronal cell death starts after 8 wk of induc-
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with PI (red). (D) Cleaved PARP-1 levels in glutamate-treated HT22
cells (4 h and 24 h). (E) Cleaved PARP-1 levels in glutamate-treated
HT22 cells in the absence and presence of 40 pM Ac-VAD-CMK. (F)
HT22 cells were treated with 5 mM glutamate for 4 h or 24 h in the
absence and the presence of 40 uM Ac-VAD-CMK, followed by PI
staining (red).

Ac-VAD-CMK

tion in this p25-inducible transgenic mouse (Cruz et al., 2003), our
data also indicate that the alteration of lamin-associated nuclear ir-
regularity is an early event following Cdk5 activation and precedes
neuronal cell death in this mouse model.

(S22A, S392A) lamin A-HT22 and (S23A, S393A) lamin
B1-HT22 cells exhibit lower cell proliferation rate and
delayed mitosis

The fact that (S22A, S392A) lamin A- and (S23A, S393A) lamin
B1-expressing HT22 cells were viable suggested that endoge-
nous lamin A and lamin B1 may still promote nuclear dispersion.
Therefore, endogenous lamin A and lamin B1 dispersions were
analyzed in glutamate-treated, thymidine-blocked HT22 cells us-
ing lamin A and lamin B1 antibodies (Figure 8, A and B). As ex-
pected, untreated cells showed exclusive nuclear localization of
lamin A and lamin B1. Unlike HT22 cells, which showed substan-
tial redistribution of lamin A and lamin B1 on glutamate exposure
(Figures 2 and 3), double mutant lamin A and lamin B1-express-
ing HT22 cells showed modest dispersion of lamin A and lamin B1
in the cytosolic compartment (Figure 8, A and B). Most of the
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FIGURE 7: Cdk5 induction causes the accumulation of lamins at
nuclear membrane and nuclear irregularity in p25-inducible transgenic
mice. After a 2-wk induction of p25, the nuclear accumulation of lamin
is evident in hippocampal neurons (CA1) (B and E) compared with
controls (A and D). Further accumulation of lamin and nuclear
irregularity is more prominent after 4 wk of induction of p25 (C and F).
Scale bar, 20 pm.

lamin A and lamin B1 still remained in the nucleus. This result was
expected because lamin A and lamin B1 antibodies recognize
both endogenous and exogenously expressed myc-tagged
lamins, which are resistant to glutamate treatment (Figure 5, C
and D).

To further examine the effect of lamina mutations on HT22 cells,
the proliferation rates of HT22, (S22A, S392A) lamin A-HT22, and
(S23A, S393A) lamin B1-HT22 cells were investigated using the MTT
(3-(4,5-dimethyldiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
Interestingly, whereas both lamin A- and lamin B1-double mutant-
expressing HT22 cells showed reduced cell proliferation rates,
(S22A, S392A) lamin A-HT22 cells displayed the slowest cell growth
(Figure 8C), suggesting a more important role of lamin A in cells as
compared with lamin B1.

The mitotic status of lamin mutant-expressing HT22 cells was
next probed using phospho-Histone H3 (Ser-10) antibody. Cells
synchronized at G1/S phase using double thymidine block were
released for different time points (416 h) and stained with phos-
pho-Histone H3 antibody. Cells displaying intense staining were
counted as the mitotic cells. Maximum p-Histone H3-positive
cells were observed at 10 h for HT22 cells, 12 h for HT22 cells
expressing (S23A, S393A) lamin B1, and 14 h for HT22 cells ex-
pressing lamin A double mutant after double thymidine release
(Figure 8D). Together, these results show that both lamin A and
lamin B1 mutations reduce cell proliferation and delay mitosis;
however, lamin A mutant has a more pronounced effect than lamin
B1 mutant.

Cdk5 nuclear localization is due to lamin phosphorylation
Cdk5 has no nuclear localization signal but is known to localize in
the nucleus on neurotoxic insults. Cdk5 possesses death-promoting
activity in the nucleus and prosurvival signaling in the cytoplasm
(O'Hare et al., 2005; Sun et al., 2009). Because rapid nuclear disper-
sion was observed on neurotoxic stimulation, Cdk5 localization was
next analyzed. Glutamate-treated HT22 cells showed robust Cdk5
nuclear localization, which was coupled with nuclear dispersion (Fig-
ure 8E). In contrast, when phosphorylation-resistant (S22A, S392A)
lamin A HT22 cells or (5S23A, S393A) lamin B1 HT22 cells were ex-
posed to glutamate, Cdk5 predominantly remained cytoplasmic
(Figure 8, F and G). These findings strongly suggest that Cdk5's nu-
clear localization is coupled to lamin-mediated nuclear dispersion
on neurotoxic insults.
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Lamin A and lamin B1 phosphorylation by Cdk5

is highly neurotoxic

Inhibition of Cdk5 nuclear localization in glutamate-treated lamin A
and lamin B1 mutant-expressing HT22 cells suggested that lamin
phosphorylation by Cdk5 may cause significant neurotoxicity. A
cell viability assay was conducted using WT and phosphorylation-
resistant lamin mutant-expressing HT22 cells. Glutamate stimula-
tion caused ~80-90% loss in cell viability) in both WT lamin A- and
lamin B1-expressing cells, as expected (Figure 8, H and I). Consis-
tent with phosphorylation data showing S392 as the major Cdk5
phosphorylation site, lamin A (522A) mutant showed little protec-
tion, whereas S392A mutant conferred higher neuroprotection
(Figure 8H). Similarly, for lamin B1, S393A was more neuroprotective
than S23A on glutamate stimulation (Figure 8l). These results
confirm that Cdk5-mediated lamin phosphorylation contributes
significantly to cell death under neurotoxic conditions.

DISCUSSION

Lamin A and lamin B associate with several nuclear envelope pro-
teins, such as lamina-associated polypeptides 1 and 2, lamin B re-
ceptor, barrier-to-autointegration factor, and chromatin (Stewart
et al., 2007). Lamins are involved in various biological functions, in-
cluding maintaining nuclear morphology, chromatin organization,
regulation of mitosis, DNA replication, transcription, gene regula-
tion, and nuclear—cytoskeletal interactions (Dechat et al., 2009).

Previous studies have revealed a pivotal role of Cdc2 in nuclear
lamina dispersion during mitosis (Heald and McKeon, 1990). During
late stages of apoptosis, lamin B is proteolyzed independent of
Cdc2 kinase activity (Oberhammer et al., 1994). Lamin B is also
phosphorylated by protein kinase C (PKC)aw at S395 and S405 sites,
which causes degradation and DNA fragmentation in apoptotic
HL60 cells (Hocevar et al., 1993; Shimizu et al., 1998). A recent study
showed that lamin A is phosphorylated at S404 by Akt in C2C12
cells, which is presumably a physiological response to insulin (Cenni
et al., 2008). There is only one report to date showing lamin cleav-
age and dissolution of the microtubule network preceding chroma-
tin fragmentation in glutamate-induced cerebellar granule cell
apoptosis (Ankarcrona et al., 1996).

AD brains consistently show fragmented nuclei and selective
cell loss; however, fragmentation has always been believed to be
a consequence of apoptosis. This study elucidates a novel alter-
native mechanism for nuclear irregularities in neurodegenerative
processes. We show that in postmitotic neurons, Cdk5 deregula-
tion causes rapid nuclear dispersion by direct phosphorylation of
lamin A and lamin B1. The nuclear dispersion was confirmed us-
ing NUP98, which supported Cdk5-mediated breakdown of nu-
clear envelope on neurotoxic stimulation. S392 in lamin A and
$393 in lamin B1, respectively, are the major Cdk5 phosphoryla-
tion sites. Consistent with this finding, inhibition of phosphoryla-
tion of S392 in lamin A, and S393 in lamin B1, has a more pro-
nounced effect on nuclear lamina dispersion as compared with
S22 and S23 sites on lamin A and lamin B1, respectively. Inhibi-
tion of Cdk5 activity effectively prevents dispersion of lamins,
suggesting that unlike proliferating cells where Cdc2, Akt, and
PKCa all contribute to nuclear irregularities, under neurotoxic
conditions, Cdk5 dysregulation is the major mechanism causing
nuclear disorganization.

Our animal study data also strongly suggest that the activation
of Cdk5 affects the nuclear membrane structure and function; a
phenomenon reported in AD (Lee et al., 2006a, 2006b; Sheffield
et al., 2006). The appearance of nuclear irregularity in p25 trans-
genic mice looks similar to what has been shown in the vulnerable
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neurons in AD (Sheffield et al., 2006). Im-
portantly, this alteration in the nucleus in
AD was not correlated with apoptosis as
evidenced by a lack of association with
apoptotic markers (Sheffield et al., 2006).
Because the alteration of lamin-associated
nuclear alteration appears with a short
induction of p25 and precedes neuronal
cell death in our study, our data from cell
culture and animal models strongly sug-
gest that Cdk5 and lamins may play an im-
portant role in nuclear irregularity in AD.
Further study is certainly required to con-
firm these findings.

Our study identified lamin A and B1 as
CdkS5 targets, which contribute significantly
to Cdk5-induced apoptotic cell death. Our
data show that the nuclear envelope dis-
persion due to phosphorylation of lamins
acts as a trigger for apoptosis. No con-
densed or fragmented nuclei were ob-
served in glutamate- or AB%-¥-treated
neurons at the time of nuclear dispersion
(4 h of treatment). Furthermore, inhibition
of nuclear dispersion using lamin mutants
largely prevents neurotoxicity, underscor-
ing a critical contribution of this process in
promoting cell death. This study reveals
that nuclear envelope breakdown is yet an-
other key mechanism by which Cdk5 pro-
motes cell death.

Cdk5 is present both in the nucleus
and the cytoplasm (Ino and Chiba, 1996;
O'Hare et al. 2005). Because Cdk5 has no
nuclear localization signal, the dynamics
of p35/p25 subcellular localization is con-
sidered to be an important mechanism
leading to Cdk5 nuclear localization. p25
is localized to the nucleus in neurons un-
dergoing ER stress—induced cell death
(Saito et al., 2007). Importin-/5/7 imports
p35 into the nucleus via its nuclear

shown. More than 95% of cells revealed no
Cdk5 nuclear localization. (H) Inhibition of
Cdk5 phosphorylation sites on lamin A
confers a high degree of neuroprotection on
glutamate stimulation. Myc-tagged WT lamin
A, (S22A) lamin A, (S392A) lamin A, and (S22,
S392A) lamin A-HT22 cells were treated with
5 mM glutamate for 24 h, and cell viability
was analyzed by MTT assay. This assay was
conducted three independent times.
Representative results are shown.

(I) Inhibition of Cdk5 phosphorylation sites
on lamin B1 confers a high degree of
neuroprotection on glutamate stimulation.
Myc-tagged WT lamin B1, (S23A) lamin B1,
(S393A) lamin B1, and (523, S393A) lamin B1
HT22 cells were treated with 5 mM
glutamate for 24 h, and cell viability was
analyzed by MTT assay.
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localization signal (Fu et al., 2006). Phosphorylation of Cdk5 by
Abl also increases its accumulation in the perinuclear region in
AB'*2—exposed Drosophila cells (Lin et al., 2007). A recent study
showed that p27, a cyclin-dependent kinase inhibitor, is required
for the nuclear accumulation of Cdk5 in neurons (Zhang et al.,
2010). This study shows that lamin phosphorylation is one of the
major mechanisms that promote Cdk5 nuclear localization on
neurotoxic insults.

Previous studies have identified multiple neurotoxic pathways
by which nuclear Cdk5 induces apoptotic cell death. Cdk5 acti-
vates p53 by phosphorylation, inducing apoptosis (Zhang et al.,
2002; Lee and Kim, 2007). Cdk5 degrades prosurvival transcrip-
tion factors MEF2A and MEF2D via phosphorylation, promoting
neuronal death (Tang et al., 2005). Cdk5 induces expression of
B-secretase by activating Stat3 (Wen et al., 2008). Cdk5 phospho-
rylates ataxia-telangiectasia mutated and up-regulates its targets
p53 and H2AX causing death (Tian et al., 2009). Nuclear Cdk5/
p25 promote cell death in ER-stressed neurons (Saito et al., 2007).
Cdk5 activates DNA damage signaling by inhibiting histone
deacetylase 1 (Kim et al., 2008) and apurinic/apyrimidinic endo-
nuclease 1 (Huang et al., 2010), causing neuronal death. Our
study demonstrated that Cdk5-mediated activation of c-Jun is
critical in AB- and glutamate-mediated neurotoxicity (Sun et al.,
2009).

In conclusion, we show that nuclear dispersion in neurodegen-
eration, rather than being a consequence of apoptosis, may be an
early and irreversible trigger for apoptosis. Our data show that nu-
clear lamina dispersion occurs due to the direct phosphorylation of
lamin A and lamin B1 by deregulated Cdk5 in primary neurons and
animal models. Prevention of nuclear dispersion by Cdk5 is highly
neuroprotective, suggesting that this event is a significant contribu-
tor to AD pathology. The structural alteration of the nuclear enve-
lope due to the phosphorylation of lamin A and B1 by Cdk5 might
result in functional alteration in nuclear cytoplasmic transportations
as shown in AD brains (Lee et al., 2006a, 2006b; Sheffield et al.,
2006). Our study supports the idea that inhibition of Cdk5 might be
an effective way to prevent/delay the irreversible process of neuro-
degeneration.

MATERIALS AND METHODS

Materials

Glutamate, MTT, thymidine, and poly-L-lysine were obtained from
Sigma (St. Louis, MO). AB?-3> was purchased from AnaSpec
(Freemont, CA). Roscovitine was purchased from LC Laboratories
(Woburn, MA). Antibodies against lamin A (H-102), lamin B (M-20),
and actin (C-2) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Fluorescein isothiocyanate (FITC)-labeled goat
anti-rabbit and Texas red-labeled goat anti-mouse were bought
from Invitrogen (Carlsbad, CA).

Cell culture
HT22 cells were cultured in DMEM supplemented with 10% fetal
bovine serum.

Isolation of primary cortical cells

Time pregnant Sprague Dawley rats were purchased from Charles
River (Wilmington, MA). Primary cortical neurons were isolated from
E17 rat embryos as described previously (Behrens et al., 1999; Sun
et al., 2008a, 2008b). Under these conditions, <5% of total cells
were astrocytes. Cultures were maintained at 37°C in a humidified
5% CO, atmosphere. All experiments were conducted after 14 DIV
(days in vitro).
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Expression plasmids and constructs

WT and mutants lamin A (mouse) and lamin B1 (human) were cre-
ated by overlapping PCR and cloned into pET-28b-TAT (V2.1) vector
to generate His-tagged proteins. They were also cloned into VIP3
retroviral mammalian vector as myc-tagged constructs.

Expression and purification of recombinant proteins
GST-Cdk5/p25, 6-His-tagged lamin proteins were expressed
and purified as described previously (Sun et al., 2008a, 2008b).
After purification, protein concentration was determined using
the Bradford assay, and the protein purity was assessed by gel
electrophoresis.

Transfection and retroviral infection

Myc-tagged lamin A and lamin B1 plasmids were transiently trans-
fected into phoenix cells. The viruses were harvested and used to
infect HT22 cells as reported previously (Shah and Shokat, 2002).
Cells were selected using puromycin.

Cdk5 shRNA preparation and lentivital infection

A Cdk5 mouse shRNA sequence was designed to target the follow-
ing sequence: 5-CCGGGAAACTCATGAGATT-3"It was cloned in
pLKO.1 TRC vector (Moffat et al., 2006) according to the manufac-
turer's instructions. Scrambled and Cdk5 shRNA lentiviruses were
generated in HEK293T cells and used to infect HT22 cells for 30 h.
Cells were fixed using 4% formaldehyde for immunofluorescence
studies or lysed for immunoblot analysis of endogenous Cdk5
level.

In vitro phosphorylation of lamins by Cdk5/p25 complex
Recombinant WT and mutant lamin A and lamin B1 (5 pg each) pro-
teins were phosphorylated by purified Cdk5/p25 complex (20 ng) at
30°C in a final volume of 30 pl containing 50 mM Tris, pH 8.0, 20 mM
MgCl,, and [*?P]JATP.

CdkS5 kinase activity

HT22 cells and primary cortical neurons treated with either 5 mM
glutamate (for HT22 cells), 100 uM glutamate (for primary neurons),
or 25 pM AR5, were lysed in RIPA buffer (20 mM Tris, pH 8.0,
150 mM NaCl, 1% NP-40, 0.25% deoxycholate, 0.1% SDS, 10 mM
NaF, T mM Na3VOy, and protease inhibitors). Following Cdk5 im-
munoprecipitation, a kinase assay was initiated using 10 uM Cdk5
substrate peptide and 2 pCi [y-32PJATP for 20 min. The supernatant
was spotted on phosphocellulose discs, incubated with 10% acetic
acid for 30 min, and finally washed with 0.5% H3POy,, followed by
acetone. 2P incorporation on Cdk5 substrate peptide was mea-
sured using a scintillation counter.

Western blotting

Cells were harvested and lysed in RIPA buffer. Proteins were sepa-
rated by SDS-PAGE, transferred to a polyvinylidene fluoride (PVDF)
membrane, and incubated with primary and secondary antibodies
as reported before (Sun et al., 2008a, 2008b, 2009).

Subcellular fractionation

HT22 cells were treated with 2 mM thymidine for 8 h, followed by
5 mM glutamate for 4 h. Subcellular fractionation buffer (250 mM
sucrose, 20 mM HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgCl,, T mM
EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM di-
thiothreitol) was added to lyse the cells and then was passed through
a 25 G needle (10x). The cell lysate was further incubated on ice for
20 min. The nuclear pellet was obtained after centrifugation at
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3000 rpm for 5 min. The supernatant was centrifuged at 8000 rpm
for 10 min. The cytosolic fraction was obtained after the removal of
supernatant. Both nuclear and cytosolic fractions were mixed with
SDS loading dye. Proteins were separated using SDS-PAGE, then
transferred to a PVDF membrane. Actin was used as a cytoplasmic
marker.

Immunofluorescence

Rat primary cortical cells were plated on poly-L-lysine—coated cov-
erslips at a density of 50,000 cells per well in 24-well plates. Cells
were treated with either 100 uM glutamate or 25 uM AB?>-3 for
4 h in the absence or presence of 10 pM roscovitine. HT22 cells
and myc-tagged, lamin-expressing HT22 cells were plated on
poly-L-lysine—coated coverslips at a density of 10,000 cells per well
in 24-well plates for 1 d, followed by 2 mM thymidine treatment for
8 h. These cells were then stimulated with 5 mM glutamate or
25 uM AB?>-3 for 4 h. At the end of the treatment, the medium was
aspirated and the cells were fixed with 4% formaldehyde for
15 min, rinsed with phosphate-buffered saline (PBS), and incu-
bated for 20 min with 5% bovine serum albumin (BSA) and 0.1%
Triton X-100. Cells were then immunostained using antibodies
against lamin A, lamin B, NUP98, Cdk5, or myc for 3 h at room
temperature. FITC-labeled goat anti-rabbit and Texas red-labeled
goat anti-mouse antibodies were used at a 1:1000 dilution, to-
gether with DAPI (1 pg/ml). After three washes with PBS and one
wash with water, coverslips were mounted on microscope slides
with Mowiol mounting medium. Images were taken using a Nikon
Eclipse E600 microscope (Nikon Instruments, Melville, NY). The
percentage of cells with intact nuclei was counted in triplicate in at
least 100 cells from 10 random frames.

Pl staining

HT22 cells plated on poly-L-lysine—coated coverslips at a density
of 10,000 cells were treated with 5 mM glutamate or 25 uM
ABZ-% for 4 h, followed by 2 mM thymidine for 8 h. Cells were
fixed with 4% formaldehyde for 15 min at room temperature, per-
meabilized with 5% BSA and 0.1% Triton X-100 for 20 min, treated
with 0.1 pg/ml RNase A for 1 h, and stained with 2.5 pg/ml PI for
1 h. After three washes with PBS and one wash with water, cover-
slips were mounted on microscope slides with Mowiol mounting
medium.

Cell proliferation assay

Cells (1500 cells/well) were seeded on 96-well plates overnight. After
incubation for 24, 48, or 72 h, MTT (0.5 mg/ml) was added to each
well, and the plate was incubated for an additional 3 h. After the re-
moval of the medium, 100 pl of dimethyl sulfoxide was added
to dissolve the cells. The absorbance value was measured at
595 nm in the ULTRA microplate reader (Tecan Research). Experiments
were done in triplicate.

Phospho-Histone H3 (Ser-10) assay

Cells were seeded on the poly-L-lysine—coated coverslips at a den-
sity of 1x 10* cells per well in a 24-well plate overnight. Cells were
treated with 2 mM thymidine for 18 h. The G1/S-arrested cells
were released by replacing the medium with fresh medium with-
out thymidine. After an 8 h incubation, cells were treated with
2 mM thymidine for an additional 18 h, followed by 4, 8, 10, 12,
14, and 16 h of release. Formaldehyde (4%) was added to fix the
released cells. Cells were rinsed with PBS and incubated with 5%
BSA and 0.1% Triton X-100 for 20 min. Cells were immunostained
using antibodies against phospho-Histone H3 (Ser-10) for 3 h at
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room temperature. The cells were washed with PBS and incubated
with FITC-labeled goat anti-rabbit antibodies and DAPI for 1 h at
room temperature. Subsequent to washing with PBS, coverslips
were mounted on slides with Mowiol mounting medium. The per-
centage of phospho-Histone H3 (Ser-10)-positive cells was deter-
mined by counting in triplicate at least 100 cells from ten random
frames.

Immunocytochemistry in p25 transgenic mice
Immunocytochemistry in p25 transgenic mice was conducted ac-
cording to our published procedure (Sun et al., 2009; Chang et al.,
2010).

MTT assay

WT and lamin A- and lamin B1-expressing HT22 cells were seeded
onto six-well plates and exposed to glutamate treatment. After 24 h
of 5 mM glutamate treatment, the MTT assay was conducted as
described previously (Sun et al., 2008a, 2008b).

Statistical significance

Bar graphs are plotted as the average + SD. Significance was
evaluated using Student’s t test, and it is displayed as: *p < 0.05,
**p < 0.01, ***p < 0.001.
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